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  A	benzoylferrocene	modified	multi‐wall	carbon	nanotube	paste	electrode	for	the	measurement	of	
methionine	(MET)	concentration	is	described.	MET	electrochemical	response	characteristics	of	the	
modified	electrode	in	a	phosphate	buffer	solution	of	pH	7.0	were	investigated	by	cyclic	voltamme‐
try,	 square	wave	voltammetry,	 and	chronoamperometry.	Under	optimized	conditions,	 the	 square	
wave	voltammetric	peak	current	of	MET	increased	linearly	with	MET	concentration	in	the	range	of	
1.0	×	10−7	to	2.0	×10−4	mol/L.	The	detection	limit	was	58.0	nmol/L	MET.	The	diffusion	coefficient	(D
=	5.62	×	10−6	cm2/s)	and	electron	transfer	coefficient	(α	=	0.4)	for	MET	oxidation	were	also	deter‐
mined.	The	sensor	was	successfully	applied	for	the	measurement	of	MET	concentration	in	human	
urine.	
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1.	 	 Introduction	

Electrochemical	methods	for	the	detection	of	inorganic	and	
organic	 compounds	 are	 selective	 and	 sensitive	 [1−4].	 Chemi‐
cally	modified	electrodes	(CMEs)	are	extensively	researched	for	
applications	 in	 medical	 diagnostics,	 food	 analysis,	 and	 envi‐
ronmental	monitoring	[5−9].	An	important	property	of	CMEs	is	
their	 ability	 to	 catalyze	 the	 electrode	 process	 to	 significantly	
decrease	the	overpotential	and	give	more	selective	interaction	
of	 the	 electron	 mediator	 with	 the	 target	 analyte.	 These	 elec‐
trodes	 can	 enhance	 the	 selectivity	 in	 the	 electroanalytical	
methods.	 	

Carbon	paste	 electrodes	 (CPEs)	 represent	 one	 of	 the	most	
convenient	 materials	 for	 the	 preparation	 of	 modified	 elec‐
trodes.	CPEs	are	widely	applied	in	both	electrochemical	studies	
and	 electroanalysis	 for	 their	 advantages	 such	 as	 very	 low	
background	current	(compared	to	solid	graphite	or	noble	metal	
electrodes),	easy	to	prepare,	 low	cost,	 large	potential	window,	
simple	 surface	 renewal	 process,	 and	 ease	 of	 miniaturization	
[10−13].	

As	 a	 relatively	 novel	 nanomaterial,	 carbon	 nanotubes	
(CNTs)	 have	 received	 attention	 due	 to	 their	 small	 dimension	
and	 structure	 sensitive	 properties.	 In	 electroanalytic	 and	 bio‐
analytic	applications,	 the	high	electrical	conductivity	and	elec‐
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trocatalytic	activity	of	CNTs	allow	them	to	be	used	as	the	elec‐
trode	material	 to	mediate	 electron	 transfer	 reactions	 [14,15].	
Several	 authors	 have	 reported	 the	 excellent	 electrocatalytic	
properties	of	CNTs	in	the	redox	reactions	of	different	biomole‐
cules	[16−20].	

Protein	 and	 amino	 acid	 analysis	 continues	 to	 be	 an	 im‐
portant	area	of	research	in	the	field	of	chemical	and	biochemi‐
cal	analysis.	Sulfur‐containing	molecules	are	widely	present	in	
plants	and	living	organisms	and	they	play	an	important	role	in	
living	 systems	 [21].	 Methionine	 (MET)	 is	 an	 essential	 sul‐
fur‐containing	proteinogenic	amino	acid	with	an	important	role	
in	 biological	 methylation	 reactions.	 It	 is	 the	 main	 supply	 of	
sulphur	in	the	diet,	and	it	prevents	disorders	in	hair,	skin,	and	
nails.	 Moreover,	 it	 helps	 to	 reduce	 cholesterol	 levels	 by	 in‐
creasing	lecitin	production	in	liver,	and	it	is	also	a	natural	che‐
lating	agent	for	heavy	metals.	MET	can	be	present	at	different	
concentration	 levels	 from	 near	 0.1%	 (m/v)	 in	 some	 drugs	 to	
10−5	mol/L	in	blood	plasma	[22].	Homocysteine	is	an	interme‐
diate	product	of	MET	metabolism	[23].	A	defective	metabolism	
of	MET	would	result	in	hyperhomocysteinemia,	which	has	been	
established	as	an	independent	risk	factor	for	vascular	diseases	
in	 humans	 [24,25].	 It	 has	 been	 reported	 that	 the	 improper	
conversion	of	MET	leads	to	atherosclerosis	[26].	MET	deficien‐
cy	has	been	reported	to	cause	toxaemia,	muscle	paralysis,	de‐
pression,	 and	 impaired	 growth	 [27].	 Hence,	 the	 detection	 of	
MET	is	very	important	from	a	clinical	point	of	view.	

Several	methods	have	been	proposed	for	the	measurement	
of	 MET	 concentration	 including	 flow	 injection	 [28,29],	 chro‐
matography	 [30,31],	 capillary	 electrophoresis	 [23],	 spectro‐
photometry	 [32],	 chemiluminescence	 [33],	 atomic	 absorption	
[34],	 and	 colorimetric	 [35,36]	 and	 enzymatic	 methods	 [37].	
These	methods	have	several	disadvantages,	 such	as	high	cost,	
long	analysis	 time,	and	 low	sensitivity,	and	therefore	they	are	
unsuitable	 for	 routine	 analysis.	 On	 the	 other	 hand,	 the	meas‐
urement	of	MET	concentration	by	electrochemical	methods	has	
several	 advantages,	 which	 include	 high	 sensitivity,	 selectivity	
and	 reproducibility.	 The	 measurement	 of	 MET	 concentration	
with	 a	 chemically	modified	 electrode	 is	 an	 attractive	method.	
Only	 few	 reports	 are	 available	 in	 the	 literature	 for	 the	meas‐
urement	 of	 MET	 concentration	 by	 electrochemical	 methods	
[38−43].	

No	study	has	been	reported	on	the	electrocatalytic	oxidation	
of	MET	with	a	benzoylferrocene	(BF)	modified	multi‐wall	car‐
bon	nanotube	paste	electrode	 (BFCNPE).	Thus,	 in	 the	present	
work,	we	described	the	preparation	and	suitability	of	a	BFCNPE	
as	 the	 electrode	 in	 the	 electrocatalysis	 and	 measurement	 of	
MET	 concentration	 in	 an	 aqueous	 buffer	 solution.	 To	 demon‐
strate	 the	 catalytic	 activity	 of	 the	 modified	 electrode	 in	 the	
electrooxidation	of	MET,	we	examined	 its	use	 for	 the	voltam‐
metric	measurement	of	MET	concentrationin	in	urine	samples.	

2.	 	 Experimental	

2.1.	 	 Apparatus	and	chemicals	

The	 electrochemical	 measurements	 were	 performed	 with	
an	Autolab	potentiostat/galvanostat	(PGSTAT	12,	Eco	Chemie,	

Netherlands).	The	experimental	conditions	were	controlled	by	
the	General	Purpose	Electrochemical	System	(GPES)	software.	
A	conventional	 three	electrode	cell	was	used	at	(25	±	1)	°C.	A	
Ag/AgCl/KCl	 (3.0	mol/L)	 electrode,	 a	 platinum	wire,	 and	 the	
BFCNPE	 were	 used	 as	 the	 reference,	 auxiliary,	 and	 working	
electrodes,	respectively.	A	Metrohm	710	pH	meter	was	used	for	
pH	measurements.	 	

All	 solutions	 were	 freshly	 prepared	 with	 doubly	 distilled	
water.	MET	and	all	 other	 reagents	were	analytical	 grade	pur‐
chased	from	Merck	(Darmstadt,	Germany).	The	buffer	solutions	
were	prepared	 from	orthophosphoric	acid	and	 its	 salts	 in	 the	
pH	range	of	2.0	to	11.0.	Multiwalled	carbon	nanotubes	(purity	>	
95%)	with	o.d.	between	10	and	20	nm,	 i.d.	between	5	and	10	
nm,	 and	 tube	 length	 from	0.5	 to	200	μm	were	obtained	 from	
Nanostructured	&	Amorphous	Materials,	Inc.	 	

2.2.	 	 Synthesis	of	benzoylferrocene	

A	mixture	of	 aluminum	chloride	 (10.8	 g,	 80.66	mmol)	and	
benzoyl	chloride	(11.3	g,	80.66	mmol)	 in	100	ml	of	dry	meth‐
ylene	 chloride	 was	 added	 to	 a	 solution	 of	 ferrocene	 (15.0	 g,	
80.66	mmol)	in	100	ml	of	dry	methylene	chloride	over	a	period	
of	15	min.	The	mixture	was	stirred	at	room	temperature	for	1	h	
and	 then	 hydrolyzed	 with	 dilute	 hydrochloric	 acid	 (60	 ml,	 3	
mol/L).	The	organic	phase	was	washed	with	NaOH	solution	(50	
ml,	1	mol/L),	saturated	NaCl	solution	(50	ml),	and	H2O	(50	ml),	
and	dried	over	anhydrous	sodium	sulfate.	The	solid	which	re‐
mained	after	evaporation	of	the	solvent	was	recrystallized	from	
toluene	 and	 n‐hexane	 to	 give	 the	 pure	 product	 in	 78%	 yield	
(red	solid);	mp:	106−108	°C;	1H	NMR	(400	MHz	CDCl3):	δ	4.17	
(s,	 5	 H),	 4.58	 (t,	 J	 =	 2.5	 Hz,	 2	 H),	 4.90	 (d,	 J	 =	 8.4	 Hz,	 2	 H),	
7.44−7.56	(m,	3	H),	7.90	(t,	J	=	2.5	Hz,	2	H);	13C	NMR	(100	MHz,	
CDCl3):	 δ	 70.22,	 71.53,	 72.51,	 78.25,	 128.07,	 128.21,	 131.45,	
139.87,	199.02.	

2.3.	 	 Preparation	of	the	electrode	 	

The	BFCNPEs	were	prepared	by	hand	mixing	0.01	g	of	BF	
with	0.89	g	graphite	powder	and	0.1	g	CNTs	with	a	mortar	and	
pestle.	Then,	0.7	ml	of	paraffin	oil	was	added	to	the	above	mix‐
ture	and	mixed	for	20	min	until	a	uniformly	wet	paste	was	ob‐
tained.	The	paste	was	packed	 into	the	end	of	a	glass	 tube	(ca.	
3.4	mm	 i.d.	 and	15	 cm	 long).	A	 copper	wire	 inserted	 into	 the	
carbon	paste	provided	the	electrical	contact.	When	necessary,	a	
new	 surface	 was	 obtained	 by	 pushing	 some	 paste	 out	 of	 the	
tube	and	polishing	with	a	weighing	paper.	

For	 comparison,	 a	 BF	 modified	 CPE	 electrode	 (BF‐CPE)	
without	 CNTs,	 CNT	 paste	 electrode	 (CNPE)	 without	 BF,	 and	
unmodified	CPE	in	the	absence	of	both	BF	and	CNTs	were	also	
prepared	in	the	same	way.	 	 	

3.	 	 Results	and	discussion	

3.1.	 	 Electrochemical	properties	of	BFCNPE	

The	BFCNPE	was	prepared	and	its	electrochemical	proper‐
ties	 were	 studied	 in	 a	 0.1	 mol/L	 phosphate	 buffer	 solution	
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(PBS)	of	 pH	7.0	using	 cyclic	 voltammetry	 (CV)	 (Fig.	 1).	 There	
were	well	defined	and	reproducible	anodic	and	cathodic	peaks	
from	 the	 benzoylferrocene/benzoylferricenium	 redox	 system,	
which	showed	quasireversible	behavior	in	an	aqueous	medium	
[44].	The	generation	of	a	reproducible	surface	was	examined	by	
CV	data	obtained	 in	the	optimum	solution	of	pH	7.0	 from	five	
separately	prepared	BFCNPEs	(Table	1).	 	

In	addition,	the	long	term	stability	of	the	BFCNPE	was	tested	
over	 a	 three	 week	 period.	 CVs	 recorded	 after	 the	 modified	
electrode	was	 stored	 in	 the	atmosphere	at	 room	temperature	
showed	a	peak	potential	for	MET	oxidation	that	was	unchanged	
and	 the	current	 signals	 showed	 less	 than	2.2%	decrease	rela‐
tive	 to	 the	 initial	 response.	 The	 antifouling	 properties	 of	 the	
modified	 electrode	 toward	 MET	 and	 its	 oxidation	 products	
were	 investigated	 by	 recording	 the	 cyclic	 voltammograms	 of	
the	modified	electrode	before	and	after	use	in	the	presence	of	
MET.	Cyclic	voltammograms	were	recorded	in	the	presence	of	
MET	 after	 cycling	 the	 potential	 20	 times	 at	 a	 scan	 rate	 of	 10	
mV/s.	 The	 peak	potentials	were	unchanged,	 and	 the	 currents	
were	 decreased	 by	 less	 than	 2.3%.	 Therefore,	 the	 surface	 of	
BFCNPE	 showed	 not	 only	 sensitivity	 increase	 but	 also	 de‐
creased	fouling	by	the	analyte	and	its	oxidation	product.	 	

3.2.	 	 Electrocatalytic	oxidation	of	MET	at	BFCNPE	 	

Figure	 2	 depicts	 the	 CV	 responses	 for	 the	 electrochemical	
oxidation	of	100.0	μmol/L	MET	at	unmodified	CPE	(curve	(3)),	
CNPE	(curve	(4)),	benzoylferrocene	modified	multi‐wall	carbon	
nanotube	 paste	 electrode	 (BFCPE,	 curve	 (1)),	 and	 BFCNPE	
(curve	(2)).	While	the	anodic	peak	potential	for	MET	oxidation	
at	 the	 CNPE	 and	 unmodified	 CPE	were	 900	 and	 960	mV,	 re‐
spectively,	the	potential	at	BFCNPE	and	BFCPE	were	~645	mV.	
The	 peak	 potential	 for	 MET	 oxidation	 at	 the	 BFCNPE	 and	
BFCPE	electrodes	was	shifted	by	255	and	315	mV	toward	nega‐
tive	 values	 compared	 to	 CNPE	 and	 unmodified	 CPE,	 respec‐
tively.	However,	 BFCNPE	 showed	 a	much	 higher	 anodic	 peak	

current	 for	the	oxidation	of	MET	compared	to	BFCPE,	 indicat‐
ing	that	the	combination	of	CNTs	and	the	mediator	(BF)	signif‐
icantly	 improved	 the	 performance	 of	 the	 electrode	 for	 MET	
oxidation.	The	BFCNPE	in	0.1	mol/L	PBS	(pH	7.0)	and	without	
MET	 in	 the	 solution	 exhibited	 a	well	 behaved	 redox	 reaction	
(Fig.	 1(1)).	 The	 addition	 of	 100.0	 μmol/L	MET	 increased	 the	
anodic	peak	current	(Fig.	2(2)),	indicating	a	strong	electrocata‐
lytic	effect	[44].	

The	 effect	 of	 scan	 rate	 on	 the	 electrocatalytic	 oxidation	 of	
MET	at	the	BFCNPE	was	also	investigated	by	CV	(Fig.	3(a)).	The	
oxidation	 peak	 potential	 shifted	 to	 more	 positive	 potentials	
with	increasing	scan	rate,	confirming	the	kinetic	regime	in	the	
electrochemical	reaction.	Also,	a	plot	of	peak	height	(Ip)	versus	
square	root	of	scan	rate	(ν1/2)	was	linear	in	the	range	of	2−20	
mV/s,	suggesting	that	at	sufficient	overpotential	the	process	is	
diffusion	 rather	 than	 surface	 controlled	 [44]	 (Fig.	 3(b)).	 The	
Tafel	slope	(Fig.	3(c))	was	obtained	from	the	slope	of	Ep	versus	
logv	using	Eq.	(1)	[44]:	

Ep	=	b/2	logv	+	constant	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (1)	
The	Tafel	slope	was	0.098	V	(Fig.	3(c)),	which	indicates	that	

a	one‐electron	transfer	process	is	the	rate	limiting	step	assum‐
ing	a	transfer	coefficient	(α)	of	0.4.	

3.3.	 	 Chronoamperometric	measurements	

Chronoamperometric	measurements	of	MET	concentration	
at	 the	 BFCNPE	were	 carried	 out	 by	 setting	 the	working	 elec‐
trode	potential	at	0.7	V	at	the	first	potential	step	and	at	0.5	V	at	
the	 second	potential	 step	versus	Ag/AgCl/KCl	 (3.0	mol/L)	 for	
the	various	concentrations	of	MET	in	PBS	(pH	7.0)	(Fig.	4).	For	
an	 electroactive	 material	 (MET	 in	 this	 case)	 with	 a	 diffusion	
coefficient	 of	D,	 the	 current	 observed	 for	 the	 electrochemical	
reaction	under	a	mass	transport	limited	condition	is	described	
by	the	Cottrell	equation	[44].	The	best	fits	of	I	vs	t−1/2	were	ob‐
tained	for	the	different	concentrations	of	MET	(Fig.	4(b)).	The	
slopes	of	the	straight	lines	were	then	plotted	versus	MET	con‐
centration	(Fig.	4(c)).	From	the	resulting	slope	and	the	Cottrell	
equation	[44]:	 	

I	=	nFAD1/2Cbπ−1/2t−1/2	 	 	 	 	 	 	 	 	 	 	 	 	 	 (2)	
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Fig.	1.	CV	of	BFCNPE	in	0.1	mol/L	PBS	(pH	7.0)	(1)	and	at	the	surface	of
a	bare	carbon	paste	electrode	at	a	scan	rate	100	mV/s	(2).	

Table	1	 	
Cyclic	voltammetric	data	obtained	with	 the	BFCNPE	 in	0.1	mol/L	PBS	
(pH	7.0)	at	100	mV/s.	

Epa*/V	 Epc/V	 E1/2/V	 ΔEp/V	 Ipa/µA	 Ipc/µA	
0.645±1.3	 0.540±1.4	 0.592±1.3	 0.105±1.4	 5.2±1.7	 –2.4±1.6

*	Versus	Ag/AgCl/KCl	(3.0	mol/L)	as	reference	electrode.	
All	the	'±'	values	are	RSD%	(n	=	5).	
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Fig.	2.	CVs	 of	 BFCPE	 (1)	 and	 BFCNPE	 (2)	 in	 0.1	mol/L	 PBS	 (pH	7.0)	
containing	 100.0	 μmol/L	 MET;	 CVs	 of	 CPE	 (3)	 and	 CNPE	 (4)	 in	 0.1	
mol/L	PBS	(pH	7.0)	containing	100.0	μmol/L	MET.	The	scan	rate	was	
10	mV/s.	
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Where	D	 and	Cb	 are	 the	 diffusion	 coefficient	 (cm2/s)	 and	 the	
bulk	concentration	(mol/cm3),	respectively.	The	mean	value	of	
D	was	5.62	×	10−6	cm2/s.	

3.4.	 	 Calibration	plot	and	limit	of	detection	

The	 square	wave	voltammetry	method	was	used	 to	deter‐
mine	 the	concentration	of	MET	(Fig.	5).	The	plot	of	peak	 cur‐
rent	 versus	 MET	 concentration	 consisted	 of	 two	 linear	 seg‐
ments	with	slopes	of	0.634	and	0.049	(μA·L)/μmol	in	the	con‐
centration	 ranges	 of	 0.1	 to	 10.0	 μmol/L	 and	 10.0	 to	 200.0	
μmol/L,	respectively.	The	decrease	in	sensitivity	(slope)	in	the	
second	 linear	 segment	 was	 likely	 due	 to	 kinetic	 control.	 The	
detection	limit	(3σ)	of	MET	was	58.0	nmol/L.	These	values	are	
comparable	with	the	values	reported	by	other	research	groups	
for	 the	 electrocatalytic	 oxidation	 of	 MET	 at	 the	 surfaces	 of	
chemically	modified	electrodes	by	other	mediators	(Table	2).	

3.5.	 	 Interference	study	

The	 interferences	 of	 various	 foreign	 species	 on	 the	meas‐
urement	 of	 MET	 concentration	 were	 investigated.	 The	 toler‐
ance	limit	was	taken	as	the	maximum	concentration	of	the	for‐
eign	 substances,	 which	 caused	 a	 ±	 5%	 relative	 error	 in	 the	
measurement.	 L‐lysine,	 glucose,	 NADH,	 acetaminophen,	
L‐asparagine,	 glycine,	 folic	 acid,	 uric	 acid,	 tryptophan,	 and	
phenylalanine	did	not	show	interference	in	the	measurement	of	
MET	but	L‐cysteine,	cysteamine,	captopril,	and	D‐penicillamine	
showed	interferences.	

3.6.	 	 Measurement	of	MET	concentration	in	urine	samples	

In	 order	 to	 evaluate	 the	 analytic	 applicability	 of	 the	 pro‐
posed	 electrode,	 it	was	 applied	 for	 the	measurement	 of	MET	
concentrationin	in	urine	samples.	The	results	are	given	in	Table	
3.	 Satisfactory	 agreement	 of	 the	 experimental	 results	 was	
found	 for	 the	 MET	 concentration.	 The	 reproducibility	 of	 the	
method	was	demonstrated	by	the	small	mean	relative	standard	
deviation	(RSD).	 	
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Fig.	3.	(a)	CVs	of	BFCNPE	in	0.1	mol/L	PBS	(pH	7.0)	containing	50.0	μmol/L	MET	at	various	scan	rates;	(b)	Variation	of	anodic	peak	current	vs	ν1/2;	(c)	
Anodic	peak	potential	vs	logv.	
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Fig.	4.	(a)	Chronoamperograms	obtained	at	BFCNPE	in	0.1	mol/L	PBS	(pH	7.0)	for	different	concentrations	of	MET	(the	numbers	1–7	correspond	to	
0.0,	0.1,	0.2,	0.4,	0.6,	0.8,	and	1.0	mmol/L	of	MET);	(b)	Plots	of	I	vs	t–1/2	obtained	from	chronoamperograms	2–7;	(c)	Plot	of	the	slope	of	the	straight	
lines	against	MET	concentration.	
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4.	 	 Conclusions	

A	 benzoylferrocene	 modified	 carbon	 nanotube	 paste	 elec‐
trode	 (BFCNPE)	 was	 fabricated.	 The	 modified	 electrode	
showed	good	electrocatalytic	activity	for	the	oxidation	of	MET	
and	gave	a	wide	linear	range	(0.1	to	200.0	μmol/L)	with	a	good	
detection	limit	(58.0	nmol/L)	for	MET	concentration.	This	sen‐
sor	was	successfully	applied	to	determine	the	MET	concentra‐
tion	in	urine	samples.	
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Electrocatalytic	measurement	of	methionine	concentration	with	a	carbon	nanotube	paste	electrode	modified	with	 	
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A	sensor	was	fabricated	for	the	measurement	of	methionine	concentration	that	reduced	the	oxidation	potential	of	methionine	as	com‐
pared	to	the	unmodified	electrode.	
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