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Electrochemical and Spectroscopical Characterization
of Ferrocenyl Chalcones

Rocio A. Cardona,” Kenneth Herndndez, Laura E. Pedré, Myrna R. Otaiio,
Ingrid Montes, and Ana R. Guadalupe’

Department of Chemistry, University of Puerto Rico. Rio Piedras Campus, San fuan 00931-3346,
Puerto Rico

We report on the electrochemical and spectroscopical characterization of 10 ferrocenyl chalcones, These compounds were syn-
thesized via the Claisen-Schmith condensation from acetylferrocene and the corresponding benzaldehyde or pyridine carboxal-
dehyde. The compounds were oblained in good yields (>60%) and purified by recrystallization. All compounds exhibit a
quasi-reversible electrochemical behavior and chemical reversibility, as evidenced by AE, of 72-90 mV and /,,/1,. values equal
10 1.0-1.17. The redox formal potential (E*') for these compounds range between 665 and 774 mV, The heterogeneous electron-
transfer rate constants calculated from the Nicholson method are in the range of (2.0-4.4) % 107 cm/s. Their diffusion coeffi-
cients are on the order of (1.65-3.7) % 107" cm¥/s, and the pumber of electrons transferred equals |
|-ferrocenyl-3-(p-N, N-dimethylaminophenyl)prop-2-¢n-1-one shows a behavior similar to dimethylaniline and undergoes elec-
tropolymerization, producing cationic oligomers and dimeric species. The UV/visible spectra show the characieristic bands for
aromalic systems in the UV region (200 and 280 nm) and bands in the visible (400 and 500 nm). The molar absorbance coefficient

0 AG16 P1:14

(&) values ure in the ranges (2.1-7.5) x 10" L/(mol cm] for A,

300-500 nm,

of 200-300 nm and (1.8-17.6) % 10* L/{mol ¢m) for A, of

© 2010 The Electrochemical Society. [DOI: 10.1149/1.3439669] All rights reserved.

Manuscript submitted December 15, 2009; revised manuscript received April 12, 2010. Published June 15, 2010.

Ferrocene derivatives have been extensively studied for many
reasons. First, they exhibit the well-defined one-electron redox pro-
cess that is characteristic of ferrocene. The redox process is electro-
chemically reversible or quasi-reversible, and the formal redox po-
tential (E°') depends on the nature of the substituents attached to the
cyclopentadienyl rings."” Through a variety of synthetic routes, de-
rivatives can be made with funable redox and spectroscopical
properties,” They have found dppiu.almm in dilferent fields such as
biosensors, drug delivery systems,” electrocatalyts,” " and
optoelectronics,” among others.

A family of ferrocene derivatives that have drawn considerable
attention from sc:enusts in recent years is that of the ferrocenyl
chalcones (FCs).""'" These compounds not only pussess the redox
activity of ferrocene, but they also show intense colors.'”” An FCis a
compound where ferrocene is linked to an aromatic group through
an enone moiety. Several derivatives of FCs have been synthesized
and characterized structurally.™'" More recently, studies on FCs
have focused on their biological propcrues in particular their poten-
tial antiplasmodial and anticancer activity, e

In our case, we are interested in exploiting these compounds for
applications in biosensing and electrocatalysis. For that purpose, we
conducted a study of the electrochemical and UV/visible (UV/vis)
behavior of several FCs (Fig. 1). To the best of our knowledge, few
studies have been published using FCs for these applications.

Experimental

Chemicals,— Ferrocene  (98%),
J-nitrobenzaldehyde (99%), 4-nitrobenzaldehyde (98%),
4-methoxybenzaldehyde (98%), 4-chlorobenzaldehyde (98%),
4-(dimethylamino) benzaldehyde (=99%), 2-fluorobenzaldehyde
(97%), 3-fluorcbenzaldehyde (97%), 2-pyridinecarboxaldehyde
(99%), 3-pyndinecarboxaldehyde (98%). 4-pyndinecarboxaldehyde
(97%), tetrabutylammonium perchlorate (TBAP), acetonitrile
(ACN)-d; (99.6% D), chloroform-d (99.8% D), acetone, and ethanol
(American Chemical Society grade) were obtained from Aldrich.
ACN (Burdick and Jackson) was dried over 4 A molecular sieves.
Diamond paste (no. 40-6244) and metadi fluid (no. 40-6032) were

acetylferrocene  (95%).

* Elecrochemical Socicty Student Member
* E-mail: anlupe @uprrp.edu

from Buehler Co. Nanopure water (17 M{) cm, Bamstead) was
used in all experiments, Thin-layer chromatography (TLC) was done
with 250 pm Al;O4 plates (Whatman).

Synthesis and characterization of the compounds.— FCs  were

synthesized in Dr. 1. Montes' laboratory following the Claisen—
Schmidt reaction, as previously published.'"'" 'H and “C NMR
spectra were taken in a 500 MHz Bruker-AV spectrometer, while the
UV/vis spectra were done in a Perkin-Elmer (Lambda 35) spectro-
photometer.
Synthesis of FCs,— 1 mmol of acetylferrocene was added to a 50
ml erlenmeyer flask and dissolved in a 1:1 ethanol/water solution
with 10 mmol of NaOH at room temperature. In another flask, |
mmol of the desired aromatic derivative was mixed with 3-5 mL of
ethanol. The acetylferrocene solution was added slowly to the solu-
tion of the substituted benzaldehyde or pyridine carboxaldehyde un-
der continuous stirring. The reaction progress was followed by TLC
until completion. The resultant precipitate was collected by vacuum
filtration and recrystallized. Compounds 2a and 2e were recrystal-
lized from acetone, 2d from ethanol, and 2j from |:] ethanol/water.
Mixtures of 1:1 acetone/water were used 1o recrystallize compounds
2b, 2f, 2g, 2h, 2i, and 2k, while a 2:1 mixture was used for com-
pound 2c,

Methylation of DMAPP.—In a round flask, | mmol of
1-ferrocenyl-3-(p-N.N-dimethylaminophenyl) prop-2-en-1-one
(DMAPP) and 8 mmol of sodium bicarbonate were dissolved in
2-methy! tetrahydrofuran. The mixture was stirred under N;, while
16 mmol of dimethylsulfate was added dropwise. After | h stirming
at room temperature, the temperature was raised to 60°C for 2 h.
The resulting precipitate was collected and dried. The purification
was done by recrystallization from 1:1 acetone/water mixture.

Electrochemistry — All electrochemical experiments were done
in & BAS 100 B/W. A three-electrode electrochemical cell was used
with Pt (area = 0.0197 c¢m?) or glassy carbon (area = 0.080 cm?),
Ag/AgCl (NaCl 3 M), and nichrome as the working, reference, and
counter electrodes, respectively. The Pt electrode surface was pol-
ished with diamond paste/metadi fluid in a microcloth and rinsed
with water. Subseguently, the electrode was cycled in | M H,50;
solution from =200 to 1200 mV at 100 mV/s for 50 cycles, rinsed
with water and air dried.

For each compound, a 10 mL of ~1 X 10~" M solution was
prepared in 0.1 M TBAP/ACN. Cyclic vollammetry (CV) was run
for each compound at scan rates of 20, 50, 100, 200, 500, 1000, and

Downloaded 16 Jun 2010 to 128.248 155.225 Redistribution subject to ECS license or copyright; see hitp://www.ecsdl orgiterms_use.jsp
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(4]
benzaldehyde or
pyridine s,.nrbonldehvds,
l. mmol
Fe 'UQUH. FtOH, H,0

1 2
Acetylferrocene I-ferrocenyl-3-(G)-prop-2-en-1-one

G

2a = 4-nitrophenyl I = 2-Muarophenyl
2b = J-nitropheny! 1g = M Muorophenyl
2¢ = 4-¥V N-dimethylaminephenyl 2h = 2-pyridinyl
1d = 4-methoxyphenyl 2I = 3-pyridinyl
2e = 4-chlorophenyl 2j = 4-pyridinyl

Figure 1. Synthesis of FCs,

2000 mV/s. | and 10 cycles were done for each scan rate, and the
electrode was cleaned between scan rates. Each experiment was run
three times, every time with a fresh solution. The background was
recorded for each compound under the same experimental condi-
tions of the sample. The cell was degasified with N, for 1015 min
before each measurement, To determine the number of electrons
transferred, a 10 mL TBAP 0.1 M/ACN solution containing ~ 1
X 107" M of both ferrocene and the FC was prepared. A CV of the
solution was recorded at 100 mV/s between 0 and 1200 mV. Chro-
nocoulometry (CC) was done in a similar solution but without the
ferrocene to determine the diffusion coefficient of the compounds.
The applied potential pulse was from 200 to 1200 mV for 250 ms.

UVAvis spectroscopy— The molar extinction coefficients of the
most prominent UV/vis bands of the compounds were calculated
from calibration curves following Beer's law. A | % 107" M stock
solution of each compound was prepared in ACN followed by dilu-
tions with concentrations in the (2-1000) x 107" M range. Absorp-
tion spectra of all compounds were taken from 190-820 nm. The
cell path was 1.00 cm.

Results and Discussion

Synthesis and chemical characterization.— The FCs differ in
the aromatic derivative attached to the double bond. The o- and
m-fluorophenyl derivatives (2f, 2g) have not been reported until
now. All the compounds were obtained in good yields (>60%) and
were chaructcmed by 'H and '*C NMR after purification. Flgurc 2
shows the 'H and "*C NMR spectra of DMAPP (2¢). The '"H NMR
shows three characteristic regions: the ferrocene [§ (ppm)
=4894 (s, 2H), 4555 (s, 2H), 4.184 (s, S5H)], the
p-N,N-dimethylaminephenyl [& (ppm) = 7.612 (d, J/ =9 Hz, 2H),
6.758 (d, J = 8.5 Hz, 2H), 3.003 (s, 6H)], and the double bond [&
(ppm) = 7.600 (d, J = 13.5 Hz, 1H), 7.082 (d, / = 15.5 Hz, IH].
Pc NMR spectra show the expected number of signals according to
the number of carbon atoms with chemical shifts as follows: fer-
rocene [& (ppm) = 82.59, 73.19, 70.78, 70.36],
p-N,N-dimethylaminephenyl [& (ppm) = 153.07, 131.02, 112.90,
40.38], the carbonyl [& (ppm) = 193.13], and double bond [&
(ppm) = 141.72, 123.62]. All FC compounds showed signals corre-
sponding to these three distinct regions. The 'H chemical shifts
corresponding to the ferrocene and double-bond regions were basi-
cally unaltered by the aromatic derivatives. As expected, the 'H
chemical shifts of the aromatic derivative changed depending on the
substituents on the phenyl or the position of the nitrogen atom in the
pyridine. Similar results were observed for the '’C NMR where the
ferrocene, carbonyl, and double-bond signals did not change signifi-
cantly, The ’C NMR for the aromatic derivative followed the ex-
pected pattern depending on the compound molecular structure. Our
results compare favorably with previously published values by Sol-
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Figure 2. 'H and '"'C NMR of DMAPP (2c) in CD,CN

N [{
caniova and co-workers.'
section
pounds.

" See tables in the supporting information
for a summary of the spectral analysis of the studied com-

Electrochemical characterization.— The redox activity of the
FCs was studied using CV and CC. Figure 3A-C shows the CVs. [,
vs the square root of the sweep rate curve (insert log /,,, vs log v),
and the Anson plot of DMAPP (2j) (insert: Q vs time, ms). The same
electrochemical measurements were done for all FCs. Table | sum-
marizes the electrochemical parameters of all the compounds.

The number of electrons transferred was determined by compar-
ing the cathodic peak currents for ferrocene and each individual FC
from a cyclic voltammmogram of a solution containing both com-
pounds at the same concentration and correcting by differences in
their diffusion cm:fﬁcmnts Usmg this approach, from the Randles
and Sevcik equation,'” assuming a comparable rate of heteroge-
neous electron transfer (&), the n values ranged from 0.87 to 1.47.
Based on these data, we conclude that all FC compounds exhibit the
expected le™ redox process centered on the ferrocene moiety.

The formal redox potential (E*') of the FCs varies from
+665 mV for DMAPP (2¢) to +773 mV for the 2-pyridinyl deriva-
tive (2h). Compared to ferrocene (E°) , the £*' values are higher by
at least +206 mV (DMAPP) to +314 mV (2-pyr). These E“'
changes can be ex lained by electronic effects. As reported by Wu
and collaborators,'" the carbonyl group on FCs is highly polarized,
and as such it withdraws electron density from the ferrocene moiety,
making its oxidation more difficult, a fact that is reflected on higher
E?" values. Simultaneously, but to a lesser extent, the substituents
also exert an electronic influence by modulating the electron with-
drawing capacity of the carbonyl group; this explains the small but
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07 ! ! ' ! still significant £*' differences among the various derivatives, This
N\ A | is consistent with our observation that the nitro derivatives (Hammet

[ values of o, = 0.81 and ¢, = 0.71) exhibit higher £ (as expected
10 F . for electron withdrawing groups), while an electron donating sub-

stituent such as N, N-dimethylamino (Hammet value ol'ap ==0.63)
shows a lower E°', In general, the log £*' correlates b-’][lbfd(.!()l’]iy
(r=0.935) with the corresponding Hammet values'™'"*" or the
—e— 20 mVis various substituents (see Fig. 4).

i, d —o— 100 mvis |- The [y /1, ratio, with the exception of the DMAPP (vide infra),
V \ f —#— 500 mV/s is close to 1, showing that the redox process of the FCs is chemi-
| —©— 2000 mVis | cally reversible, The AE, values range between 72 and 90 mV,
which is higher than the expected Nemstian value of 59 mV per
electron, mdlcatmg that the redox process is electrochemically
quasi- reversible.” The plots of Iy (or I,,) vs the square root of the
sweep rate shows a linear dependence, and the slopes of the plots of
log f (or /) vs log sweep rate are close to 0.5, evidencing that the
redox process is diffusion controlled. The diffusion coefficients
(D) are between 1.65 and 3.7 x 107° (.[1121’5 whuh closely agrees
with the D, of ferrocene, 2.4 X 1075 cm?/s.’

Current, uA
2
=

-40 - g
000 1500 1000 500 0
Potential, mV vs Ag/AgCl (NaCl 3 M)

S SR E—

Electropolymerization of DMAPP.— Figure SA shows the CV
of | mM DMAPP derivative in 0.1 M ACN/TBAP. We observe three
well-defined oxidations with (a) Ej, = +694 mV, (b) +974 mV,
and (c) +1521 mV and a cathodic process with (e) E, =
+632 mV. On top of the cathodic wave, there is a barely discernible
shoulder around (d) +760 mV. Figure 5B shows that on reversing

i " i the potential at +850 mV, there is only one reversible wave with
10 20 30 40 E"" = +665 mV. We assigned this wave to the oxidation and reduc-
v tion of the ferrocene nucleus in the DMAPP in analogy with other

Ipa, uA

y = 0.13898 + D.56797x R= 0.99898

R R ——

Higmr=——————= y ' 1 FCs. The (b) second and (c) third oxidations, which are chemically
7 'rc % //ll | = ad irreversible are assigned to the successive loss of the nitrogen elec-
| ;[ / \ | e | trons in the p-N,N-dimethylamino group. The shoulder at (d)
6 |F b \*—u.,_ | PP i 1 +760 mV corresponds to the reduction of the cationic radical that is

W '.I | el produced after the first oxidation of this group.
= 3 - T :‘/ Figure 5C shows that on continuous cycling (50 cycles), the
g‘ 4 /9/ | original waves [(a)-(e)] started to decrease with the peak at (c)
5 - +1521 mV, decreasing faster than the others. Concurrently, we ob-
3 o — a . S ) serve a small anodic wave growing between (f) 1070 and 1400 mV
3 = Y= HIRRI R0 IO 4 with a cathodic counterpart between (g) 900 and 1300 mV. The
background current close to (h) 0 mV increases toward the negative
1 - ; : : ; 1'0 “2 “‘ 10 potentials. We attribute these changes to the electropolymerization

of DMAPP similar to what happens in the electrochemically induced
po]ymerizat,i‘on of N,N-dimethylaminoaniline (DMA). Oyama and
Figure 3. Cyclic vollammograms of a solution of 2j 1.00 mM in 0.101 M co-workers™ reported the electrochemical oxidation of DMA, a
TEf-:PMCN >:‘|I a p!annum wir:’kmg electrode; (A) vojllummogram al various compound that is structurally similar to the R group in DMAPP.
scan rates, (B) [, vs v'7 (insert: log £, vs log v), and (C} Anson plot (insert; DMA oxidizes electrochemically at +800 and +1000 mV vs satu-
0 vs time). rated sodium chloride calomel electrode in 0.5 M Na,S0,. The first
oxidation generates a radical cation (DMA*") that oxidizes further
into a dication (DMA?*). On continuous cycling, DMA*" electropo-
lymerizes forming an electroinactive cationic polymeric film at the
clectrode surtace.

Table I. Electrochemical parameters of the FCs.

B D, (x107%) AE,
Compound (mV/s) n {em?/s) A lm\f! Slope log I, vs log v
Za 723.667 = 0.001 093 = 0.01 2,17 = 0.01 1.0l = 0.01 72.000 = 0.0001 0.453
2b 722,69 £ 0.02 0.88 = 0.01 333 + 001 Ll =04 90.00 + 0.02 0.487
2 664.50 + 0,02 — — 20 =05 4767 + 0.03 0.433
2 680.833 + 0.002 0.87 = 0.02 3708 1.1 %0 86.333 + 0,002 0.478
2e 691.50 + 0.01 090 = 0.02 34 =01 117 = 0.04 75.67 + 0.01 0.487
i 699.00 = 0.01 144 = 0.13 1.65 = 0.2 1.1 =02 79.67 = 0.02 0471
2g 693.00 = 0.01 147 2 0.10 173 = 0.08 LI =01 79.333 = 0.004 0.467
2h 77317 £ 0.02 090 = 0.01 317 = 001 1.0 = 02 72.000 = 0.004 0.400
2 733.667 * 0.004 1.25 = 0.01 280 = 0.01 L1l = 0.04 8333 = 0.01 0.473
2j 760.000 = 0.004 0.91 = 0.01 3,12 = 0.01 1.0 x 0.2 82.67 *+ 0.01 0.467
2K 692.66 + 0.02 — — 1.0 =07 74.00 = 0.01 0.455
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In analogy to Oyama's results, we propose that the small wave
that grows between +900 and +1400 mV (g, h) corresponds to the
oxidation and the reduction of a dimeric species produced by the
chemical reaction of two radical monocations generated after the
first oxidation of the N, N-dimethylamino group. The increment in
background signal at 0 mV could result from the reduction of pro-
tons produced during the electropolymerization. The production of
cationic oligomers, which are soluble in ACN, or the formation of
an electroactive polymeric film might be the reason for the voltam-
metric waves fading away eventually.

An experiment where the potential was cycled 50 times between
+0 and +1200 mV showed that the wave corresponding to the fer-
rocene nucleus decrease slightly while the one due to the first
DMAPP redox process decreased steadily (Fig. 50), When this elec-
trode was removed from the solution, dried in air, and put in an
ACN solution with supporting electrolyte only, a voltammetric wave
with E%' = +696 mV was observed (Fig. 5I°). As before (Fig. 5C),
this wave decreases continuously until it disappears completely. In
this experiment, the observation of the ferrocene wave confirms that
the reason for losing the ferrocene signal is the formation of low
molecular weight cationic species.

As has been reported for DMA,”™ we propose that DMAPP un-
dergoes electrochemical polymerization after its first oxidation, The
electropolymerization results in the formation of a film at the glassy
carbon electrode. Contrary to the DMA case, DMAPP electropoly-
merization does not produce a high molecular weight polymer be-
cause the p position is not available. The formation of the oligomers
occurs through the chains growth at the meta positions These posi-
tions are sterically hindered thus decreasing the probability of the

Downloaded 16 Jun 2010 to 128.248.155.225. Redistribution subject to

formation of a high MW polymer (Fig. 6A-C). This is consonant
with what has been observed for DMA and aniline.”" In both
cases, the polymenzation preferably occurs through a head to tail
attack initiated by the cation radical. Although the polymerization
also occurs at the ortho positions relative to the amino and dimethy-
lamino groups, the polymer grows mainly at the para position. In
our case, the para position is sterically hindered because of the pres-
ence of the ferrocenyl moiety.

When the DMAPP is quaternized with dimethylsulfate (Fig. 5F),
only one voltammetric wave is observed with a £°' = +693 mV.
Likewise, the quaternization of the DMAPP prevents its electro-
chemical polymerization.

Electron-transfer heterogeneous rate constant (k) — To  deter-
mine the heterogeneous clectron-transfer rate constant (k). we
treated the CV data according to Nicholson.”' We constructed a
working curve of AEp®n (n = le”) as a function of log W using the
values for AE n (V) and W published by Nicholson. The equation
for this curve 1s AE;n = -0.02W7 + 0.0536'2 - 0.0545W + 0.083,
By taking the product of the n and AE, values of each compound
and substituting in the cubic equation, we obtained the W values.
The k; was calculated from the following equation

ky= W[DD‘IT(F.I’ RT)V]I'IZ-I"UD“JDR]‘”!

where W is the value obtained from the cubic equation, D, is the
diffusion coefficient (cm?/s), F is the Faraday constant (96,500
C/mol), R is 8.314472 J/mol K, T is 298 K, und « = 0.5. D/D, is
assumed to be equal to 1. Table Il summarizes the values of k, for all
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Table II. Heterogeneous electron-transfer rate constants (k,) for
the FCs,

F109

all FCs showed three bands in the UV region and one in the visible
region. The absorption coefficients ranges from 1.8 X 10% o 7.5
x 10 M~ em™!,

k, It can also be observed in the spectra that the region between

Compound (emJs) 275-328 nm is variable for all FCs. This region corresponds to the
n = m" electronic transition attributed to the carbonyl. As pointed

2a (0.027 = 0.003) out in the electrochemical section, these differences demonstrate the
2b (0.042 = 0.004) effect that the electrodonating and electrowithdrawing substituents
2 P exert on the carbonyl polarization.'”
Ed {gg;_: f 3%;’ Different from ferrocene which is yellow-orange solid, all FC
;‘; t 0'023 . DI 095; solil.i?i exhibit a strong purple reddish color. The color of the ACN
;g {0‘024 i OIOOZ} solution ‘was the same as the solid. Some of the FCS exhibit solva-
Eh 101020 . “:009} tochromism. The solu}lons were stable for 24 h without protecting
5 (0.027 + 0.004) them from the room light.
2 (0.044 = 0.007) Conclusion

the compounds. The &, are between 0,020 to 0.044 cmvs. When
compared to the k, reported for ferrocene of 0.035-0.076 cm/s, ' the
values for the FCs are comparable and in accordance with previous
papers.

UVhus spectra and absorption coefficients.— Figure 7A-1) shows
the UV/vis spectra of the compounds grouped by the nature of the
aromatic derivative. Table |1l summarizes the absorption coefficients
for the most prominent bands in the spectra. With few exceptions,

In this study, we demonstrated the synthesis and characterization
of 10 FCs. Our results show that all compounds are chemically
reversible /,,//,. = 1.0-1.17 for all compounds except DMAP and
are electrochemically quasi-reversible, AE, =72-90 mV, The n
and D, values reported agree with the values published for fer-
rocene (le”, Dy =24 X 1075 ecm¥s).”" The &, values ranges
0.020-0.044 cmv/s compared to 0.035-0.076 cm/s values for fer-
rocene.

The DMAPP electrochemical parameters were difficult to obtain
because the proximity of the ferrocene and first DMAPP redox pro-
cess and the complication introduced by its electropolymerization,

Figure 7. UV/vis spectra of 2.0
% 1075 M compounds (2a-2j) in ACN
for: (A) 2a and 2b, (B) 2c, (C) 2d-2g, and
(D) 2h-2j.
Table 11, Absorption coefficients of FCs,
el % 10%)
Aac e(x 10%) Monax (Limol N e(x 10%) N e(%10%)
Compound (nm) (L/mol cm) (nm) cm) (nm) (l/mol ecm) (nm) (L/mol ¢m)
2a 198.82 52203 — — 315.46 290 = | 517.55 203 =05
2b 204.24 57 =05 280.87 37 =03 390.05 156 = 0.8 503.30 168 = 0.8
2c 20017 75202 252.39 244 = 005 393 44 421 = 9 — —_—
2d 199.17 57403 — — 32833 280 = 2 488.06 16.1 = 0.3
2e 199.17 g =02 303.11 21 =02 384.89 176 = 0.6 497.23 158 =05
2 199.94 56 = 0.1 295.47 22=03 386.42 16.5 = 0.1 498.00 154 * 0.1
2g 201.46 34x02 297.00 20=0.1 38794 16,1 = 0.7 49723 155 = 0.6
2h 201.53 6209 301.22 29 =01 390.73 156 = 0.2 500.59 16.1 = 0.1
2i 201.53 6.5 =032 196.47 329 = 0.04 39141 1.8 =03 493.81 1.8 203
2j 199.49 47 =06 27545 31 =02 394.80 144 = 03 506.70 165 =03

Downloaded 16 Jun 2010 to 128.248.155.225. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use jsp



Fl110 Journal of The Electrochemical Sociery, 157 (8) F104-F110 (2010)

The electropolymerization of DMAPP results in cationic oligomers
that are soluble and not suitable for further polymerization and the
formation of polymeric films at electrode surface,

We report that the substituent in the aromatic ring influences the
EP" of the FCs by modulating to a certain extent the polarization of
the carbonyl group. This result is consistent with the UV/vis varia-
tions in the n — 7" region that corresponds to the carbonyl absorp-
tion,

In summary, FCs with tunable redox and spectroscopical proper-
ties can be produced by the reaction of acetylferrocene and appro-
priate derivatives of aromatic aldehydes. These compounds could be
used as electrochemical and optical labels in sensor arrays. We are
currently exploring ways to immobilize these compounds at elec-
trode surfaces and studying their applications in biosensing and
clectrocatalysis.
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INTRODUCTION

Salmonella is one nf the most aggresive food pathogens directly
related with public health'. Every year 70 millions persons are infected
and 500 died in the USA. The analytical methods for the detection of
Salmonella are laborious and require several days for results. During
this time portions of food may have been distributed, marketed, sold
and eaten before a problem is even detected. Alternative analytical
methods are necessary to overcome these drawbacks and to detect
Salmonella routinely in watar and food products with timely
confirmation of the infection.>®

DNA sensors are attractive compared to other detection systems
because they can be mass produced at low cost, in a variety of sizes
and shapes, their response can be characterized theoretically and
their analytical characteristics can be tailored to a particular need. *
Here, we propose a strategy towards the preparation of a Salmonella
DNA sensor array.

Our research objective is to build an electrochemical biosensor
array to detect Salmonella. To accomplish this goal, we used
polystyrene-modified carbon electrode surfaces as the platform for the
construction of nucleic acid sensors. We anchored Salmonella genes
(probes) onto these surfaces and hybridized them with their
complementary sequences (targets). The hybridization reaction was
followed electrochemically using ferrocene labels.

EXPERIMENTAL

Reagents. Styrene was distiled in wvacuum prior to the
polymerization. 4,4'-azobis(4-cyanovaleric acid) (CVA) (Sigma) and 3-
Carboxy-Proxyl (3CP), 1,3-dicyclohexyl carbodiimide (DCC) and N-
hydroxysuccinimide (Aldrich) were used for the styrene polymerization
and funcionalization and LiOH (Aldrich) were used to titrate the
polymers. The probe sequence SAMLA15C: (35 mer, 5'-/5AmMC12/
CCTTTCCTGAAGA CATGCCTGAAACAAAGTATGGC-3' was
purchased from IDT DNA Technologies.

Di-Carboxylic Polystyrene Synthesis. CVA, 3CP and styrene
were mixed in a crystal ampoule in DMF as the solvent.* This mixture
was vacuum sealed after four freeze-pump-thaw cycles. The ampoule
was placed in an oil bath at ~130°C for 96h. After this time, the
polymers were recovered and purified by dissolution/precipitation
twice in Toluene /MeQOH.

b fcn,cn,coou
HOOCCH,GH,CN -Nécn CH,CO0N +
1 .Lr_lmnq PROXYL

4.4 arobeis cyancvalens sce)

Scheme 1. Di-carboxylic polystyrene synthesis.

Molecular Weights Determination. The molecular weights (Mn
and Mw) and the polydipersity (Mn/Mw) of each polymer were
determined by Size Exclusion Chromatography (SEC) (Hewlett
Packard 1100 LC) with three detectors: a Light Scatterer (mini DAWN

Tristar), a UV Spectrometer and Interferometric refractor (Optilab DS).
Tetrahydrofurane (THF) was the eluent at flow rate of 1.0 miUmin. Two
Styragel columns (Waters) with effective molecular weight ranges of 500-
30,000 (HT3) and 5,000-600,000 (HT4) connected in series were used for
the polymers separation.

Di<arboxylic Functionality Calculation. The carboxylic group's
number in each polystyrene chain was determined by LiOH titration. The
average functionality (F) was calculated as follows:

CLiﬂH VLI OH MW,

Polymer (1 }

”lpah'mer

where F is the average functionality or -COOH numbers, C is the LiOH
concentration (mol/L), V is the volume of LiOH (L), MW is the polymer
molecular weight (g/mol) and m is the polymer mass (g).

Derivatization of COOH-PS-COOH. A derivatization of the polystyrene
chains with N-hydroxysuccinimide was done to enhance the carboxylic
group reactivity toward the amine group. The reactants molar ratios were
2.5: 2.5: 1 (NHS: DCC: Polymer).

a

Ko .’ Gyt

TOOC oy COOM HHS-pofystyrane-NHE

Scheme 2. Derivatization of di-carboxylic polystyrene.

Platl’orm Preparation and Characterization. Gold films were cut to ~1
cm’ and cleaned with sonication in acetone, and deionized water and dried
with N;. Polymer solutions (5.0% w/v) were prepared in 1,1,2-
trichloroethane. For the polymers, a 4pL aliquot was spin coated at 3,000
rpm for 1 min.

Oligonucleotide Immobilization and Characterization. The
oligonucleotide SALMA15C solution was prepared in 0.2M sodium
carbonate (pH 9.66). The buffer was autoclaved before its use. 50uL of
oligonuclectide solution was deposited over the polymer 24,710g/mol (AFM
experiments) and incubated at 4'C for 24h.

RESULTS AND DISCUSSION

Characterization of Polymers. The polystyrene chains were
synthesized by living free radical polymerization using 3-carboxy-2,2,5,5,-
tetramethyl-1-pyrro[idinyloxy (3CP) as a TEMPO analog radical. (Scheme
1) This strategy provides at least one functional end group (-COOH)
through the symmetric cleavage of CVA and one (-COOH) by the 3CP
radical. The number of -COOH groups were determined by the LiOH
titration. The functionality range was 2-3.5. Titration also results showed
that the polymer functionality (#-COOH/chain) increases as the molecular
weights increases.

“cd 9L 9y ol
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Figure 1. Size Exclusion Chromatography of COOH-PS-COOH
Samples.
Table 2. Polymer Titrations
Mn (teo) V LiOH Mn (SEC) Mw
(@mo) | () (gimoy | MY r
24,000 4.83E-05 24,710 1.113 2.00+0.06
48,000 3.87E-05 43,637 1.154 2.8+0.3
72,000 2.50E-05 79,895 1.231 3.37+0.03
96,000 2.90E-05 72,213 1.162 3.4+0.2
96,000 2.90E-05 71,700 1.201 3.5+0.4

[LIOH] = 0.09335M

The characterization of polystyrene samples before and after their
modification was done with IR techniques, the characteristic bands
were: C-H aromatics and aliphatic (2800-3500 cm’"), C=C aromatics
(1400-1490 cm' and carbonyl band at 1743cm’™.

FT-IR of Polymar 43,837g/mol
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Figure 2. FT-IR spectrum of PS-(NHS),.

Polystyrene Modification on Gold Substrate. NHS- derivatized
polystyrene sample were placed over gold substrate by spin coating. In
figure 3, complete coverage of the surface was obtained with 4 pL of
5.0%wiv polymers salutions. An AFM images showed a gold substrate (A)
with globular morphology due to gold aggregates. Image (B) showed
polymers 24,710 g/mol with smooth and small roughness surface.

Figure 3. Atomic force microscopy for (A) bare gold RMS roughness; 1.218
nm and spin-coated polystyrene films, (B) MW 24,710 g/mol PMS
roughness: 0.606 nm.

CONCLUSION

In summary, the polystyrene polymerizations were successful
completed. The characterization by HPLC-SEC was done, with molecular
weights going from 24,710-79,869 g/mol and polydispersity values 1.1 to
1.2. Variations in molecular weights and functionality were obtained in
polymers with Mw grater than 48K g/mol. The polymer 24,710 g/mol
modification was successful obtained and characterized. Modifications of
gold substrates with the polymers were determined by AFM, the images
showed a smooth surface with roughness of 1.0-0.5 nm.

We expect to produce a methodology for the construction of
electrochemical biosensors based on the use of Salmonella DNA-
functionalized polymeric films with spatial resolution, high reproducibility
and high sensitivity. We expect this array to be portable and user-friendly.
This strategy could then be extended to the development of biosensors for
other microorganisms.
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Abstract

The immobilization of short ss-DNA (18- and 36-mer) and their hybridization were studied at gold and glassy carbon substrates
modified with low molecular weight (~12, 18 and 24 kg/mol) polystyrene thin films. Amino-modified DNA was attached to
the surface by reaction with succinimide ester groups bound to the polystyrenes. A ferrocene modified DNA target was used to
confirm the probe-target hybridization. Atomic force microscopy studies showed significant morphological changes after probe
immobilization and hybridization compared to the featureless structure of the polystyrene film. Single-stranded DNA samples
had a globular morphology with an average density of 3.8 and 2.2 (x 10'") globules/cm? for the 18- and 36-mer, respectively.
The formation of a porous structure with a 2.0 and 1.0 (x 10'") average pore density corresponding to the 18- and 36-mer
was observed after hybridization. A surface composition analysis was done by X-ray photoelectron spectroscopy to confirm
and support the images interpretation. Ferrocene oxidation (+323 mV/18-mer, +367 mV/36-mer, versus Ag/AgCl) proved the
presence of ds-DNA at the modified surfaces.
© 2005 Elsevier B.V. All rights reserved.

Keywords: DNA sensors; AFM; Nanostructures; Polymers; Biointerfaces

1. Introduction 2000; Pale¢ek and Fojta. 2001: Pividori et al., 2000).
The specific recognition of target gene sequences

DNA arrays or gene chip technology has definitely with complementary oligodeoxyribonucleotide (ODN)
emerged as one of the most promising methods for the probes that are attached to a solid support is the basis of
detection of bacterial, viral or genetic diseases (Wang, this chip technology. The optimal performance of DNA

arrays depends on the orientation and spatial arrange-

———a ment of the probes at the surface (Wang, 2000). Both
* Corresponding author. Tel.; +1 787 764 0000x5967, . . : . e g

fax: +1 787 763 6011 orientation and steric effects affect the hybridization

E-mail address: a_guadalupe @degi.rrp.upr.edu efficiency, and therefore sensor analytical parameters

(A.R. Guadalupe). such as sensitivity, detection limit and response time.

0168-1656/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/}.)biotec.2005.05.008



234 L. Musioz-Serrano et al. / Journal of Biotechnology 118 (2005) 233-245

In principle, higher responses and lower detection lim-
its are expected when more targets are successfully
hybridized.

The immobilization of DNA on electrode surfaces
have been done using different strategies including
adsorption and covalent attachment to carbon elec-
trodes (Pividori et al., 2000: de-los-Santos-Alvarez
et al., 2002; Pedano and Rivas, 2003), conjugation of
avidin and biotinylated DNA (Dupont-Filliard et al.,
2001: Niemeyer et al., 2001; Riepl et al., 2002) and
gold-thiol linkage (Hashimoto et al., 1994; Thara et al.,
1997; Kelley et al., 1997; Hashimoto et al., 1998; Yu
etal., 2001; Patolsky et al., 2001 Takenakaet al., 2000;
Mucic et al., 1996, Nakayama et al., 2002; Anne
et al., 2003; Satjapipat et al., 2001; Hianik et al., 2001),
Among these methods, thiol chemisorption is the most
widely used. However, Tarlov and others have shown
that thiolated ODNs orient themselves perpendicu-
lar (one-point attachment) and parallel (multiple-point
attachment) to the surface (Herne and Tarlov, 1997,
Steel et al., 2000). This random orientation affects the
stability and reproducibility of the sensors response.
To overcome this problem, Tarlov and other research
groups used a second thiol reagent to form a mixed
monolayer composed of the HS-ODNs and HS-organic
molecules (Satjapipat et al., 2001; Hianik et al., 2001;
Herne and Tarlov, 1997; Steel et al., 2000). The HS-
organic molecules act to eliminate undesired inter-
actions of the HS-ODNs probes with the bare gold
surface. This procedure enhances the sensor perfor-
mance in comparison to the thiol-ODNs solo system,
but significant variations in the hybridization response
still occur. Even when the desired ODN orientation is
achieved at the surface, its specific location and dis-
tribution is still questionable. There is a need for new
methods that precisely tailored the position of ODNs
probes at surfaces to build high-density sensor arrays
with greater sensitivity.

Our research goal is to prepare polymers with a
precise control of the surface density and spatial distri-
bution of DNA on surfaces. We believe that by varying
and controlling the molecular weight of the polymers,
it could be possible to control the amount of DNA
on the surface and consequently its hybridization effi-
ciency. It is known that block copolymers can organize
on surfaces with different morphologies in an orderly
fashion. In this report, we present results on the use of
DNA-polystyrene-DNA block copolymers as a strat-

egy to create such surfaces. Atomic force microscopy
(AFM) was used to study ODNs immobilization and
hybridization in DNA-polystyrene-DNA polymer films
at gold surfaces. AFM can provide information regard-
ing ODNs structural arrangement on solid supports as
has been previously demonstrated (Kelley et al., 1998;
Yokota et al., 1999: Sun and Yokota, 2000; Huang
et al., 2001; Mourougou-Candoni et al., 2003). Thin
films of different molecular weight polystyrenes func-
tionalized with a succinimide ester were used to anchor
amino-modified ODNs. The hybridization event was
monitored deliberately modifying the complementary
target with a ferrocene derivative. Results on the ODNs
surface density, size distribution, orientation and on
polymer morphology are presented before and after
the hybridization event. The uniqueness of this method
is the simplicity of the surface modification, and the
potential for controlling the probes’ spatial location and
for producing polymer membranes with multiple and
different end-functional groups. With this method. it is
possible to produce sensor arrays using p.-contact and
ink-jet printing techniques.

2. Experimental
2.1. Chemicals

Styrene was distilled in vacuum prior to poly-
merization. 4,4'-Azobis(4-cyanovaleric acid) (Sigma)
and 3-carboxy PROXYL (3CP), 1.3-dicyclohexyl car-
bodiimide and N-hydroxysuccinimide (Aldrich) were
used for the polymerization and subsequent function-
alization of polystyrene. Dimethylformamide, tetrahy-
drofuran, methanol and chloroform were all HPLC
grade. Ferrocene carboxylic acid (95%) was obtained
from Alfa Aesar. |,4-Dioxane, [,l,2-trichloroethane,
methyl sulfoxide, silica gel (200400 mesh, 60 A) and
Sephadex G-25 were purchased from Aldrich. Amino-
modified ODN: 5'-NH;-(CH,)2-CTA TGC ACG TTC
CGG TAT-3’ (18-mer) and 5'-NH3-(CH3)12-CTA TGC
ACG TTC CGG TAT TGC CTA TTC ACG TAT
CGG-3' (36-mer), the amino-modified complemen-
tary sequences; 5'-NH3-(CHz)12-ATA CCG GAACGT
GCA TAG-3' and 5'-NH;,-(CH»);2-CCG ATA CGT
GAA TAG GCA ATA CCG GAA CGT GCA TAG-3'
and the non-complementary sequences; 5'-GTA TTC
GCC CGA TGT ACA-3' and 5'-NH,-(CH,);2-CCC
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Table |

Nitroxide-mediated living radical polymerization of styrene with 4.4'-azobis (4-cyanovaleric acid) and 3-carboxy PROXYL

Rxn Styrene (mL) CVA (mg) 3CP (mg) My (g/mol) MM, COOH/ chain
1 4.0 68.9 113.9 11520 111 1.37

2 8.0 711 114.4 17500 1.07 1.59

3 12.0 70.4 113.2 24470 1.04 1.98

AAG CGA GCT GCT A-3' were purchased from
IDT DNA Technologies. Spectra Por/CE pre-treated
(MWCQO 2000) dialysis membranes were obtained
from Spectrum. All aqueous solutions were prepared
with nanopure water (Barnstead, 18 MQ/cm). Other
reagents were at least analytical reagent grade.

2.2. Nitroxide-mediated living radical
polymerization of styrene with 3-carboxy PROXYL
and 4,4'-azobis(4-cyanovaleric acid) as initiator

Three styrene polymers with different molecular
weight were synthesized as indicated in Table I.
The general procedure was to mix 4,4-azobis(4-
cyanovaleric acid) (CVA), 3-carboxy-PROXYL and
styrene in a glass ampoule followed by dissolution with
10 mL dimethylformamide (DMF). The molar ratio of
3CP to initiator (CVA) was 2.44, The ampoules were
vacuum sealed after four freeze-pump-thaw cycles
and placed in an oil bath at ~130°C. After 96h,
the polymers were recovered and purified by disso-
lution/precipitation twice in DMF/MeOH. The white
solids were placed in a vacuum line until dryness. The
polymers were analyzed by IR spectroscopy (Nicolet
Magna 750) in KBr pellets.

2.3. Size exclusion chromatography

The polymer molecular weight and polydis-
persity was determined by size exclusion chro-
matograpy (Hewlett Packard 1100 LC). A light-
scattering (miniDAWN Tristar) and an interferometric
refractometer (Optilab DSP) both from Wyatt Tech-
nology were used as the detection system to deter-
mine My, and My, respectively. Two Styragel columns
(Waters) with an effective molecular weight range
of 500-30,000 (HT3) and 5000-600,000 (HT4) were
connected in series. The eluent was THF (flow rate:
1.0 mL/min). Polymer solutions (0.5%, w/v) were dis-

solved in filtered THE. Prior to injection, the samples
were filtered with a PVDF syringe filter, 0.2 pm (What-
man).

2.4. Titration of dicarboxylated polystyrene

LiOH was titrated with KHP and phenolphthalein.
An amount of dried polymer (50-60 mg) was dissolved
in SmL of chloroform. To this solution, 0.2 mL of
methanol and two drops of phenolphthalein (0.5 wt% in
EtOH) were added following the procedure described
by Polymer Source Inc. (Canada). The polymer solu-
tion was titrated with 0.1 M LiOH until the indicator
color changed. The average COOH functionality (F)
was calculated as follows:

Crion x VLion X MW polymer

F=
Grams of polymer

(1)

Titration results were 11,520/1.37,

17,500/1.59; 24,470/1.98.

(MW/F):

2.5. Derivatization of dicarboxylated polystyrene

The polymer sample and N-hydroxysuccinimide
(NHS) were dissolved in 5 mL DMEF. 1,3-Dicyclohexyl
carbodiimide (DCC) was dissolved in 5 mL DMF. The
DCC solution was added dropwise to the polymer solu-
tion. The mixture was left for 24h at RT with con-
tinuous stirring. The reactants molar ratio was 2:2:1
corresponding to NHS, DCC and the polymer, respec-
tively. The polymer was precipitated in methanol and
purified twice by dissolution/precipitation in chloro-
form/MeOH. The product was placed in a vacuum
dessicator until dryness.

2.6. Synthesis of N-hydroxysuccinimide ester of
ferrocene carboxylic acid

The derivatization of ferrocene carboxylic acid was
done as described by Takenaka et al. (1994). First,
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0.51 g (2.46 mmol) of DCC were dissolved in 10 mL of
I ,4-dioxane while 0.51 g (2.21 mmol) of the ferrocene-
COOH and 0.31 g (2.70 mmol) of NHS were dissolved
with 35 mL of 14-dioxane. The DCC solution was
added dropwise to the ferrocene solution and the reac-
tion was allowed to proceed at RT for 24 h. The reaction
byproduct was removed by filtration. The product was
recovered rotoevaporating the solution to dryness. The
solid was dissolved in a small amount of chloroform
and chromatographed on silica gel with chloroform
as eluent. The purified solid yielded 89% (0.71 g).
IR (KBr pellets) experimental: 1769, 1739, 1214 and
1077cm™'; expected (Takenaka et al., 1994): 1770,
1740, 1220 and 1080cm™",

2.7. Synthesis of ferrocenyl oligonucleotides (18-
and 36-mer)

The succinimide ester of ferrocene (9.85mg,
30.11 pmol) was dissolved in 1.0 mL of methyl sul-
foxide. The H;N-18mer was dissolved in 800 pL of
0.2M sodium carbonate buffer (pH 9.5). The Ester
solution (400 L) was added to the HaN-18mer solu-
tion. The mixture was left for 16 h at 4 °C, after which,
it was chromatographed on a Sephadex G-25 column
using deionized water/carbonate buffer (50/50) as elu-
ent. The fraction (~3 mL) with yellow color was dia-
lyzed against water to remove salt excess and unreacted
reagents and finally freeze-dried. The final product was
stored in the refrigerator until use. The same procedure
was followed for the H,N-36mer.

2.8. Preparation of succinimide-polystyrene-
succinimide polymer films

Polymer solutions (5.0%, w/v) were prepared in
I.1.2-trichloroethane. After sonication for 30 min, the
solutions were filtered with a PVDF syringe filter. The
final solutions were tightly closed and left at room
temperature until use. Gold substrates (from Thermo
Electron Corporation) were cut to ~ | cm? and cleaned
with sonication in acetone, followed by deionized water
(both for 30 min), and dried with N». For the three poly-
mers, a 4 pL aliquot was deposited over the substrate,
and then spin coated at 3000 rpm for | min. The sam-
ples were placed in a vacuum line overnight. The film
thickness (measured by profilometry) ranges from 0.30
to 0.70 wm.

2.9. Oligonucleotides immobilization and
hybridization

For the immobilization of the ODN, 50 L of 50 uM
NH>-ODN in 0.2 M sodium carbonate (pH 9.5) was
deposited over the polymer sample. The attachment
of ODNs will occur at the primary amine linker at
this pH (Ontko et al., 1999). One set of polymer film
samples (MW: 11,520; 17,500 and 24,470 g/mol) were
used for the HoN-18mer immobilization and another
set for the H2N-36mer. The samples were incubated
at 4 °C for 24 h. The films were rinsed with deionized
water, then with ~20 mL of 0.2 M PBS (pH 6.9), and
again with deionized water. The samples were placed
in a vacuum line for 24 h. For the hybridization of the
immobilized probes, 50 pL of 50 wM ferrocenyl-ODN
in 0.2M PBS (pH 6.9) were placed over the sample
that had the complementary probe sequence. The sam-
ples were incubated at ~55°C for 10 min and left at
RT for 24 h. The films were rinsed with deionized
water, followed by PBS and deionized water and then
placed in a vacuum line for 24 h. The same hybridiza-
tion procedure was done with a non-complementary
sequence using a sample that contained the H-N-18mer
probe.

2.10. Atomic force microscopy

AFM images were collected at room conditions
using a NanoScope MultiMode™ Scanning Probe
Microscope from Digital Instruments. The imaging
was performed using the tapping mode at a scan fre-
quency of 1-2Hz with silicon etched probes from
Veeco Metrology. The collected images were flatten
and analyzed using the Nanoscope III software.

2.11. X-ray photoelectron spectroscopy

XPS measurements were performed on a 5600
PHI Multisystem. The polychromatic X-ray radiation
source was Mg Kacat 15 kV and 400 W. The pass energy
was maintained for each conclusive set of analysis.
Survey and multiplex spectra were obtained with pass
energy of 93.9 and 58.7 eV, respectively. The instru-
ment was calibrated with Au and Cu standard samples.
The reported spectra sections were corrected consider-
ing the C s peak (284.5eV) as an internal standard.
The quantitative evaluation was done with the AC-
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ACESS PHI software, based on atomic sensitive factors
for each specific transition of certain elements.

2.12. Osteryoung square wave voltammetry

The electrochemistry of ferrocene-ds-DNA
attached to the polymer membranes was studied
by Osteryoung square wave voltammetry using a
BAS 100B voltammetric analyzer. The experiments
were carried out in 0.2M PBS (pH 6.9) with 0.1 M
NaCl at room temperature under a N» stream. The
Glassy C working electrode was polished with Metadi
diamond paste and washed thoroughly with water
under sonication before use. A carbon electrode was
used instead of a gold electrode because the gold
showed an oxidation peak close to the oxidation
potential of the ferrocene label under our experimental
conditions. The electrode surface was modified exactly
as described for the gold surface, but using 2 pL of
the polymer sample. For the immobilization and
hybridization steps, 20 uL each of HyN-ODN and
Fc-ODN solutions were used. A non-complementary
H,;N-ODN probe was immobilized and exposed to
Fc-ODN following the same procedure described
above for the complementary system. The counter
and reference electrodes were a Nichrome wire and
Ag/AgCl, respectively.

3. Results and discussion

3.1. Characterization and derivatization of the
polymers

Fig. 1 shows the size exclusion chromatography of
three polystyrenes prepared by nitroxide-mediated liv-
ing radical polymerization. The polydispersity of the
polymers was 1.04—1.11 for molecular weights rang-
ing from 24,470 to 11,520 g/mol (Table ). The elution

CN CN

i i *O—-N
HOOCCH QCH;CI'N“NC[‘CH sCH;COOH +
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Fig. |. Size exclusion chromatography of the polymers prepared
by nitroxide-mediated living radical polymerization of styrene
with 3-carboxy PROXYL and cyanovaleric acid as initiator.
(a) 24,470 g/mol, PD 1.04; (b) 17,500 g/mol, PD 1.07; and (c)
11,520 g/mol, PD 1.11. Inset: dependency of the molecular weight
and polydispersity with added monomer.

time increased as the molecular weight decreased as
expected.

We synthesized monodisperse polystyrene with
COOH groups at the polymer chain-ends. To accom-
plish this, we used CVA as a radical initiator and
3CP to control the growth of the polymer chains (see
Scheme 1). CVA is an azo radical initiator with COOH
groups at opposite ends of the azo functional group.
3CP is a TEMPO analog with a COOH group in the
pyrrolidinyloxy ring. Together in the reaction vessel,
CVA and 3CP initiate and terminate the polymer chains
with a COOH group. Monodisperse polystyrene results
from the use of 3CP following the same mechanism of
other nitroxide reagents (Georges et al., 1993: Hawker.
1994; Veregin et al., 1995; Ohno et al., 1998; Hawker
etal.,2001). Homopolymers with a variety of function-
alities have been successfully synthesized using similar

0
OH leN OH
HOOCCH 2CH1(|: 0O—N
? I ?n

Scheme |.
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Fig. 2. Infrared spectra of dicarboxlated polystyrene (a.l), dicar-
boxylated polystyrene derivatized with N-hydroxysuccinimde (a.2),
enlargement of the 2000-1660c¢cm~' for the dicarboxylated
polystyrene (b.1) and dicarboxylated polystyrene derivatized with
N-hydroxysuccinimde (b.2).

polymerization conditions (Ohno et al., 1998; Hawker
etal., 2001).

Derivatization of the carboxylated polystyrene with
NHS was done to form an active ester bond that eventu-
ally was reacted with the NH>-ODNs. Fig. 2(a) shows
the IR spectra of the carboxylated polystyrene (MW
11,520 g/mol) before (a.l) and after (a.2) the reac-
tion with NHS. Both spectra show the characteristic
polystyrene bands (e.g.: aromatics CH: 3081, 3059
and 3025 cm™!; aliphatics CH: 2922 and 2848 cm™';

and aromatics C=C: 1600, 1492 and 1451 cm™"). The
predominant fingerprinting bands of monosubstituted
polystyrene obscured the carbonyl band of the COOH
end groups (Fig. [(b)). After NHS-derivatization, the
IR spectrum shows an enlarged peak at 1745cm ™! that
was assigned to the carbonyl groups in the succinimide
ester-polystyrene chains (Fig. 2(b)).

3.2. Preparation of polymer thin films on gold
substrates

Optically transparent thin films of the NHS-
derivatized polystyrenes were prepared over gold sub-
strates by spin-coating, As seen in Fig. 3, complete
coverage of the surface was obtained with 4 pL of
5.0% (w/v) polymer solutions in 1,1,2-trichloroethane.
An AFM image of the bare gold substrate (Fig. 3(a))
shows the gold aggregates that are characteristic of sur-
faces prepared by sputtering. A smooth surface with
small roughness was observed for the polymer films
(Fig. 3(b—d)).

3.3. Immobilization of the 18- and 36-mer probes
and hybridization with their complementary
sequences

Fig. 4 shows the AFM images of the samples
after ODNs immobilization in the polymer film (MW
11,520 g/mol) and their respective size histograms. The
immobilization of the 18- and 36-mers was done react-
ing the ODNs amino groups with the succinimide
groups of the polymer membrane. For both cases, the
images show that the ODNs collapsed at the mem-
brane surface and adopt a globular morphology. The
globules have the same height (~2.0-3.0 nm), but dif-
fer significantly in diameter. The fact that there is a
globular size distribution indicates that the ODNSs ran-
domly organize to form globules avoiding repulsive
interactions. Considering that the dimensions of an 18
and 36-mer oligonucleotides are on the order of A,
we conclude that each globule must consist of ODNs
aggregates. Table 2 summarizes our AFM results. The
globules diameter almost double for the 36-mer com-
pared to the 18-mer ODNs suggesting that the ODN
length dictates the aggregates size. There have been few
reports presenting surface densities and distributions of
short ss-DNA molecules using AFM. A surface den-
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Fig. 3. Atomic force microscopy images for (a) bare gold RMS roughness: 1.293 nm and spin-coated polystyrene films; (b) MW 11,520 g/mol
RMS roughness: 0.248 nm; (c) 17,500 g/mol RMS roughness: 0.215 nm and; (d) 24,470 g/mol RMS roughness: 0.267 nm over gold substrate.

sity of 1.1 x 10'% molecules/cm? for ODNs (17-mer) density in the 10'" molecules/cm? range for 25-mer
tethered at a gold substrate with diameters distribu- thiolated oligonucleotides at gold substrates was pre-
tion of 26-40 nm was reported by Huang et al. (2001). sented by Mourougou-Candoni et al. (2003). These
DNA molecules domains with 15 nm diameter and a research groups have reported a globular morphology
Table 2
Summary of atomic force microscopy imaging results
18-mer 36-mer
11,520° 17,500 24 470° 11,520 17.500° 24,4704
Single-stranded
Globules diameter® 14 13 12 25 27 23
Surface density® 3.80 3.56 3.68 2.20 1.68 2.04
Double-stranded
Rings diameter® 10.5 11.5 1 1.5 11.5 12
Pores diameter® 23 25 25 24 28 24

* g/mol.
b Units: globules diameters, rings diameter and pores diameter (nm).
¢ x 10" globules/em?.
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Fig. 4. Atomic force microscopy for polystyrene 11,520 g/mol after the immobilization of NH;-ODNs: (a) 18-mer RMS roughness: 1.103 nm;
and (b) 36-mer RMS roughness: 1.291 nm with their corresponding histograms.

for short ss-DNA at various substrates and under differ-
ent sample preparation. This observation is important
considering the known distortion effects produced by
AFM tips during the imaging of biological samples
(Yokota et al., 1999; Huang et al., 2001; Mourougou-
Candoni et al., 2003).

Fig. 5 shows the AFM images for the samples after
hybridization and their respective size histograms. It is
evident that a different morphology resulted when the
single-stranded ODNs reacted with their complemen-
tary sequence. The initial globular film morphology
changed to a porous morphology with the formation
of rings around pores. As shown in the histograms, the
rings (~10.5-11.5 nm) and pores (~22-28 nm) diam-
eter were comparable for the 18- and 36-mer. Inter-
estingly, the pores diameters match the diameter of

the gold aggregates at the bare surface (20-30 nm, see
Fig. 3(a)). We believe that an increment in electro-
static repulsions upon strands hybridization induces
the film morphology changes resulting in a porous
membrane templated by the gold aggregates. We spec-
ulate that this new morphology is a response of the
system as it reaches a most stable molecular arrange-
ment. The hybridization experiment was repeated with
a non-complementary ODN sequence to verify that
the observed morphological changes were a result of
ODNs hybridization. Fig. 6 shows the AFM image of
an 18-mer film sample that was treated with a non-
complementary |18-mer sequence. From the compari-
son of Figs. 4 and 6, it is clear that the film retains
a globular morphology before and after being treated
with a non-complementary ODN sequence. The mor-
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phological changes observed with the complementary
ODNs were not observed with the non-complementary
ones, proving that surface changes were a direct con-
sequence of strands hybridization.

To substantiate the results obtained with AFM, the
samples were further studied with X-ray photoelectron
spectroscopy (XPS). Fig. 7 shows the XPS spectra in

the region of N Is and P 2p for the substrate modified
with the polymer membrane and after ODNs immo-
bilization. No peaks were observed for the polymer
modified substrate. After immobilization, the presence
of nitrogen and phosphorous peaks were evident. The
approximate molar ratio of nitrogen to phosphorous in
DNA chains is 3.5 (Zhang et al.. 2002). In our case,
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the ratio was 3.3, which confirms the presence of the
ODNs at the surface.

Fig. 8 shows the XPS spectra in the Au 4f region.
Two peaks were observed in this region as expected
for bare gold. The peaks disappeared completely
after modification with the polymer membrane and
subsequent immobilization with the single-stranded
probe. The Au 4f peaks were again visible after
ODNSs hybridization but with less intensity. This result
strongly supports our hypothesis that on hybridization
increased electrostatic repulsions induced a morphol-
ogy change in the polymer film that results in the partial
exposure of the bare gold surface.

We expected a dependency on the number of reac-
tive points with molecular weight: that is, an increase
in the number of reactive points per surface area with a
decrease in the polymer molecular weight. That depen-
dency was not observed. We believe that the differences
in the molecular weight of the polymers studied were
relatively small and hindered such dependency. We are
currently studying the dependency between these vari-
ables (polystyrene molecular weight, surface density,
spatial distribution) using higher molecular weights
and longer DNA probes.

In addition, we observed that as the molecular
weight increased, the polydispersity decreased and
the titration results showed two —COOH per chain.
We also observed that the polydispersity increased as
the molecular weight decreased and that at the low-
est molecular weight polymer the number of -COOH
per group was mainly one. It is well known that in
nitroxide-mediated living radical polymerization low
molecular weight polymers have a tendency to high
polydispersities (Veregin et al., 1995). This implies
that in our experiments, two polymer chains of the
lowest molecular weight will have approximately the
same number of COOH groups as one polymer chain
of the highest molecular weight. Thus, the surface
densities of reactive points will remain the same in
the range of polymer molecular weights that we stud-
ied.

3.4. Electrochemical characterization of the
modified surfaces

The hybridization of the immobilized probes in the
presence of complementary and non-complementary
sequences was studied by looking at the redox pro-
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Fig. 7. XPS N Is and P 2p spectra for (a) spin-coated polystyrene
over gold and (b) after NH»-oligonucleotide immobilization.

cess of a ferrocene label previously attached to the
target sequence. The electrochemical behavior of the
samples was studied using Osteryoung square wave
voltammetry. Fig. 9(1 and 2) shows the voltammo-
grams for the polymer membrane (MW 11,520 g/mol)
with the 18- and 36-mer. As expected, no signal
was observed for the single-stranded modified sur-
faces in PBS buffer (Fig. 9(la and 2a)). Fig. 9(1b
and 2b) shows the OSWYV of the carboxylated poly-
mer film in the presence of a ferrocene-labeled ODN.
The absence of an electrochemical signal indicates
that the target ODNs do not react or adsorb to the
polymer films. This result verifies that the observed
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Fig. 8. XPS Au 4f spectra in bare gold, spin coated polystyrene over
gold. after NH2-ODN immobilization and after hybridization.

globular morphology is a result of the ODNs immo-
bilization at the succinimidated polystyrene films. A
small ferrocene oxidation peak was observed when
the surfaces were placed in contact with the non-
complementary sequence (Fig. 9(1c and 2¢)). Since the
probe and target sequences were non-complementary,
the observed signal indicates the adsorption of a frac-
tion of the targets to the electrode surfaces. However,
a remarkable increase in the ferrocene oxidation peak
is evident after hybridization with the complementary
ODNs (Fig. 9(1d and 2d)). The adsorption signal is
clearly insignificant compared to the hybridization sig-
nal.

The Epa=320mV for the 18- and 36-mer ds-ODNs
in solution (not shown). For the ds-DNA at the surface,
the Ej, 4 were 323 and 367 mV for the 18- and 36-mer,
respectively. There is a 47 mV difference for the 36-
mer at the surface compared to the potential in solution.
This difference was not observed for the ds-DNA 18-
mer. Considering that both double stranded chains (18-
and 36-mer) are separated from the surface by a Cj;
spacer and that this is also the case for the ferrocene
label in the targets, it is reasonable to assume that a
semifluid ODN layer is present at the surface. We then
ascribed the potential difference observed in the 36-
mer to a limited accessibility of the ferrocene label to
the surface because the differences in length between
the ds-DNA samples.
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DNA and (d) complementary DNA in PBS (pH 6.9) with 0.1 M NaCl.
Reference and auxiliary electrodes: Ag/AgCl and Nichrome.

4. Conclusion

In summary, a novel method for the immobilization
of single-stranded DNA on polystyrene thin films was
developed. This method allows the immobilization of
ODNs in nanometric domains with a controlled sepa-
ration distance. The robustness and stability of these
polymer membranes make these supports good candi-
dates for anchoring of ODNSs at solid surfaces. Specifi-
cally, the use of functionalized polystyrene films could
substantially reduce non-specific interactions between

the ODNSs and the surface. The implications for nucleic
acids arrays are multi-fold because high-density arrays
could be designed and built at relatively low cost
and with higher sensitivity if combined with polymer
imprinting technologies and chemical signal amplifi-
cation, The construction of DNA sensors, where the
orientation, specific probe location and morphology at
the surface is known, is essential for the improvement
of hybridization efficiency and sensor sensitivity.
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Abstract

Two different self-contained ethanol amperometric biosensors incorporating layered [Ru{phend),bpy]**-intercalated
zirconium phosphate (ZrP) as the mediator as well as yeasr-alcohol dehydrogenase (yv-ADH) and its cofactor
nicotinamide adenine dinucleotide (NAD") were constructed to improve upon a design previously reported where
only this mediator was immobilized in the surface of a modified electrode. In the first biosensor, a [Ru(phend),bpy) -
intercalated ZrP modified carbon paste electrode (CPE) was improved by immobilizing in its surface both y-ADH
and NAD" using quaternized Nafion membrane. In the second biosensor. a glassy carbon electrode was modified with
|Ru(phend).bpy]**-intercalated ZrP. y-ADH, and NAD" using Nafion as the holding matrix. Calibration plots for
ethanol sensing were constructed in the presence and absence of ZrP. In the absence of ZrP in the surface of the
modified glassy carbon electrode, leaching of ADH was observed as detected by UV-vis spectrophotometry. Ethanol
sensing was also tested in the presence and absence of ascorbate 1o measure the selectivity of the sensor for ethanol.
These two ethanol biosensors were compared to a previously reported one where the y-ADH and the NAD " were in
solution, not immobilized.
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1. Introduction

There is a need for fast and reliable methods for determining
ethanol content [1 - 4]. The development of biosensors able
to detect low concentrations of alcohols have attracted
interest for some time [5-7]. Alcohol dehydrogenase
(ADH) has been used in the past for the detection of
ethanol for various industrial applications. including brew-
ing and wine making [5-7]. Several approaches have been
used for the construction of amperometric ethanol biosen-
sors which include modified electrodes used with the
enzyme in solution [8] or immobilized in the electrode
surface [S, 9-12]. Immobilization of enzymes in rigid
matrices has attracted attention for some time [13-16].
There are several advantages in immobilizing enzymes,
among them, enzymes immobilized in solid matrices can be
recycled, lowering their effective cost, and can be easily
scparated from their reaction mixture [16].

Enzymes have been immobilized in polymers, sol gels,
surfactant films. hydrogels, and carbon paste, among other
materials [13, 17 - 24]. The effect of the matrix surface on the
immobilized proteins can affect the stabilization of the
enzyme, improving activity and in few cases the selectivity of
the enzyme is altered in a desirable way [25]. However, the
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interaction of the protein and the matrix surface is not yet
well understood [16].

One of the materials that has been used for protein
immobilization are the layered zirconium phosphates (ZrP)
[14, 16, 26, 27]. Zirconium phosphates are acidic inorganic
ion exchangers with layered structures [28-30]. Cyto-
chrome ¢, hemoglobin, myoglobin, and horseradish perox-
idase, among other proteins, have been immobilized into
ZrP and the hydrophilic nature of the phosphate groups are
proposed to stabilize the protein [14, 16, 27].

Recently, we reported the construction of an ampero-
metric ethanol biosensor using a carbon paste electrode
(CPE) modified with ZrP that had intercalated in it the
electron mediator bis(1,10-phenanthroline-5,6-dione)(2.2"-
bipyridine)ruthenium(1) ([Ru(phend),bpy|**) [8]. In that
previous biosensor yeast ADH (y-ADH) enzyme and its
nicotinamide adenine dinucleotide (NAD™) cofactor were
in solution. In the present study we report the construction
of two new biosensors, one where y-ADH and NAD" are
immobilized on the carbon paste electrode surface by
immobilizing the enzyme in a polymer matrix, and a second
one in which all components were drop-cast on a glassy
carbon electrode surface.
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2. Experimental

Mineral oil, Baker's yeast alcohol dehydrogenase (E.C.
1.1.1.1) and p-nicotinamide adenine dinucleotide were
obtained from Sigma Chemicals. Graphite powder and
copper wire were obtained from Fisher Co. All other
reagents, at least 98% pure, were obtained from Aldrich.
Nafion ethanolic solution was obtained from Sigma-Aldrich
Chemicals. Nanopure water was obtained using a Barnstead
purification train (17.5 MQ/cm). UV-vis absorption spectra
were obtained using a HP 8453 diode array spectropho-
tometer.

Allelectrochemical measurements were done with a BAS
Model CV-50W potentiostat in a 5 mL cell containing the
modified CPE, a Ag/AgCl (3 M NaCl) reference electrode
and a Pt wire auxiliary electrode. The electrochemical
results are reported as the average of five electrodes.
Measurements of the stability of the self contained biosen-
sor were done with a BASi Epsilon-EC-Ver. 1.60.70_XP
potentiostat in a 5 mL cell containing the modified glassy
carbon electrode, a Ag/AgCl (3 M NaCl) reference elec-
trode and a Pt wire auxiliary electrode.

The surface of a glassy carbon electrode (3 mm in
diameter) was polished using a 1 pm diamond polishing
compound (Metadi 1I, Buehler) until a mirror-like surface
was obtained. Then, the electrode was sonicated ina 1:1
acetone:distilled water solution for 15 minutes. The electro-
des were allowed to dry in a dessicator at room temperature.

2.1. Immobilization of [Ru(phend);bpy)*' into ZrP and
Construction of Modified Carbon Paste Electrodes
with [Ru(phend),bpy]** Intercalated into ZrP

The syntheses of ZrP and [Ru(phend),bpy]’* and the
immobilization of [Ru(phend),bpy|*' appears elsewhere
(the intercalated material is referred as Ru-ZrP) [8, 31 -33].
The [Ru(phend),bpy]** : ZrP molar ratio used in this study
was 1:2.3 which showed better stability and better catalytic
current in comparison with other compositions tested. The
construction of the carbon paste electrodes (CPEs) modi-
fied with Ru-ZrP has been previously reported [8].

2.2. Immobilization of y-ADH and NAD" on the Surface
of Ru-ZrP Modified CPE

y-ADH and NAD" were immobilized on the surface of a
Ru-ZrP modified CPE (1 mm diameter) using a procedure
previously reported by Minteer etal. [34-36]. A 5wt%
Nafion suspension was treated with quaternary ammonium
bromide so that the concentration of quaternary ammonium
bromide is in excess of the concentration of sulfonic acid
sites in the Nafion suspension. The concentration of the
quaternary ammonium bromide should be at least three
times the concentration of the exchange sites of Nafion [34 -
36].
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For the preparation of the mixture of the enzyme with the
quaternary ammonium bromide/Nafion casting solution the
volume ratio should be 2:1 (1200 pL of 1.0 pM enzyme:
600 pl of 5% by wi. modified Nafion suspension). After the
addition of 0.03 g of NAD" the mixture was vortexed for ca.
1 min in preparation for coating on electrodes. The solution
(2 uL) was pipetted onto the surface of the electrodes. The
films were allowed to air dry for 20 min and cured overnight
in a vacuum dessicator.

These electrodes need 1o be activated ina 0.1 mM NAD’
solution before use to assure that NAD' is present inside the
polymer matrix before alcohol sensing. This is expected,
since the Nafion polymer is in an ethanolic solution (see
Experimental Section), and the ethanol in the solvent in the
presence of y-ADH and NAD™ in the intercalation solution,
will produce NADH. If we use the electrodes without this
pretreatment, the response is not reproducible. This proce-
dure was designed to allow stability and reuse of the sensors.

2.3. Nanoencapsulation of y-ADH into ZrP Framework

A stock solution of y-ADH (0.1 g of solid), with NAD"
(1.0 mg) in 100 mL (using PBS, 1 = 0.1, at pH 7.0) was mixed
with 0.2 g of the 10.3 A ZrP framework and stirred for two
hours at room temperature. The nanoencapsulation was
performed at a 1:1 (ADH:ZrP) molar ratio. The samples
were filtered in vacuum and the solid was lyophilized for 48
hours. The resulting bone white solid was characterized
using XRPD measurements, IR spectroscopy, and circular
dichroism.

2.4. Enzyme Assay for the Determination of ADH
Activity

The activity of the enzyme was determined as described in
the literature [37]. Seven milligrams of ADH was added to a
10 mL volumetric flask using 0.1 M PBS at pH 7.0 as the
solvent. The absorption at 340 nm of any NADH present
was measured in a quartz cuvelte filled with a solution
containing 1.5 mL ofa 0.1 M PBS at pH 8.0,0.50 mL of 2 M
ethanol and 1.00 mL of 25 mM NAD'. Afterwards, 150 ul.
of the enzyme solution was added and the change in
absorbance at 340nm from NADH produced by the
enzymatic reaction as a function of time was measured.

2.5. Construction of a Modified Glassy Carbon Electrode
for Ethanol Sensing

A 2mL aliquot from the suspension obtained in the
synthesis of ZrP [31] was added to a test tube along with
5 mg of ADH, 30 mg of NAD", and 10 mg of [Ru(phend),
bpy]**. The suspension was vortexed for fifteen minutes. An
aliquot of 5 pl. was added to the surface of a clean glassy
carbon electrode and was allowed to dry overnight. Finally,
5 pL of Nafion were dropped on the electrode surface. The

Electroanalysis 2010, 22, No 10, 1097 - 1105
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modified electrodes were allowed to dry and kept in a
refrigerator before use. Calibration plots for ethanol sensing
were constructed in the absence and presence of 5mM
ascorbate.

As controls. modified electrodes were also constructed
following the same procedure as above, butin the absence of
ZrP. The test tube was filled with 2 mL of nanopure water
and subsequent immobilization steps were the same as
explained before.

3. Results and Discussion

3.1. Self-Contained Biosensor Based on CPE Modified
with [Ru(phend),bpy]** -Intercalated ZrP

Previously, we reported the use of a Ru-ZrP modified CPE
for ethanol sensing [8]). However, that biosensor was not
self-contained; the enzyme and co-factor were not immobi-
lized on the electrode surface: they were added to the
substrate solution. To construct a self-contained device
using a CPE modified with Ru-ZrP. we have now con-
structed a self-contained biosensor for ethanol sensing by
using an approach pioneered by Minteer et al. [35, 36. 38].
These authors were able to immobilize several dehydrogen-
ases in a Nafion-modified electrode surface and study their
activity in aqueous solution. Among the enzymes used was
y-ADH [36]. Following this precedent we decided to use
Nafion to immobilize y-ADH alcohol dehydrogenase and
NAD" on the surface of Ru-ZrP modified CPEs. Figure 1
shows a characteristic calibration plot for ethanol sensing
for a self-contained CPE constructed using the Minteer
procedure incorporating Ru-ZrP, y-ADH and the NAD"
cofactor. The electrodes show high sensitivity up 10 0.07% v/
v of ethanol concentration. The dynamic range was 0.01 -
0.07% ethanol (2—-15 mM in ethanol concentration). How-
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£ ¢ g
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O g3ile (]
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0 0.2 04 as 0.8 1
Ethanol concentration, % v/v
Fig. 1. Calibration plot for ethanol sensing using a Ru-ZrP-

modified CPE that has on its surface y-ADH and NAD'
immobilized with quaternary ammonium bromide-modified Na-
fion at the surface of a Ru-ZrP modified CPE (x = 0.1, pH 7.0).
Error bars corresponds to + 1 standard deviation.
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ever, due to the low reproducibility of constructed CPEs we
pursued a new approach to construct a chemically modified
electrode using glassy carbon.

3.2. Characterization of the ZrP Modified Glassy Carbon
Electrode

Figure 2 shows a characteristic calibration plot for ethanol
sensing using the modified glassy carbon electrode. A linear
behavior is observed up to 6% (v/v) of ethanol concen-
tration. The dynamic range was 0.01-6.0% ethanol
(2mM-1.0M in ethanol concentration). Using cyclic
voltammetry we observed that the sensitivity of the
biosensor showed a 0.034 pA change upon a change of 1%
in ethanol concentration. All the components were immo-
bilized and no leaching was detected as determined by
Osteryoung square wave voltammetry and UV-vis spectro-
photometry (data not shown).

Control experiments were performed in the absence of
ZrP. while all the other components were immobilized in the
electrode surface, and a catalytic current was also evident.
Figure 3 shows characteristic calibration plot for ethanol
sensing in the presence and in the absence of ZrP at the
modified glassy carbon electrode surface. Although the
catalytic current was also observed in the absence of ZrP the
linearity of the calibration plot is affected.

In addition. we observed that the sigmoidal shape of the
cyclic voltammograms of the modified glassy carbon
electrode in the absence of ZrP were characteristic for a
electrocatalytic process for solubilized components in
solution. When we analyzed the PBS solution after the
experiment using UV-vis spectrophotometry we observed a
new absorption band at ca. 260 nm, which was not present in
the PBS solution previous to the experiment. Figure 4 shows
the UV-vis absorption spectra of the PBS before and after
the calibration plot for ethanol sensing was obtained for the
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44t
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030 pr
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0.20 ‘,’
0.10 4“/
0.00 b".. ;
0 2 4 6 8 10 12 14 16
Ethanol concentration, % v/v
Fig. 2. Calibration plot for ethanol sensing in PBS (¢ =0.1) at

pH 7.0 using a glassy carbon electrode modified with Ru-ZrP. y-
ADH and NAD'. Error bars corresponds to +1 standard
deviation.
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electrode modified with [Ru(phend),bpy]’~, y-ADH and NAD®
(using concentrations that appear in Figure 1) in the presence and
absence of ZrP (in PBS. = (.1 at pH 7.0). Error bars corresponds
to +1 standard deviation.

modified glassy carbon electrode in the absence of ZrP. The
new band observed is due to the aromatic groups of the
enzyme present in solution. Therefore, ADH is leaching out
of the electrode surface. These findings are not surprising,
Minteer et al. demonstrated that in the presence of bulky
quaternary amino molecules in Nafion, dehydrogenases do
not leach out from an electrode surface [36].

In the presence of ZrP, leaching is not detected in the
modified glassy carbon electrode due to the fact that ZrP is
holding all the components (ADH, NAD'. and [Ru(phend),
bpy]**), giving robustness to the biosensor, which can be
used several times.

After Ethanol sensing

- - - - Before Ethanol sensing

00 +———r——T T T T T T T T T T T T T T
230 24D 250 260 270 280 280 300 310 320 330 340
Wavelength, nm
Fig. 4. UV-vis spectra of the PBS before and after obtaining the

calibration plot for ethanol sensing in the absence of ZrP at the
glassy carbon electrode modified with [Ru(phend),bpy]*', yv-ADH
and NAD' (using concentrations that appear in Figure 1),
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To study the effect of ZrP on all the biocomponents of the
sensor, we performed the nanoencapsulation of ADH in a
buffered solution at pH 7.0. Figure 5 shows, the XRPD
pattern of the ADH:ZrP composite material. The XRPD
pattern shows the formation of a new phase with an
interlayer distance of 85.0 A. No peaks related o a-ZrP
(at 7.6 or 3.8 A) were detected, in agreement with the results
of Kumar et al. [16, 27]. The immobilization of ADH in the
ZrP matrix expanded the interlayer spacing from 10.3 10
85.0 A, From the crystal structure of y-ADH, the approx-
imate dimensions of the entire protein are 144 x 128 x 72 A
[39]. The smallest theoretical interlayer distance for the
intercalated material should be 78.6 A if the thickness of a
ZrP layer (6.6 A) is taken in consideration [40, 41]. The
6.4 A difference between the theoretical minimum and the
experimental interlayer distance can be attributed to the
immobilization of counter ions, co-ions or water molecules
in ZrP resulting in an additional expansion of the layers [16].
Different orientations of the enzyme inside ZrP can also be
found. which can give different diffraction peaks. The peaks
observed at 74.8 A and 49. 6 A could be due to the second
and third order diffraction peaks, respectively, of a first
unobserved first order diffraction peak corresponding to the
protein with the 144 A dimension perpendicular to the
layers (144 + 6.6 = 150.6 A).

Kumar and McLendon have nanoencapsulated cyto-
chrome ¢ into a-ZrP. These authors observed an increase
of the interlayer distance from 7.6 to 31.7 A [27]. In addition,
similar to our results, these authors observed other diffrac-
tion peaks at 24.0, 14.3 and 7.4 A in the X-ray diffractro-
gram. Kumar and McLendon reported that these peaks are
due to different orientations of the protein inside the
galleries of ZrP [27]. Our results showed that the y-ADH
protein can adopt different orientations inside ZrP, which
can give different diffraction peaks at lower 26 (e.g. the
diffraction peak at 60.6 A).

The IR-spectra of the immobilized enzymes provide
information about the secondary structure of the enzyme.
That information can help us elucidate whether the native
form of a protein is lost due to an immobilization process.
Figure 6 shows the FT-IR spectra of ZrP. free ADH and
ADH nanoencapsulated in ZrP (ADH : ZrP) materials. The
amide | and amide Il vibrational bands of ADH are
preserved in the ADH-intercalated protein suggested that
the proteins is not denatured (inside ZrP) upon intercala-
tion. The amide vibrational frequencies of proteins are
sensitive to hydrogen bonding interactions of the amide with
the solvent, and with neighboring functionalities. The IR
spectra of ADH:ZrP showed that the amide I band at ca.
1630 cm™ in solid state shifts to 1640 cm™" in ADH:ZrP.
This shift along with the broadness of the peak indicates
some of the ADH secondary structure is affected due to
restrict space of the microenvironment, but no denatural-
ization. The amide II band corroborated this finding, as it
did not shift evidently in this environment. Therefore, it
appears that a native-like secondary structure is preserved
upon immobilization. These findings are consistent with the
results reported by Kumar and Chaudhari [16].

Electroanalysis 2010, 22, No 10, 1097 -1105



Enzyme and Cofactor Immobilization ELECTROANALYSIS
3000
2500 B850A
2000 4
g |
= |
g 1500 -
=
000
1 48A
500 60.6 A
496 A
0 ¢ A
0.95 2.95 4.95 6.95 8.95
20 Angle
Fig. 5. X-ray powder diffractogram of ADH/ZrP composite material.
Zmr
—_——
@ ADH:ZrP
2
=
E 1632 e
© ADII
=
g [ 1626
=
E
1639
Amide | Anude 11
1800 1750 1700 1650 1600 1550 1500 1450 1400

Wavenumber, cm*!

Fig. 6. FT-IR spectra of ZrP, free ADH and ADH:ZrP.

The secondary structure information obtained from IR
spectroscopy can be corroborated using circular dichroism
(CD) spectroscopy. In proteins, the electronic interactions
between different residues contribute to a characteristic CD
spectrum. The chromophores responsible for the absorption
spectrum are the peptide bond, which absorbs below
240 nm; the aromatic amino acids, absorbs between 260 to
320 nm; and disulphide bonds, which shows a weak absorp-
tion at ca. 260 nm [42, 43].

The information obtained in a CD spectrum can also give
insights of how the secondary structure is affected inside the
ZrP matrix. The absorption below 240 nm, which is known
as the far-ultraviolet CD, gives an idea of how the secondary
structure is affected. The peptide bond has a weak but broad
absorption at 220 nm due 10 an n — * transition and a more
intense absorption at 192 nm due to a w — 7* transition [42].
Moreover, secondary structures such as a-helixes and

Electroanalysis 2010, 22, No. 10, 1097-1105
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pleated-f3 sheets, also have different absorptions in the CD
spectra. The a-helixes have a negative absorption at 208 and
220 nm and the positive band at 192 nm [42-44]. The
pleated-fi sheets contribute little to the CD spectra but show
a broad negative absorption at 212nm and a positive
absorption at 195 nm [42-44].

The CD spectra of ADH at different pHs and of the
ADH:ZrP material in water showed that the secondary
structure of ADH in solution is dependent on pH (data not
shown). The broadness of the absorption peaks at 208 and
220 due to the a-helixes broadens upon an increase in pH.
Kumar and Chaudhari have observed that upon immobili-
zation of enzymes inside the ZrP matrixes little or nochange
in the secondary structure was evident in their CD spectra
[16]. However, we observed that the secondary spectra of
our enzyme nanoencapsulated in ZrP matrices is more
consistent with the structure that this enzyme has at pH 8.0.
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ethanol as the substrate.

We must remember that the immobilization of the enzyme
was performed at this pH to try to maintain the enzyme
native structure inside ZrP.

Enzymes previously immobilized in ZrP retain their
activity and are readily accessible by their substrates [16,27].
Therefore, we studied the activity of ADH in ZrP. Figure 7

shows the NADH activity for the free ADH and ADH : ZrP
material. The ADH:ZrP material showed that upon
intercalation the ADH enzyme retained its activity and
readily oxidizes ethanol to acetaldehyde. We observed an
improvement on activity for the ADH: ZrP material. There
is a 50% higher activity of the ADH:ZrP material in
comparison with the free enzyme (AA/Amin =0.004 for
the free enzyme, 0.006 for ADH:ZrP). The 50% higher
activity of ADH:ZrP tell us that the substrates can easily
diffuse to the galleries of ZrP and a facile access to the active
site is enhanced for the immobilized ADH.

Kumar and Chaudhari observed similar results when
these two authors immobilized several proteins in a-ZrP
[16, 27]. For example, the activities of chymotrypsin and
glucose oxidase were improved upon intercalation in ZrP
from 25 thru 30% [16]. These authors explained that the
large interlayer distance in protein-intercalated ZrP allow
the substrate of interest to enter the layers of ZrP to reach
the active site of the enzyme. In our case, ethanol can easily
enter the cavities of ZrP and therefore when ethanol
interacts with the active site of ADH it readily oxidizes to
form formaldehyde. The fact that the ADH enzyme
increases its activity upon intercalation in ZrP makes it
suitable for the construction of an ethanol sensor.

To understand if NADH and/or NAD™ can be immobi-
lized into ZrP, we studied the intercalation reaction of
NAD™ and NADH in ZrP. Figure 8 shows the XRPD data
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Fig. 8. XRPD patterns of a wet sample of 10.3 A ZrP, a dried sample of 10.3 A ZP (upon drying 10.3 A ZrP converts to a-ZrP), a dried
sample of NADH-intercalated ZrP and a dried sample of NAD '-intercalated ZrP.

1102

www.clectroanalysis.wiley-vch.de

@ 2010 Wiley-VCH Verlag GmbH & Co, KGaA, Weinheim

Electroanalysis 2010, 22, No. 10, 1097 - 1105



Enzyme and Cofactor Immobilization

ELECTROANALYSIS

0.40

035

0.30

025

0.20

Current, HA

¢~

R‘:Diy,—

A4

// ~" Ri= 09786

A

# N0 ;corbic acd
® ascorbic acid, 0.5 mM

4 & 8

Ethanol concentration, % v/v

Fig.9. Ethanol calibration plot for ethanol sensing in the absence and presence of ascorbic acid using a glassy carbon electrode
modified with [Ru(phend);bpy}**, yv-ADH and NAD" (using concentrations that appear in Figure 1; 0.5 mM in PBS x=0.1 at pH 7.0).

Error bars corresponds to £+ 1 standard deviation.

obtained for 10.3 A wet phase of ZrP, for the dried phase of
ZrP (which is the a-phase), the dried phase of NADH-
intercalated ZrP and the dried phase of NAD '-intercalated
ZrP. The XPRD pattern of the product of the intercalation
of NADH within ZrP shows the formation of a new phase
with a sharp diffraction peak corresponding to an interlayer
distance of 10.2 A. This expander interlayer distance of the
new phase indicates that NADH has been intercalated into
ZrP, since unintercalated ZrP has an interlayer distance of
7.6 A. Figure 8 also shows that for NAD' intercalation a
mixed phase forms, containing unintercalated ZrP and also
NAD-intercalated ZrP since a diffraction peak at 10.0 A
indicates the formation of a new phase. This phase is less
crystalline than the NADH-intercalated ZrP phase, as
indicated by the broader diffraction peaks. These experi-
ments show that whether NADH or NAD+ are present on
the electrode surface, they both will be trapped by the ZrP
framework.

Electrocatalytic sensing of NADH in clinical samples is
plagued with problems due to interferences from ascorbic
acid, uric acid, paracetamol and neurotransmitters [45].
Rotariu and Bala constructed a microbial ethanol biosensor
by immobilizing yeast cells on the surface of an oxygen
electrode and observed a well defined electrochemical
signal for ethanol sensing [46]. However, these authors
observed that glucose can act as an interfering agent.

Our ethanol sensor does not use living cells, instead it uses
alcohol dehydrogenase which catalyzes a reaction that does
not rely on oxygen concentration. In addition, since it uses
NAD" as a cofactor for the oxidation of ethanol to
formaldehyde, we have used Ru-ZrP as an electron
mediator since mediators with low potentials can avoid
interfering reactions [45]. We performed experiments to test
the selectivity of our modified glassy carbon ethanol
biosensor in the presence of interferences such as ascorbic
acid. Figure 9 shows the linear range for the calibration plot
of ethanol sensing by the modified glassy carbon electrode

Electroanalysis 2010, 22, No. 10, 1097-1105
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in the presence and in the absence of ascorbate. The slope of
the twolinear plotsare nearly identical:in the presence of an
interference such as ascorbate we did not observed a
significant change of the sensor response signal. This result
indicates that the oxidation of ascorbate does not interfere
with the oxidation of NADH by [Ru(phend),bpy]**.

To probe the stability of the sensor, we performed
multiple current measurements at —32.5mV vs. Ag/AgCl
as a function of time using a 7% v/v ethanol concentration.
Figure 10 shows the cyclability response data from these
multiple biosensor reuse measurements. Figure 10 shows
that with a brand new sensor, after an initial partial loss in
current, the current stabilizes after the fourth cycle.

Table 1 presents a comparison chart for the different
ethanol sensors that we have constructed in our laboratory
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Table 1. Comparison of the constructed ethanol biosensor constructed.

Type of sensor

Components in solution Linear range (% v/v)

CPE modified with Ru-ZrP

Self-contained biosensor modified CPE

Self-contained biosensor using glassy carbon electrode modified
with Ru:ZrP, ADH, and NAD'

y-ADH. and NAD"
NONE
NONE

15-80 mM (0.07-0.4%)[8]
2-15 mM (0.01 -0.07%)
2mM-1.0M (0.01-6.0%)

using zirconium phosphate as the holding matrix. The
immobilization of all components in the electrode surface
enhances the linear range for the detection of ethanol
concentration. Furthermore, the modified glassy carbon
electrode gives the most extended linear range.

The amount of ethanol in human blood cannot exceed
0.5% before the person enters in a comatose state [47]. Most
state laws have a 0.08% alcohol limit to determine if a
person is intoxicated with alcohol [47, 48]. Recently, this
limit has been under debate because at a 0.04% level it has
been demonstrated that a person can also be intoxicated by
this low amount [47,48]. Therefore, the linear range of these
Ru-ZrP modified ethanol biosensors make them suitable for
forensic applications.

4. Conclusions

We prepared two types of self-contained amperometric
ethanol biosensors; the one using glassy carbon electrode
modified with [Ru(phend),bpy]**, ZrP, ADH and NAD*
immobilized in the electrode surface was able to detect
ethanol concentrations up to 6.0% v/v of ethanol concen-
tration. In addition, an interference in solution such as
ascorbic acid did not affected ethanol sensing in these
samples. We also constructed as controls modified glassy
carbon electrodes with a mixture of [Ru(phend),bpy]*,
NAD™ and y-ADH but no ZrP present and compared then
to identically constructed electrodes with ZrP present. The
electrodes that contain ZrP showed no leaching of the
components into the electrolyte solution. We are now in the
process of immobilizing other enzymes for biosensing
applications, and the physical and chemical properties of
these enzymes intercalated in ZrP are going to be discussed
in detail in a future paper.
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Abstract ~N — '
We present a carbon paste electrode (CPE) modified using the electron mediator bis(1,10-phenanthroline-5,6-dione) 3

(2.2"-bipyridine)ruthenium(I1) ([Ru(phend),bpy]*") exchanged into the inorganic layered material zirconium
phosphate (ZrP). X-Ray powder diffraction showed that the interlayer distance of ZrP increases upon [Ru(phend).-
bpy]’" intercalation from 10.3 A 10 14.2 A. The UV-vis and IR spectroscopies results showed the characteristic peaks
expected for [Ru(phend),bpy]*". The UV-vis spectrophotometric results indicate that the [Ru(phend),bpy]*
concentration inside the ZrP layers increased as a function of the loading level. The exchanged [Ru(phend);bpy]**
exhibited luminescence even at low concentration. Modified CPEs were constructed and analyzed using cyclic
voltammetry. The intercalated mediator remained clectroactive within the layers (E” =-38.5 mV vs. Ag/AgCL 3.5 M
NaCl) and electrocatalysis of NADH oxidation was observed. The kinetics of the modified CPE shows a Michaelis—
Menten behavior, This CPE was used for the oxidation of NADH in the presence of Bakers' yeast alcohol
dehydrogenase. A calibration plot for ethanol is presented. ’

Keywords: Zirconium phosphate, Modified carbon paste electrode, Ruthenium complex mediator, NADH

electrooxidation

DOI: 10.1002/elan.200503432

1. Introduction

Considerable research efforts have been devoted to com-
bine enzyme-catalyzed reactions with electrochemical
transducers to produce highly selective and sensitive
biosensors [1-9]. These sensors are attractive for several
reasons [10-17]: 1) complex organic molecules can be
determined with the convenience, speed and ease that
characterize amperometric measurements; 2) biocatalysts
permit reactions to occur under mild conditions of temper-
ature, pH and minimal substrate concentrations; 3) the
sensor response is analyte dependent as dictated by the
specificity of most enzyme reactions; and 4) the measured
signal is inherently amplified by the enzyme catalytic cycle.

A common type of amperometric biosensors is based on
pyridine-nucleotide dependent dehydrogenase enzymes.
Many dehydrogenase enzymes use the pyridine nucleotide
cofactor, nicotinamide dinucleotide (NAD") or nucleotide
adenine dinucleotide phosphate (NADP) 5, 18]. However,
the electrochemical oxidation of NADH (or NADPH)
requires a high overvoltage and suffers from side chemical
reactions [18, 19]. The use of redox mediators has been
demonstrated to substantially overcome these limitations,
particularly in dehydrogenase sensors [4, 15, 20]. Ideal
mediators should exhibit chemical and electrochemical

. . vty :
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reversibility, stability under physiological conditions, a fast
electron exchange reaction with the coenzymes, and a
suitable redox potential, usually between —0.2 to 0V vs.
SCE to avoid interferences in biological determinations [5.
18,21].

NADH oxidation using electron mediators follows a
Michaelis - Menten mechanism [18]. Typical second order
rate constants values are below 10°M7's™"; very few
mediators have second order rate constants in the range of
10% to 10° M~'s"'[5]. These values suggest that the electron
transfer mechanism is mass transfer controlled. Several
mediators have shown large second order rate constants but
have required large overpotentials [18]. Many attempts
have been done to build more efficient amperometric
NAD‘/NADH biosensors that exhibit large second order
rate constants, including preparing self-contained sensors [6,
17,22-26].

To build self-contained sensors, the mediator, the cofactor
and the enzyme must be incorporated within the sensor
body. Important aspects to consider for the immobilization
of these molecules are the preservation of their redox
properties, chemical stability and retention within the
chosen support. Immobilization methods include adsorp-
tion, covalent attachment, polymer entrapment and inclu-
sion of the mediator in the electrode material [22-36].
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Adsorption and inclusion are the simplest procedures for
mediator immobilization; however, other elaborate proce-
dures have shown better stability [11].

A material that shows promising for the immobilization of
biological molecules is the layered a-zirconium phosphate
(Zr(HPO,),-H,O, a-ZrP) [20, 37]. Several authors have
demonstrated the use of this material for the construction of
NADH biosensors. Mediators previously immobilized in a-
ZrP are phenoxazines, phenothiazines, phenazines, fluore-
nones and flavines [15, 37-40]. These authors did not use
enzymes in their studies nor provided X-ray powder
diffraction (XRPD) evidence of the mediator intercalation
into the layered material.

Ruan et al. showed that methylene blue-exchanged ZrP
could be used for the electroreduction of hydrogen peroxide
in the presence of horseradish peroxidase [39)]. The authors
presented XRPD and IR evidence that the mediator was
intercalated between the layers of ZrP, not only exchanged
on its surface. The interlayer distance of a-ZrP increased
upon intercalation from 7.6 A to 16.1 A, which demon-
strates methylene blue incorporation within ZrP. The vibra-
tional bands of a-ZrP at 3593 and 3508 cm ™' (assigned to the
asymmetric and symmetric water stretching modes) disap-
peared upon methylene blue intercalation. This result
indicates that methylene blue intercalation was accompa-
nied by dehydration of «-ZrP. These authors also observed
that the intensity of the P=OH vibrational band at
3155 ecm™' for methylene blue-intercalated ZrP diminished
compared to that of unintercalated o-ZrP [20]. This
decrease in intensity occurs because some of the H* in
ZrP are exchanged by methylene blue, decreasing the
number of protonated phosphate groups.

In our laboratory, we are interested in the immobilization
of luminescent polypyridine complexes and other lumines-
cent molecules by direct exchange into the layers of a highly
hydrated ZrP material known as the 10.3 A phase of ZrP for
their use in artificial photosynthesis [41]. Tris(2,2-bipyridi-
ne)ruthenium(IT) (Ru(bpy)i~), fuc-tricarbonyl-chloro-1,10-
phenanthrolinerhenium(I) (Re(phen)(CO),Cl), and 1-ami-
nomethylpyrene have been intercalated into the 103 A
phase of ZrP [41, 42]. Our current work involves the direct
intercalation of bis(1,10-phenanthraline-5,6-dione)(2,2"-bi-
pyridine) ruthenium(IT) ([Ru(phend),bpy]**) within these
layers. This complex is known to be a good redox mediator
for the oxidation of NADH [43-45]. We report here the
construction of a CPE modified with [Ru(phend),bpy]*™-
exchanged ZrP (Ru-ZrP) for the mediated oxidation of
NADH and the resultant electrode kinetics.

2. Experimental

2.1. Reagents

Mineral oil, Baker’s yeast alcohol dehydrogenase (E. C.
1.1.1.1), B-nicotinamide adenine dinucleotide and B-nicoti-
namide adenine dinucleotide (reduced form) were obtained
from Sigma Chemicals. Graphite powder and copper wire

Electroanalysis 18, 2006, No. 6, 559-572

www.clectroanalysis.wiley-vch.de

were obtained from Fisher Co. All other reagents, at least
98% pure, were obtained from Aldrich. Nanopure water
was obtained using a Barnstead purification train (17.5 MU/
cm). Capillary tubes were obtained from Kimble products.

2.2. Procedures

We used a hydrated form of ZrP, which has approximately
six water molecules per formula unit and an interlayer
distance of 10.3 A [41, 46]. This material was synthesized as
described previously [47]. A volume of 120 mL of 0.05 M
ZrOCl,-8H,0 was mixed with 85 mL of 6 M H,PO, with
constant stirring at 94 °C for 48 hours, The precipitated solid
was filtered and washed three times with nanopure water.
The wet precipitate was characterized using XRPD; the first
diffraction peak gave the expected interlayer distance of
10.3 A for this phase of ZrP. [Ru(phend),bpy](PF,), was
synthesized as reported in the literature [43, 44] and the
expected spectroscopic bands were observed (UV-vis (wa-
ter) A, (nm): 288, 438; IR (cm '): v = 1695, v = 1424,
vey = 1296; 'H-NMR (8/ppm, CD,CN, 300 MHz: & 8.55
(4H,d),8.15(2H,1),8.08(4H,d),8.00(2H,d),7.87(2H,
d), 7.64 (4 H, 1), 7.46 (2 H, t))) HHH. Several suspensions
with different solution molar concentration ratios (1:30,
1:20, 1:10, 1:1, and 5:1 [Ru(phend),bpy]**:ZrP) were
prepared from a 1.0 x 107° M [Ru(phend),bpy]** aqueous
stock solution adding different amounts of ZrP. These
suspensions were maintained with constant stirring during
five days until the pH stopped dropping. Afterwards, they
were filtered, washed with waler until a clear supernatant
was obtained, and dried in air for four days. The obtained
[Ru(phend),bpy]**-intercalated ZrP materials are referred
as Ru-ZrP. Elemental analysis was done by QTI Enterprises.
The [Ru(phend),bpy]** loading levels in ZrP obtained were:
1:21 (1:30), 1:12 (1:20), 1:10 (1:10), 1:2.3 (1:1), 2.2:1
(5:1), where the first ratio corresponds to the experimental
loading level obtained from the elemental analysis of the
intercalated materials and the second ratio (in parenthesis)
is the [Ru(phend),bpy]**:ZrP solution molar concentration
ratios used in the intercalation experiments. XRPD meas-
urements were performed to determine the interlayer
distance after intercalation. Suspensions of the intercalated
malerial in water were used for UV-vis absorption and
luminescence measurements. IR spectroscopy was done on
dried KBr pellets.

Modified CPEs were prepared mixing thoroughly 15 mg
of Ru-Zr, 150 mg of graphite powder and 75 pL of mineral
oil to form a uniform paste suitable for molding the CPEs.
Capillary tubes (2 mm diameter) were used to construct the
modified CPEs. The electrical contact was donc with a
copper wire.

2.3. Instrumentation

UV-vis absorption spectra were obtained using a HP 8453
diode array spectrophotometer. XRPD measurements were
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performed using a Siemens D5000 X-ray with Cu Ka
radiation (4 = 1.5406 A) with a filtered flat LiF secondary
beam monochromator. The XRPD patterns were run on a
20 range of 1.2-45°. IR spectroscopy measurements were
performed using a MAGNA-IR Spectrometer model 750
from Nicolet with a deuterated triglycine sulfate (DTGS)
detector, and the spectra were analyzed using OMNIC
software, version 4.2. All electrochemical measurements
were done with a BAS Model CV-50W potentiostal in a
10 mL cell containing the modified CPE, a Ag/AgCl (3 M
NaCl) reference electrode and a Pt wire auxiliary electrode.
Most of the electrolyte solutions were prepared using a
phosphate buffer solution (PBS, 4 =0.1) at pH 8.0. When
analyzing the dependence of the formal potential as a
function of pH, PBS solutions with pHs 0f 4.0,6.0,7.0 and 8.0
were used. The electrochemical results were reported as the
average of three electrodes. Kinetics studies were per-
formed using a modified carbon paste rotating electrode
using a constant sweep rate of 5 mV/s at different frequen-
cies.

2.4. Construction of the Calibration Plot for Ethanol
Sensing

The current response of [Ru(phend),bpy]**:ZrP modified

CPE was measured using the following procedure. A stock
solution of y-ADH and NAD" (7.5 U/mL of y-ADH and
10 mM of NAD" in PBS) was prepared. Known concen-
trations of ethanol were added and the current measured
after each addition. All measurements were done at steady
stale.

3. Results and Discussion
3.1. Characterization of Ru-ZrP

The elemental analyses results show that the ruthenium
complex loading level in Ru-ZrP increases upon increasing
the [Ru(phend),bpy]*":ZrP solution molar concentration
ratio used in the intercalation experiments. Figure 1 shows
XRPD data of Ru-ZrP at several loading levels. The
diffractograms show that the ZrP interlayer distance
increases from 103 A 10 142 A upon prolon exchange
with [Ru(phend),bpy]’~. This is a first indication that
[Ru(phend),bpy]** was intercalated into the ZrP interlayer
space. This distance is smaller than that reported by Marti
and Colén for [Ru(bpy);]** intercalation into ZrP (15.1 A)
[41]. From the dimensions of [Ru(phend),bpy]** the mini-
mum distance that [Ru(phend),bpy]’* ions can separate the
ZrP layers is 9.5 A. The thickness of an a-ZrP type layer is
6.6 A [48, 49]: adding the expansion produced by [Ru-
(phend),bpy]** ions would give an expected interlayer
distance of 16.1 A. There is a difference of 1.9 A between
the calculated and observed Ru-ZrP interlayer distance.
Aside from the presence of water molecules, a possible
explanation for this difference is that while the a-ZrP is
made of nearly perfect planes of Zr atoms having bridging
O,PO" groups, above and below the Zr plane [46], nothing
precludes intercalating molecules to penetrate slightly
between the phosphate groups.

The IR and UV-vis spectra of Ru-ZrP (Supplemental
Information) show no new bands. The IR bands observed
are almost identical to those observed for unintercalated
ZrP and for Ru(phend).bpy]*” in solution, except for the

d=1414

Relative intensity
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Fig. 1. XRPD patterns of the 10.3 A phase of ZrP and of [Ru(phend);bpy]*"-exchanged ZrP materials at various loading levels. The
interlayer distance is indicated next to the first order diffraction peak.
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“lattice” water band at 1630 cm ' in unintercalated ZrP [50]
which is dramatically reduced in the Ru-ZrP IR spectrum.
This reduced intensity is expected since water is displaced in
the intercalation process. In addition, m—n* and MLCT
bands arc observed (at 288 nm and 438 nm, respectively) in
the UV-vis spectra, as expected [43, 44], with an intensity
proportional to the loading level.

3.2. Ru-ZrP Modified CPE

The cyclic voltammetry of Ru-ZrP modified electrodes at a
1:2.3loading level was evaluated at different scan rates. The
voltammograms show the dione/diol redox process indicalt-
ing that the complex remains electroactive upon intercala-
tion. The formal potential (E”) of [Ru(phend),bpy]**
exchanged into ZrP is —38.5 mV compared to —324 mV
in buffered solution at pH 8.0 [43]. When compared to other
loading levels we observe that the E" shifts to more negative
potentials as the concentration of [Ru(phend),bpy]** in-
creases inside ZrP (see Table 1). Since the dione/diol redox
process is pH dependent, this behavior could be due to
differences in the pH within the ZrP layers. ZrP layers are
acidic ion exchangers. The intercalation process in ZrP
materials is known to occur primarily by ion-exchange when
cations from the bulk solution exchange with interlayer
protons within the ZrP matrix [41, 51, 52]. When the
concentration of [Ru(phend),bpy]*" is low, the microenvir-
onment inside the layers is highly acidic. When the concen-
tration of [Ru(phend),bpy]** is high, most of the protons
have been exchanged with [Ru(phend),bpy}** and a slightly
alkaline environment is expected. It is well known that the
E” of this complex (quinones in general) becomes more
negative as the solution pH increases [43-45].

To determine the number of electrons responsible for the
electron transfer process we evaluated the Rw:ZrP formal
potential as a function of pH. Figure 2 shows the formal
potential at two loading levels of Ru-ZrP; the potential
drops as the solution pH increases. This result is different to
that observed by Gorton et al. [15, 37, 38, 53]. These authors
immobilized indophenol and o-quinones derivatives in
amorphous ZrP to study their electrocatalytic properties
for NADH oxidation. Gorton et al. showed that the organic
compounds retained the electrocatalytic behavior upon
immobilization. However, with many of the dyes, such as

Table 1. Electrochemical parameters for modified CPEs at dif-
ferent loading levels. Scan rate =100 mV/s, u=0.1 at pH 8.0 in
PBS.

Ru:ZrP E" (mV) AE, (mV) il o
loading level

2.2:1 ~ 425 61.0 1.20
1:23 — 38.5 62.0 1.18
1:10 -275 54.0 0.90
1:12 =220 33.0 0.97
1:21 -23.0 28.0 1.05
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methylene blue [37, 53], Nile blue [38], brilliant cresyl blue
[38], lumichrome [38], toluidine blue [38], riboflavin 38, 53,
54], Meldola’s blue [53], and indophenol and o-quinones
derivatives [15]. the formal potential was pH independent,
contrary to our results. Gorton et al. attributed the pH-
independent formal potential to the effect of having the
organic dye bound to ZrP. Our pH-dependent E” suggests
that the dione functionality does not interact directly with
the ZrP layer. The charge on the metal complex (from
Ru(II)) is responsible for the electrostatic binding of the
complex to ZrP. No binding occurs through the dione ligand.
This explanation is further supported by the observation of
the electrochemistry of the dione functionality. It is well
known that the dione electroactivity is diminished or
suppressed by direct interaction with other chemical species
such as metal ions and protons [43, 45, 55].

In Figure 2, the slope of the linear plot is 31.8 mV/pH for
the 1:2.3 Ru-ZrP loading level. As reported previously,
between pH 2.0 and 4.0 the dione/diol redox processisa 2e ",
3H" process [43]. However, between pH 4.0 thru 7.0 it is a
2¢ ,1H' process and from 7.0 10 9.0itisa le”, 1H' process.
The slope value of 31.8 mV/pH shown in Figure3 is
consistent with a 2 e, 1 H" process, where the ideal slope
should be 29.5 mV/pH.

Further experiments were done using the 1:2.3 Ru-ZrP
loading level (AE, = 62 mVand i, /i,, = 1.18), because at this
loading level the intercalated [Ru(phend),bpy]’™ electro-
chemical parameters resemble those of the complex in
solution. The shape of the cyclic voltammograms suggests
that the electron transfer is diffusion controlled. This result
was further analyzed by looking at the dependence of the
peak current on scan rate. Figure 3 shows that a plot of
current as a function of the square root of the scan rate is
linear. A slope of 0.6 was obtained from alog i, vs. log v plot
indicating that the process is mainly diffusion controlled
with a small nondiffusional component,

To investigate the origin of the diffusional process, we
studied whether leaching was occurring. No leaching of the
electroactive species to the electrochemical cell was ob-
served as monitored by UV-vis spectrophotometry (results
not shown). We corroborated this result using a glassy
carbon electrode to detect if [Ru(phend),bpy]*” was present
in the buffer solution after withdrawing the modified CPE
using Osteryoung square wave voltammetry (OSWYV),
Leaching of [Ru(phend),bpy]*' to the buffered solution
was not detected with OSWYV before and after 125 cycles
between —300 to 300 mV using cyclic voltammetry (see
Supplemental Information). The only signal detected was
the oxidation of the phosphate groups around 0.5 V. No
leaching of [Ru(phend),bpy]** was observed, as anticipated
since leaching would occur in acidic solutions (pH < 3), but
not at the moderate pHs of our experiments (pH 4-8), as
has been shown for other mediators in ZrP by Gorton et al.
[56].

The binding process of this metal complex to the ZrP
matrix is controlled by electrostatic forces. Pessoa et al.
suggested that when methylene blue is strongly adhered to
ZrP, the mechanism of heterogenous electron transfer is
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affected by the transport of counter ions to and from the
electrode interface to attain charge neutrality [37]. We
observed (Supplemental Information) that upon anincrease
in the electrolyte concentration, the peak separation
decreased and the peak current increased, demonstrating
that charge transport is assisted by counter ion diffusion.
While counter ion diffusion is important in these materi-
als, it is probable that the redox species in the modified CPE
couple electronically through an electron-hopping mecha-
nism. Electron hopping occurs via “electron self-exchange™
whereby a reduced redox species simply gives an electron to
its oxidized counterpart of the same species [34]. If this
mechanism is occurring here a counter ion must come into
the film from the contacting clectrolyte solution to maintain
electroneutrality. This type of mechanism has been pro-

Electroanalysis 18, 2006, No. 6, 559-572
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Randles-Sévcik plot for the modified CPE at different scan rates.

posed for electroactive species covalently bound to a
polymer chain or entrapped within zeolites [57-59].

3.3. Electrocatalysis of NADH

Guadalupe et al. [43] and Abrufia et al. [44] have previously
shown that [Ru(phend),bpy]** is a mediator for the electro-
oxidation of NADH with and without the presence of lactate
dehydrogenase. Figure 4a shows the cyclic voltammetry of
Ru-ZrP modified CPE without NADH present. When a
known concentration of NADH is added to the electrolytic
cell a catalytic current is observed (Figure 4b). As can be
observed the onset of the catalytic current began at
— 100 mV and reached a potential plateau above 50 mV.
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Fig.4. a) Cyclic voltammogram at 5 mV/s of Ru-ZrP modified

CPE (1:2.3 Ru-ZrP loading level) in PBS (u=0.1, pH 8.0). b)
Cyclic voltammogram at 5 mV/s showing electrocatalysis of
0.69mM NADH using the Ru-ZrP modified CPE (1:1 Ru-ZrP
loading level) in PBS (u=0.1, pH 8.0).

IRU-ZrP g+ 1T+ 2¢ {Ru- ZrP} .« (1)

knl‘l
{Ru-ZtP},, + NADH —— {Ru-ZrP}pes | NAD' (2

Scheme 1. EC scheme for the reaction between NADH and
[Ru(phend),bpy]**-exchanged ZrP.

Also, the anodic peak current increases almost 5 times in the
presence of NADH while almost no cathodic current is
observed. These observations are consistent with a catalytic
EC mechanism as illustrated in Scheme 1.

We prepared carbon paste rotating disk electrodes for the
determination of the second order rate constant for the
Process 2 in Reaction Scheme 1. To accomplish this process
the NADH must reach the electrode surface. The formation
of a complex between NADH and the surface is modeled as
a Michaelis—Menten-like mechanism. This approach was
introduced by Gorton and coworkers but criticized by Lyons
[60]. Lyons indicated that this approach is only valid if the
current is much less than the mass transport value. The
kinetic data was fitted in the linear response range of the
catalytic current as a function of NADH concentration. The
1:2.3 Ru-ZrP loading level material shows the highest
catalytic current (Supplemental Information Figure S5) and
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NADH + [Ru(phend)sbpy-ZrP],

(NADH:[Ru(phend ),bpy-ZsP]}

k.2
—= NAD" + [Ru(phend);bpy-ZrP], .

Scheme 2. Proposed Michaelis—Menten-like mechanism for the
clectrochemical reaction that occurs in the clectrode surface.

therefore we model its behavior in the kinetics studies with a
Michaelis— Menten-like mechanism (Scheme 2).

To determine the Michaelis—Menten constant (K, in
mM) we combine the rate contants to obtain:

_ kK,

Ky = i (1)

The second order rate constant (ky, in M 's™") can be
obtained as a function of K,

kr]

Ko, =5—~+—
Ky + Crapn

(2)

where Cyapy is the NADH concentration in mol/cm®,

Koutecky-Levich has developed an equation where we
can determine the reaction rate by studying the reciprocal
current as a function of the reciprocal square root of the
angular frequency of rotation of the electrode [13-15, 38,
45, 60, 61]:

1 1 1
—= = + 5
fwr  NFAKwTCxapn— 0.620nFAD ,v-"%Crppir

e @)

where I'is the surface coverage in mol/cm®, Fis the Faraday
constant in Clequiv, A is the area of the electrode in cm?,
Dyapn is the NADH diffusion coefficient in cm?s, v is
the hydrodynamic viscosity of the medium (0.010 cm?/s)
and w is the angular frequency of rotation of the electrode in
S_I.

If Equation 1 and 2 are substituted in the Koutecky-
Levich equation we obtain:

ot Ke 1.61v'%
iy nFAk,T nFAk. .l HFAD:{?ADH”"!:

1

x
C.&'A nH

(4)

Equation 5 shows that a plot of /i, vs. 1/Cy,py will give a
straight line if the NADH-(Ru-ZrP)] complexisinvolvedin
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Fig. 5. Variation of 1/i., as a function of 1/[NADH] at pH 8.0 (PBS u= 0.1, rpm =200, scan rate = 5.0 mV/s).

the mechanism. From the intercept k, can be evaluated and
from the slope K. Figure 5 shows the plot obtained for this
mechanism at different NADH concentrations. The k_, and
K\ values from the intercept and the slope are 503.3 s™" and
1.98 mM, respectively.

The second order rate constant k,, at different rotation
frequencies was evaluated from the intercept using Equa-
tion 3. The k., value obtained, 5.67 x 10 M~'s™!, shows thal
the electron transfer kinetics is much faster than that of the
complex in solution (2.0 x 10'M~'s™") at the same exper-
imental conditions [43, 45]. The difference in the catalytic
activity observed between the dissolved and the immobi-
lized mediator occurs since the immobilized mediators is an
integral part of the electrode surface and therefore facili-
tates electron hopping between mediators inside the
zirconium phosphate layers, compared to mediators diffus-
ing in the bulk solution. This result along with the potential
shift to positive potentials in the presence of NADH shows
that the thermodynamic driving force is enhanced for the
immobilized complex. This observation was also observed
by Gorton et al. when they studied the immobilization of
dyes in amorphous ZrP [4, 5]. These authors obtained higher
kg values at pH6 and pH 7. Table 2 summarizes the
electrochemical and kinetic parameters of our modified
CPE at different pHs. This table shows an increase in k,,
with an increase in the formal potential indicating that the
thermodynamic driving force is responsible for the charge
transfer and not the pH [15]. This result is in concordance
with Marcus theory for an heterogeneous electron transfer
mechanism [13-15, 22, 23, 25, 43, 53, 61].

These results suggest that a charge transfer (CT) complex
is formed on the electrode surface. These findings also
demonstrate that immobilizing inorganic complexes into
ZxP can improve the kinetic parameters in comparison with
the complex in solution.
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Table 2. Electrochemical and kinelic parameters of the modified
CPE [or NADH electrooxidation.

1:2.3 modified CPE  pH values

6 7 8
E* 33 0.83 - 385
Ky (mM) 3.40 5.27 1.98
K.(s™h 586.3 1068.37 503.26
ke (M7t 571 1.68 x 10° 1.24 x 10° 567 = 10*

3.4. Calibration Curve for Ethanol Sensing

Having characterized our modified CPE we performed
experiments where NAD™ and Bakers' yeast alcohol
dehydrogenase (y-ADH) were present in the electrochem-
ical cell. In the absence of ethanol no electrocatalytic
current was observed indicating that no NADH has been
formed. When ethanol is added to the electrochemical cell,
the monoenzymatic reaction cycle presented in Scheme 3 is
completed and a catalytic current dependent on ethanol
concentration is observed.

The steady state catalytic response of the modified CPE at
various ethanol concentrations is shownin Figure 6. A linear
range is observed from 10 to 80 mM ethanol concentration
after which saturation occurs. The maximum catalytic
current is dependent on enzyme and NAD® concentration.
Similar behavior was observed previously by Guadalupe
et al. [43]. These authors reported that if we consider NAD”
as another enzyme substrate, the behavior can be explained
as a saturation effect. A saturation effect occurs at NAD™
concentrations that are large enough so that NAD ™ occupies
all active sites reaching the maximum velocity at those
conditions. This behavior is expected for a Michaelis—
Menten-like mechanism. The saturation effect on ampero-
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Fig. 6. Calibration plot for ethanol sensing using [Ru(phend),bpy]**-exchanged ZrP modified CPE in the presence of 7.5 U/mL y-ADH

and 10 mM of NAD™ in PBS (¢=0.1), at pH 8.0, 1 mV/s,

metric sensors has been observed previously in a wide range
of sensors such as those for glucose [43], cholesterol [59],
lactate [62].

4. Conclusion

We have intercalated [Ru(phend),bpy]** into the layers of
ZrP increasing the interlayer distance from 10.3 A in ZrP to
14.2 A in Ru-ZrP. Ru-ZrP shows the spectral characteristics
of intercalated complexes as shown by the UV-vis, lumines-
cence and IR spectroscopic results. We have proven that
[Ru(phend),bpy]** remains electroactive within ZrP/CPE
composites. The charge transfer process in the modified
CPE is dependent on the electrolyte concentration. In
addition, we observed that the formal potential of the
electrode remains pH dependent, indicating that the dione
ligand is not directly interacting with the ZrP matrix. We are
currently evaluating the use of these modified CPEs in
ethanol biosensors.
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6. Appendix: Supporting Information

IR and UV-vis spectra of the intercalated material arc
presented. Cyclic voltammograms of the Ru-ZrP modified
CPE at various scan rates and at different ionic strengths in
PBS. Successive cyclic voltammograms of the Ru-ZrP
modified CPE at 1:2.3 loading level and OSWV of the
buffer solution before and afier these successive voltammo-
grams,
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loading level. b) UV-vis absorption spectra showing the MLCT band region
Ru-ZrP at different loading levels.
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** aqueous solution and a suspension of Ru-ZrP at a 1:1
fora 1.0 x 10 * M [Ru(phend),bpy]’* aqueous solution and
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PBS (u=0.1, pH 8.0) at different scan rates.
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Fig. $6. Dependence of the peak current of [Ru(phend),bpy]*“-exchange ZrP (1:2.3 Ru-ZrP loading level) as a function of the ionic
strength of the phosphate buffer solution at pH 8.0, scan rate = 50 mV/s. a) 4 =0.05, b) ¢ =0.1, ¢) 4= 0.3.
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a simple approach for electroanalytical applications in aque-
ous and nonaqueous solvents. Examples of applications for
such composite electrodes produced from this process
include biochemical sensors such as disposable, single-use
glucose sensors and ligand modified composite sensors for
metal ion sensitive sensors.
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ELECTROANALYTICAL APPLICATIONS OF
SCREEN-PRINTABLE
SURFACTANT-INDUCED SOL-GEL
GRAPHITE COMPOSITES

This application claims the benefit under 35 USC 119(¢)
of provisional patent application No. 60/063,160, filed Oct.
20, 1997,

The subject matter of this invention was made with the
financial support of the U.S. government, under the follow-
ing grants: DOE-EPSCOR (Grant number 046138) and
NIH-MBRS Program (Grant Number S06 GM 08102). The
U.S. government has certain rights in this invention.

This invention relates to a novel process for preparing
sol-gel graphite composite electrodes. and to the composite
electrodes produced therefrom.

Carbon paste and graphite composites with their unique
properties of easy and bulk modification, renewable surface
and low background currents have found wide applications
in electrocatalysis and electroanalysis. Carbon inks are com-
monly and commercially used for the microfabrication of
electrochemical sensors and biosensors based on thick-film
technologies. The selectivity of these surfaces is enhanced
by their modification with a recognition entity chosen
according to the analytes to be determined. The simple
mixing of the surface modifier with the graphite before the
electrode assembly has always presented the problem of
modifiers leaching with concomitant detrimental effects on
the electrochemical response. Recently, sol-gel graphite
composite electrodes have been reported for biosensors and
chemical sensors and procedures for screen-printed elec-
trodes with these composites. Sol-gel networks are promis-
ing encapsulation matrices because mild polymerization
conditions and low gelation temperatures can be used allow-
ing the encapsulation of fragile biological molecules.
Furthermore, properties such as porosity, hydrophilicity and
matrix chemical modification can be controlled in the prepa-
ration process to avoid the leaching problem and enhance
the analyte diffusion and selectivity.

Generally, sol-gel reactions proceed by hydrolysis of an
alkoxide precursor under acidic or basic conditions, and
subsequent condensation of the hydroxylated monomers to
form a porous gel. The addition of a co-solvent is necessary
to mix the alkoxide with water.

SUMMARY OF THE INVENTION

To avoid the previously discussed problems, the present
invention is directed to a novel process for preparing sol-gel
graphite composite electrodes, which comprises introducing
a surfactant into the process and thus avoiding the need for
a co-solvent, a catalyst, a cellulose binder and thermal
curing. This process is more environmentally friendly and
compatible for organics and biomolecules immobilization.
and offers an economical one-step fabrication of screen-
printed modified electrodes. Additionally, composite elec-
trodes produced from this novel process exhibit improved
properties previously not taught in the prior art. Specifically,
the resulting composite electrodes have a fine texture. and
exhibit excellent adhesion and mechanical strength when
exposed to both agueous and non-agueous solutions.

Because composites generally have low electrical resis-
tance and good adhesion to various substrates (e.g.. PVC,
ceramics, metals, glass), this procedure offers an
economical, one-step and low cost fabrication of screen-
printed modified electrodes. Therefore, a further object of
the present invention is to demonstrate electroanalytical
applications of this composite in electrocatalysis and
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electroanalysis, specifically for composite electrodes in
chemical sensors and biosensors.

Biosensors have been in the market place for several
vears, of which glucose sensors have prevailed, creating a
large and stand-alone business. Disposable single-use sen-
sors are one of the main products used by diabetic patients.
However, to be more competitive with the existing meth-
odologies on a large scale, many aspects should be improved
to make them less expensive, user and environment friendly,
and more easily manufactured (less complex to readily
control quality and cut costs). Printing inks are obviously
one of the critical components determining the products’
performance and acceptance. And many efforts have been
made in this field. UV-polymerizable screen-printable com-
posites have been produced for more durable enzyme sen-
sors. Screen-printable sol-gel enzyme-containing carbon
inks offer a one-step fabrication of disposable enzyme strips
obviating the need for thermal curing.

Besides the low cost and easy fabrication. the mediated
glucose sensor that can be prepared in accordance with the
present invention possesses excellent characteristics such as
low operation potential (+0.3 V) and therefore less
interferences, a wide working range (up to 30 mM) with a
linear range up to 15 mM, a short response time (around 10
seconds) and long-term stability and shelf time.

In accordance with the present invention, disposable
complexing (pre-concentrating) screen-printed strip elec-
trodes for trace nickel have been fabricated by doping a
sol-gel graphite composite with ligand dimethylglyoxime.
Optimum quantitation procedures and parameters have been
identified. A short (I minute) accumulation period using
open-circuit condition yielded a detection limit of 2 pg/L
nickel. Fabrication of screen-printed environmental sensors
by incorporation of ligands into carbon inks holds promise
in routine trace metal speciation and quantitation based on
the conventional pre-concentration/voltammetric strategy.
For example, cobalt phthalocyanine (CoPC) modified com-
posite electrode shows a behavior different from previous
studies, indicating differences in charge and mass transport
of species in these composite electrodes compared to tradi-
tional carbon paste electrodes. In addition, the surfactant-
induced sol-gel polymerization that occurs in accordance
with the present invention allows the encapsulation of
fragile molecules under relatively mild conditions. This
polymerization beneficially results in a mechanically and
chemically stable surface for organic solvents.

Additional features and advantages of the present inven-
tion will be set forth in part in the description that follows,
and in part will be apparent from the description, or may be
learned by practice of the invention. The objectives and
other advantages of the present invention will be realized
and attained by means of the elements and combinations
particularly pointed out in the written description and
appended claims,

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1. FIG. 1 illustrates a cyclic voltammogram of
ferrocene in acetonitrile at the unmodified SSCEs when the
solution comprises 5 mM Fc, 0.1M TEATS, wherein the
scan rate is 20 mV/s.

FIG. 2. FIG. 2 illustrates a cyclic voltammogram of
reduced glutathione at the unmodified SSCEs when the
solution comprises (a) pH5.5 PBS; (b) a+6.76 mM GSH: (c)
a+15.67 mM GSH, wherein the scan rate is 10 mV/s.

FIG. 3. FIG. 3 illustrates a cyclic voltammogram of
reduced glutathione at the CoPC modified SSCEs when the
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solution comprises pH 5.5 PBS containing (a) 0.0, (b) 1.98,
(c)4.88,(d) B.16, (e) 12.21, (f) 15.67 mM GSH, and the scan
rate is 10 mV/s.

FIG. 4. FIG. 4 illustrates the corresponding calibration
plot from FIG. 3.

FIG. 5. FIG. § illustrates the dependence of the OSW peak
current on the accumulation time in a quiescent Ni** solu-
tion (2.0 uM) at open circuit.

FIG. 6. FIG. 6A illustrates Ostervoung square wave
voltammetric responses of the DMG modified SSCEs for
various nickel concentrations when the solution is ammonia
buffer (pH 9.2) containing (a) 0.1, (b) 0.2, (c) 0.3, and (d) 0.4
uM Ni*, the scan ratio is 10 mV/s, the amplitude is 25 mV,
the accumulation condition is a | min in-stirred solution.
FIG. 6B represents a corresponding calibration plot.

FIG. 7. FIG. 7 illustrates a cyclic voltammogams of
(Ferrocence+GOx) modified (solid curves) and unmodified
(dashed and dotted curves) SSCEs in PBS (pH 6.95) con-

taining 0.0 mM glucose (curve a and dashed curve) and 10.0 »

mM glucose (curve b and dotted curve), with a scan rate of
5 mVi/s.

FIG. 8. FIG. 8 illustrates chronoamperometric responses
of (ferrocence+GOx) modified (b) and unmodified (a)
SSCEs 1o successive addition of 0.8 mM glucose when the
solution comprises PBS (pH 6.95), uses a stirring rate of 250
rpm, and an applied potential of +0.3 V.

FIG. 9. FIG. 9 illustrates calibration plots for the
(ferrocence+GOx) modified SSCEs at different applied
potentials.

DETAILED DESCRIPTION OF THE
INVENTION

This invention as broadly described above is directed to a
method of producing surfactant-induced, sol-gel graphite
composite electrodes by mixing an aqueous solution of a
silane or a siloxane with a surfactant to get a clear and
homogeneous sol solution. Specifically, Applicants have
discovered that by incorporating a surfactant into the sol
solution, the need for a co-solvent, a catalyst, or a cellulose
binder is eliminated. Elimination of these components in
turn eliminates the need for a thermal curing process that has
been required until now when producing such electrodes.

Once a homogeneous sol solution is achieved, it is mixed
with a graphite powder to form a uniform and free-flowing
paste and applied to a substrate to form at least one elec-
trode. Preferably, several electrodes can be formed at one
time. While screen printing has been used to produce
advantageous electrodes, this step may be performed using
other traditional thick-film techniques.

This invention is further directed to a surfactant-induced,
sol-gel graphite composite electrode. Applicants have dis-
covered that such surfactant-induced electrodes can be fab-
ricated into smooth films that exhibit high adhesion,
mechanical strength and stability on the substrate to which
they are applied. Such electrodes have the unexpected
property of being stable in both aqueous and non-aqueous
solutions.

Surfactant-induced sol-gel graphite-composites were pre-
pared and analyzed using a variety of materials in accor-
dance with the invention. Various silanes and siloxanes,
including tetramethyl orthosilicate (TMOS),
methyltrimethoxysilane, tetraethoxysilane, and
methyltriethoxysilane, and different surfactants, including
bis(2-ethylhexyl) sulfosuccinate, i.e.. Aerosol OT (AOT), an
octylphenol ethylene oxide condensate, i.e., Triton X-100,
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cetyltrimethylammonium bromide (CTAB)., and sodium
dodecylsulfate (SDS) were tested as components of the sol
solution. Advantageous and unexpected results were
obtained for the (AOT+TMOS) systems, with respect to the
viscosity, gelation ume, mechanical strength, and compat-
ibility with the graphite powder.

AOT in the system may act as a catalyst for the sol-gel
formation. and a dispersing agent for homogenizing the
carbon particles and incorporated reagents, Addition of
surface active agents during sol-gel process are known to
result in greatly improved homogeneity. remarkably smooth
surface texture, and high adhesion between gel film and
substrates, The introduction of AOT eliminates the use of
such additives as alcohol cosolvents, acid catalyst, and
cellulose binders, which simplifies the fabrication processes.
For example, the elimination of such additives reduces the
parameters influencing the final products’ performances. In
turn, the complexity and cost are reduced.

The following materials are advantageously used in
accordance with the present invention: Ferrocene from Alfa
Chemicals; Acetonitrile (water content less than 0.001%)
from Burdick and Jackson: Glucose. glucose oxidase (GOx,
EC 1. 1.3.4, from Aspergillus niger, 166,100 units/g), and
glutathione (reduced form, GSH) from Sigma: Cobalt phtha-
locyanine (CoPC), bis(2-ethylhexyl) sulfosuccinate (sodium
salt, AOT) from Fluka; Graphite powder (Grade #38) from
Fisher Scientific; Tetramethyl orthosilicate (TMOS) from
Aldrich; Dimethylglyoxime (DMG) from Matheson Cole-
man and Bell; Nickel ammonium sulfate from J. T. Baker;
Tetraethylammonium 4-toluenesulfonate (TEATS) from
Acros. The reagents should be at least analytical reagents
and can be used as received. All aqueous solutions were
prepared using nanopure water (18 Q.cm). PVC (48"x96"x1
mm, Sintra sheet-white) from United States Plastic Corp.
Ceramic sheets (4.5 inchx4.5 inchx0.45 mm) obtained from
Coors Ceramics Company.

Apparatus Used for Electrode Measurements

Voltammetric (cyclic and Osteryoung square wave
(OSWV)) and amperometric measurements were carried out
at room lemperature with a Bioanalytical Systems Model
100 B/W potentiostat in a 10-m] cell containing a SSCEs
working electrodes, a Ag/AgCl (3M NaCl) reference elec-
trode and a Pt wire auxiliary electrode. All potentials in the
text are referred to the Ag/AgCl electrode without regard for
the liquid junction. pH measurements were made with a ¢50
pH meter (Beckman).

Preparation of Sol-gel Graphite Mixtures

Sol-gel graphite mixtures were prepared using the fol-
lowing procedures. The mixing of AOT:TMOS:H,O
(1:50:200, molar ratio) readily gave a clear and homoge-
neous solution. Immediately prior to use, 1 ml of the sol
solution prepared above was added to 0.6 g graphite powder
in a small glass vial and well mixed for about 3 minutes to
give a uniform free-flowing paste.

For the modified electrodes, a modifier or recognition
entity that included ferrocene was used. The ferrocene was
first dissolved in ethanol. After the solvent evaporated. an
enzyme was added. More specifically, prior to addition of
the sol, the graphite powder was mixed with ferrocene
(2.5%, wiw expressed as ferrocene with respect to graphite)
which was first dissolved in ethanol, glucose oxidase (5%)
buffer solution or cobalt phthalocyanine (5%), dimethylg-
lyoxime (10%) ethanol solution, and then dried at room
temperature.

Preparation of Electrodes by Screen Printing

After the sol-gel step, a preferred method of screen-
printing the modified and non-modified graphite electrodes
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proceeded in the following manner. A home-mace screen-
printer was used to fabricate the surfactant-induced sol-gel
derived carbon working electrodes (SSCEs). Pretreated PVC
or ceramic sheets were used as substrates. Pretreatment
preferably included coating the substrate with a clear nail
polish. The paste was printed onto the pretreated PVC
substrates (2.5x4.0 cm) to yield eight strips of 2.5x0.5 cm
with 2.0x0.15 ¢cm working electrode pattern. A portion of the
electrode surface was covered with nail-polish insulating
layer. leaving 0.1 cm” area on both ends for defining the
working electrode and the electrical contact. For applica-
tions in organic solvents. the insulating layer was wrapped
with Parafilm (American National Can).

Preparation of Buffered Solutions

Buffered solutions were subsequently prepared for further
studies. Phosphate buffer (PBS) was used for glucose deter-
minations (pH 6.95) and glutathione (GSH) determinations
(pH 5.5). A 0.1IM ammonia buffer solution (pH 9.2) served
as the supporting electrolyte for nickel quantitation. Aceto-
nitrile containing 0.1M TEATS was employed for the non-
aqueous electrochemical studies.

Evaluation of Electrodes

Electrodes fabricated from the surfactant-induced sol-gel
composites prepared in accordance with the present inven-
tion were evaluated and found to be mechanically strong.
They also possessed a high adhesion to ceramics, glass and
metal sheets, and weighing paper except PVC, on which the
coated film was readily cracked and peeled off. However,
due to its low cost and better processing characteristics, PVC
is one of the most commonly and commercially used sub-
strates in the fabrication of screen-printed strips. It was
found that excellent performance (high adhesion, mechani-
cal strength and stability, and smooth film) was obtained
with slightly pretreated PVC substrates. Therefore, the pre-
reated PVC was used as substrate in the examples presented
herein.

Evaluation of Electrical and Microstructural Properties

The screen-printed carbon strips were evaluated and
found to have low electrical resistance. They gave resistance
values of approximately 100 Q over a 1-cm electrode length,
obviating the need for a conducting metal layer and thermal
curing. They thus provide a rapid and economical one-step
fabrication of screen-printed electrodes. Scanning electron
micrograph studies revealed a microporous structure of the
electrode surface with particles of different size, reflecting a
high surface area.

Evaluation of Stability in Organic Solvent

The stability of the inventive sol-gel graphite composite
electrodes in organic solvent was evaluated. Carbon paste
electrodes or robust carbon composite electrodes are usually
made of carbon powder dispersed in organic polymers, e.g.,
wax. epoxy. poly(chlorotrifiuoroethylene)) or organic
liquids, e.g.. paraffin oil, silicone, Nujol, grease. The use of
organic binders has generally hindered their applications in
nonaqueous solutions due to their dissolution. Sol-gel graph-
ite composite electrodes in accordance with the present
invention are a reasonable alternative to this problem,
because the inorganic matrices thereof are stable in both
aqueous and nonaqueous media. To investigate the stability
of the surfactant-induced sol-gel graphite composite elec-
trodes of the present invention in organic solvents, the
electrochemistry of ferrocene (Fc) in acetonitrile (AN) was
studied with the SSCEs. FIG. 1 shows the cyclic voltam-
mograms of Fc¢ in AN at unmodified SSCEs after 1, 3 and 5
hours of immersion in stired AN solution. There was a
slight increase in the peak current after 1 hour immersion.
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This may have been due in part to some dissolution of the
surfactant, which increased the electrode area. Another
possibility is the dissolution of the insulating nail-polishing
layer, which would also expose a greater electrode surface
area. There were no obvious differences between the second,
the third and the fourth cycles; thereby demonstrating a high
stability of the composite electrodes in organic solvents.

The invention is illustrated in greater detail in the
following. non-limiting examples.

EXAMPLE I. Electrodes for Electrocatalytic
Applications

To demonstrate the potential use of the electrode surfaces
of the electrodes prepared in accordance with the present
invention for catalyst immobilization, cobalt phthalocyanine
(CoPC) was immobilized into the SSCEs and used in the
electrocatalytic determination of GSH. FIG. 2 shows the
cyclic voltammograms of GSH at the unmodified SSCEs.
The onset potential for the direct oxidation of GSH at this
electrode was about +0.4 V, as demonstrated by an anodic
current increase as a function of GSH concentration when
the applied potential exceeded +0.6 V. Meanwhile, at the
CoPC modified electrodes, the electrocatalytic current
started rising at potentials +0.05 V, and an anodic peak was
observed around +0.35 V (see FIG. 3). The peak current was
found to be proportional to the GSH concentration up to 1§
mM, as shown in FIG. 4. The immobilized CoPC acted as a
mediator, accelerating the rate of GSH oxidation at low
overpotentials. On these experiments, two anodic weaves
were observed, e.g.. ca+0.3 V and +0.78 V at a CoPC
modified electrode. The peak at +0.3 V, occurring only in the
presence of GSH, was assigned to the oxidation of Co' to
Co'' and the peak at +0.78 V, occurring in the absence and
presence of GSH, was considered to be the oxidation of Co"'
to Co'"". The current at +0.78 V was about 3 times higher
than that at +0.3 V previously discussed in the art while the
anodic wave at +0.3 V was better developed on SSCEs. The
higher efficiency of the Co'/Co'' center may have been due
to more accessibility of the catalyst incorporated in the
porous SSCEs and higher conductivity of the SSCEs matrix,
which appeared to facilitate the mass transport and electron
transfer.

EXAMPLE 2. Metal Ion Sensitive Electrodes

While most electroanalytical applications of chemically
modified electrodes have been focused on electrocatalysis, a
few have employed pre-concentration/voltammetric strategy
based on immobilized ion exchangers, organic coordinating
ligands, clays, etc., which have shown great analytical
promise, especially for the speciation and quantitation of
trace metals in environmental monitoring and control. For
example, complexation and quantitation of lead was per-
formed with DPT modified SSCEs. In addition, to demon-
strate the feasibility to construct disposable metal ions
sensitive electrodes with SSCEs, dimethylglyoxime (DMG)
was incorporated into the SSCEs for the detection of trace
nickel.

The quantitation procedure comprised three steps: the
accumulation, measurement, and cleaning steps. For the
Ni®* pre-concentration, the electrode was immersed in the
stirred or quiescent sample solution for a few minutes at an
open circuit or at an applied potential. Then, the accumu-
lated nickel was measured by Osteryoung Square Wave
Voltammetry (OSWV) in pH 9.2 ammonia buffer. Last,
following each measurement, the electrode was immersed in
0.1M HCI solution for a 30 seconds cleaning step and then
rinsed with water.
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The accumulation conditions advantageously influence,
and/or optimize, sensor response time, sensitivity and the
detection limit. Accumulation in stirred or quiescent solution
at open circuil or a certain applied potential was investi-
gated.

Table 1 shows the electrode response under different
accumulation conditions.

TABLE 1

Elecrode Responses Under Different Accumulation Conditions with the
DMG Modified SSCEs

conditions* | 2 3 4
unsurred v v
stirred v v

open circuit v v

apphied potenual (0.5 V) v v
current (pA) 0.96 1.39 1.18 092

* Accumulation tme: | min: Accumulation solution: [Ni**] = § x 1077 M.

As can be seen from the results presented in Table 1,
accumulation in a stirred solution at an open circuit gave the
highest sensitivity, which was comparable to the response
observed in the unstirred solution or under an applied —0.5
volts. These results suggest that the use of an applied
potential may be unnecessary. FIG. 5 shows the dependence
of response current on accumulation time in quiescent
solutions at an open circuit. FIG. 5 shows that 5 minutes
accumulation in quiescent solution gave comparable results
with the | minute in stirred solution.

One minute accumulation in stirred solution was used in
the following evaluation. FIG. 6 shows the Osteryoung
square wave voltammetric responses of the DMG-medified
SSCE:s for various nickel concentrations and the correspond-
ing calibration plot. Well-defined peaks were obtained over
this low concentration range. Linear responses were attained
between 0.05 and 0.3 uM. A detection limit of 0.02 uM
(about 2 pg/L) was achieved under these quantitation con-
ditions.

EXAMPLE 3. Mediated Glucose Biosensor

A mediated glucose biosensor was prepared and evaluated
by incorporating mediator ferrocene and enzyme glucose
oxidase into the composite. Cyclic voltammograms in FIG.
7 (solid curves a and b) show the mediated biocatalysis of
glucose on the FeGOx modified SSCEs. Curve a shows the
redox process of the immobilized Fc in PBS background
solution. As shown, the anodic current increased with the
addition of glucose (curve b). However, no obvious change
occurred on the unmodified electrodes (dashed and dotied
curves in FIG. 7). FIG. 8 shows the chronoamperometric
responses of glucose on the modified (b) and unmodified (a)
SSCEs. No response was observed on the unmodified
electrodes, while rapid and sensitive responses occurred on
the modified electrodes. Steady-state currents were obtained
within 10 seconds, with linearity up to 15 mM and a useful
working range from 0.05 mM to 30 mM. Such fast response
may be attributed to the absence of any covering membrane
and the porous character of the composite surface. FIG. 9
shows the calibration plots for the Fc-GOx modified SSCEs
at different applied potentials.

The potential-dependent performances of the modified
electrodes are summarized in Table 2.

30

35

40

45

50

55

8

TABLE 2

Potential-Dependent Performances of the (Femmocene + GO, )

Modified Carbon Strips

applied potential (mV) +150 +200 +300 +400)
K*Py" (imM) 85 9.5 16.2 229
L™ P (pA) 33 58 12.1 15.0
linear range (mM) (-5 0-8 0-15 0-15
sensitivity (pA/mM) 0.33 042 052 039

*, “calculated from I, = 1,™*" — K*",, (1/C,)
‘calculated from the Linear portion of the calibration curve

As shown in Table 2, quick background stabilization,
rapid response, high sensitivity, and wide linearity were
obtained at an applied potential of +0.3 V. Although
designed for disposable single-use sensors, these biosensors
are very durable and robust. No obvious deterioration in
responses were observed for a period of three months with
intermittent uses for these sensors kept at room temperature.

It is to be understood that both the foregoing general and
detailed description are exemplary and explanatory only and
are intended to provide further explanation of the invention,
as claimed.

What is claimed is:

1. A method for preparing a surfactant-induced, sol-gel
graphite composite electrode, said method comprising the
steps of:

mixing an aqueous solution of the surfactant with a silane
or a siloxane to obtain a clear and homogeneous sol
solution, wherein said mixing is performed in the
absence of a co-solvent, a catalyst, or a cellulose
binder;

mixing said sol solution with graphite powder to form a

uniform and free-flowing paste; and

applying said paste onto a substrate to form at least one

electrode;
wherein a thermal curing process step is not required.

2. The method of claim 1, wherein the graphite powder is
mixed with a buffer solution or an alcohol solution contain-
ing a modifier or recognition entity for an analyte, wherein
said modifier or recognition entity is chosen according to the
analyte to be determined, and dried prior to being mixed
with the sol solution.

3. The method of claim 2, wherein the buffer solution or
alcohol solution comprises ferrocene and glucose oxidase.

4. The method of claim 2, wherein the alcohol solution is
an ethanol solution.

5. The method of claim 1, wherein the substrate is PVC,
a ceramic, a metal, or a glass.

6. The method of claim 1, wherein the silane or siloxane
is tetramethyl orthosilicate. methyltrimethoxysilane,
tetraethoxysilane, or methyltriethoxysilane, and the surfac-
tant is surfactant bis(2-ethylhexyl) sulfosuccinate, octylphe-
nol ethylene oxide condensate, cetylirimethylammonium
bromide, or sodium dodecylsulfate.

7. The method of claim 6, wherein the siloxane is tetram-
ethylorthosilicate and the surfactant is surfactant bis(2-
ethylhexyl) sulfosuccinate.

8. The method of claim 1, wherein the paste is applied
onto the substrate to form at least one electrode by screen
printing.





