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Abstract : Thispaper reviewed the applications of
electrochemiluminescence (ECL) involving tris(2,2'-
bipyridyl)ruthenium(il) { [Ru(bpy).]*} inbiological
anaysisfield and reported the progress of theresearch
in the [Ru(bpy),]**-related ECL. [Ru(bpy),]** was
widely usedinthebiological analysisfieldrelated to
ECL suchasfood and drugtesting, environmenta moni-
toring, medical diagnos's, drug metabolism research,
immunoassay, DNA detection, and forensicinvestiga:
tions. The ECL of [Ru(bpy),]** has been coupled with
different separation techniquessuch ashigh performance
liquid chromatography, capillary electrophoresis, flow
injection analyss, and microchip electrophoresisfor S-
multaneous detection of multipleanaytes. Thefabrica:

INTRODUCTION

Thedectrochemiluminescence (ECL) behavior of
tris(2,2'-bipyridyl)ruthenium(ll) { [Ru(bpy) ]} wasfirdt

tion of éectrodes of new materialsand new structure
such asfilm-coated e ectrodes, carbon d ectrodes, com-
plex oxides electrodes, and composite-coated elec-
trodes significantly improved the performance of the
[Ru(bpy).|*-related ECL. Through the modification of
biosensor, various substances have been detected effi-
ciently by [Ru(bpy),]**-related ECL technique. Theuti-
lization of [Ru(bpy),]** derivativesand solid-phaseelec-
trodesin ECL detection made considerable progress.

© Global Scientificlnc.

K eywor ds: Electrochemiluminescence; Tris(2,2'-
bipyridyl)ruthenium(ll); Biosensor; Trace analysis,
Separationtechniques.

reported by Tokel and Bard in 19721, Thereafter, the
ECL propertiesof [Ru(bpy).]* anditsderivativeshave
been extensively investigated because of itsadvantages
over exiting systemsintheareaof ECL andyss These
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advantagesincludethelow background signal', high
emissonquantumyidd®, longexcited-gatelifetimg*d,
high chemical stability®”, and good ECL efficiency®
19, Inaddition, the ECL of [Ru(bpy),]** can becoupled
with different separation techniques such ashigh per-
formance liquid chromatography (HPLC), capillary
electrophoresis, flow injectionanalysis, and microchip
electrophoresisfor smultaneousdetection of multiple
analytes. Someworks?%11-14 have comprehensively
reviewed the natureof ECL of variouslabels, and sev-
eral excellent paperd®71518 gpecially reviewed the
ECL mechanisms and/or application techniques of
[Ru(bpy),]**. By combining thesimplicity of electro-
chemistry with theintrinsic sengitivity and broad linear
range of chemiluminescencemethod, ECL hasbecome
apowerful tool for analytical applications, and therap-
idly increasing studiesresulted in highly sensitiveand
sel ective detection techniques. Among various|abel's
used for ECL systems, [Ru(bpy).|* isthemost widely
studied label in recent years. Immobilization of
[Ru(bpy).]* onasolid-phase el ectrode hastwo ad-
vantagesat | east over the sol ution-phase ECL method
thesimplicity of detection processand cost-effective-
ness’.

Because of the advantages, [Ru(bpy),]* andits
derivativeshavebeen widely or potentialy usedinthe
biological anaysisfield related to ECL such asfood
and drug testing!®*31 environmental monitoring®>
4“1 medical diagnosis“*®¥, drug metabolism re-
searchi®+%2 immunoassay(*>6*73, DNA detec-
tionl15287488 and forensic investigationg®®4, The
ECL of [Ru(bpy),]*" has become a hot topic among
researchersinterested in ECL detection, and many
papers are being published per year. Thiswork in-
tendsto givean overview of summarizing the applica-
tionsof ECL detectioninvolving [Ru(bpy).]* in ana-
Iytical areas, and thereby reportsthe progress of the
researchin the[Ru(bpy),]**-related ECL.

APPLICATIONSOF [Ru(bpy).J* ANDITS
DERIVATIVESIN ECL

Food and drugtesting

Thedetection of deleterious substancesand active
ingredientsinfood and/or drugsispracticaly important
inthefood and drug quality control. Many effortshave

been done to use the [Ru(bpy),]** ECL detectionin
food and drug testing.

(A) Detection of residuesand pollutantsin food

Chen et al™*® devel oped acapillary electrophore-
sis-ECL detection system to separate and detect
acephate and dimethoate. An electrically heated
[Ru(bpy),]*/muiti-wall-carbon-nanotube (MWCNT)
paste el ectrode was equi pped in the system, and the
temperature of the el ectrode could be accurately con-
trolled. Thisnanoparticlesmodified el ectrodewasfab-
ricated by mixing [Ru(bpy).|* withtheMWCNT paste.
Theresultsindicated that theincrease of temperature
of the electrode could help to improve performance.
Wang and co-workers®! presented a direct
[Ru(bpy).]** ECL detection of four polyamines, pu-
trescine, cadaverine, spermidine, and spermine, sepa-
rated by capillary e ectrophoress. Thecdibration curve
islinear over aconcentration range of two or three or-
dersof magnitudefor the polyamines. Theandysstime
islessthan 25 min. Detection limitsfor putrescineand
cadaverineare1.9x 10" mol L*and 7.6 x 10°mol L-
Hfor gpermidineand spermine, respectively. Theintraday
and interday RSD of the ECL pesk intensitiesareless
than 8%.

A flow injection processwithinhibited ECL detec-
tion was devel oped for the determination of tetracy-
clineand oxytetracycling?”. Under the optimized con-
dition, thelinear rangesof 2.0 x 10°-1.0 x 102 and
1.0x 10°-1.0 x 102g L* were obtained for tetracy-
clineand oxytetracycline, respectively; thelimitsof de-
tection (LOD) were4.0x 10%and 3.8 x 106 g L*for
tetracyclineand oxytetracycline, respectively; therela-
tivestandard deviations (RSD) were 0.68% and 1.18%
for 5.0 x 10 g L tetracycline and oxytetracycline,
respectively. It was successfully applied to analysis of
tetracycline in a Chinese proprietary medicine,
tetracyclini and cortisone eye ointment, and theresi-
duesof tetracyclinein honey products. Thedetermina
tion of glyphosate and severd structurally related com-
poundsusing HPLC with [Ru(bpy),]** ECL detection
wasinvestigated by Ridlenaet al®d. Theserdated com-
poundsareiminodiaceticacid (IDA), diethanol amine
(DEA), hydroxyethyl glycine(HEG), and glycine. The
rank order of theresulting ECL intensitieswasglycine
<DEA <HEG<IDA < glyphosate. Thedetectionlimit
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for glyphosateis 1.0 x 10#mol L* with alinear work-
ing rangethat extendsfive ordersof magnitude.

Guo et al? devel oped an ECL inhibition method
combined with molecularly imprinted solid phase ex-
traction for the quantitative determination of phenol-
phthaeinindrug, dimming food, and human plasma.
They found that phenol phthaein strongly inhibited the
ECL signd of the[Ru(bpy),]**/2-(dibutylamino)ethanol
system, which was used asthe basis of theanalysis.
Under the optimized conditions, quenched ECL inten-
sity versusthelogarithm of the concentration of phe-
nol phthalenwasingood linear rel ationship over acon-
centrationrangeof 3.18 x 107-1.59 x 10#gL*, and
theLODwas1.0 x 10" g L™

Yu et al® presented acommercial sensor which
combinesimmunomegneticseparationwith[Ru(bpy),]*
ECL detection. The sensor waseva uated for detection
of enterohemorrhagic E. coli 0157 and Salmonella
typhimuriuminfoodsand fomites. Thedetection lim-
itsarein therange of 100 to 1000 bacteriaper mL in
pristine buffer for E. coli 0157 and S. typhimurium,
respectively, or 1000 to 2000 bacteriaper mL infood
samples, thetotd processng and assay timeislessthan
1 heveninfood samples. Long et al’®@ proposed a
method using hyperbranchingrolling circleamplifica:
tion combined with magneti c beadsbased ECL to offer
anisothermal, highly sensitive, and specific assay for
the detection of Listeria monocytogenes. Throughtheir
approach, aslow as 1.0 x 107 mol L-* synthetic hly
gene targets and about 2.0 x 107 g L* of genomic
DNA from Listeria monocytogenes can be detected.
A bifunctiona nanoarchitecturehasbeen devel oped by
combining the magneticiron oxideand theluminescent
[Ru(bpy),]** encapsulated insilica®. Theluminescent
[Ru(bpy).]** serves as aluminescent marker, while
magnetic Fe,0, nanoparticlesallow externa operation
by amagneticfield. Zhang et d. exploredthefeasbility
of applying the as-prepared nanostructure to fabri cat-
ing an ECL sensor for the detection of the typical
[Ru(bpy).]** co-reactant tripropylamine and some
practically important polyamines. A linear rangefrom
6.9 x 108 to 7.3 x 10* mol L* with a remarkable
LOD of 6.5x 10°°mol L for tripropylaminewas ob-
tained, and the ECL RSD was0.5% during continuous
potentia scanning for 16 cycles.

Thework of Zhan et al?¥ describesamicrofluidics-

based sensing system, which providesaconvenient and
sensitivemethod for detecting the €l ectrochemical re-
actionsnot directly participating in an ECL reaction.
The systemwas gpplied to detection of benzyl viologen
in solution. Thistechnique presents the prospect of
broadening application range of ECL detection.

(B) Detection of drugingredients

Themodeof coupling ECL detectionwith capillary
el ectrophores sisrather common among the proposed
andytical systems. Wang and co-workers*® described
the determination of benzhexol hydrochlorideby capil-
lary zoned ectrophoresi swith an end-column ECL de-
tector. The detection was based on the [Ru(bpy).]**
ECL reactionwiththeanayte. A linear calibration curve
of three-ordersof magnitude was obtained from 1.0 x
108t0 1.0 x 10°mol L. The LOD of benzhexol hy-
drochloride was 6.7 x 10° mol L%. Chiang et al’®®
reported a[Ru(bpy),|**-based ECL detector for capil-
lary electrophoresis. The detector was operatedinthe
wall-jet configuration, and anindium/tin oxide (ITO)-
coated glassplate was used for the end-column detec-
tion. Thel TO e ectrode potentia wascontrolled using
aDC battery, without decoupling the detector fromthe
capillary electrophoresisfield. In the presence of ter-
tiary or some secondary amines, ECL emission was
produced through reduction of in situ generated
[Ru(bpy),]** by anaytes at the ITO surface. A detec-
tionlimit of 1.0 10 mol L prolinewith atheoretical
plate number of 4000 was obtained. Wang et al?® es-
tablished asensitive method for the determination of
chlophenaminemaeatein Vitamin C Yingiao tablets
using capillary e ectrophoresiscoupled with [Ru(bpy), |
ECL detection. Under the optimum conditions,
chlophenamine maleatein thetablets could be sepa-
rated and detected in 3 min. Thelinear concentration of
chlophenamine maleateranged from5.0 x 107t0 1.0
x 10*mol L?; the LOD was5.1 x 10®mol L. Cap-
illary zone electrophoresiscoupled with[Ru(bpy),] **-
based end-column ECL has been utilized to detect
bisoprolal indrugsand tabletsafter its separation from
metoprolol'?1, Tetrahydrofuran was used as an addi-
tiveintherunning buffer to obtain the absolute ECL
peak of bisoprolol, which reactsasaco-reactant in
the[Ru(bpy).]** ECL system. Under the optimized
experimental conditions, bisoprolol was separated
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successfully and efficiently from metoprolol and other
co-existed materialsin tabletsand urinesamples. The
ECL intengity of thesystemislinear with the concentra-
tion of bisoprolol from 1.5x 106t0 3.0 10“*mol L*
with LOD of 3.0x 107" mol L. The RSD of the ECL
intensity is2.58%for thedetection of 1.5x 10°mol L*
bisoprolol. Xiang et al®” described asensitive deter-
minetion method for atropinebased on end-column ECL
of [Ru(bpy).|* detection. Favorable ECL intensity of
atropinewasachievedinasolution consisting5x 103
mol L™ [Ru(bpy).]** and 0.05 mol L* phosphate at
applied voltage of 1.20V. Thestandard curvewaslin-
ear between 1 x 10°and 2 x 10°mol L for atropine,
and LOD of 5 x 10 mol L* was achieved.

Environmental monitoring

By coupling with proper separation techniques, ECL
approach can be used to detect varioustrace amounts
of substancesof interest existing inthe atimosphere,
water, and soil.

Oter et al® investigated the photophysical and
optical oxygen sensing propertiesof [Ru(bpy)_]* chlo-
rideinthesol-gel matrix modified byionicliquid. Ef-
fectsof theionicliquidto the oxygen sengitivity and to
surface characteristicswereexamined. Theresponse
and regeneration timeswere 5 and 10 safter exposure
t0 100% O, and 100% N.,, respectively.

Three aminocarboxylic acids, ethylenediamine-
tetraaceticacid (EDTA), nitrilotriaceticacid (NTA), and
2-hydroxyethylethylenediaminetriaceticacid (HEDTA),
have been investigated as potential co-reactants for
promoting[Ru(bpy),]** ECL behaviour®. The detec-
tion limits of [Ru(bpy).]** using NTA, EDTA, and
HEDTA as co-reactants are 1.0 x 1025, 6.0 x 104,
and 6.8 x 10 mol L2, respectively. Theresultsindi-
cate that NTA hasamuch higher efficiency than the
generally used co-reactant, tripropylamine, to excite
[Ru(bpy),]**-labeled ECL under their own optimal con-
ditions. NTA could bewiddy used in many fields be-
cause it is less toxic, corrosive, and volatile than
tripropylamine.

Fang’s group!® devel oped asolid-state ECL sen-
sor through the electrodeposition of [Ru(bpy),]*/
AUNPs/chitosan compositefilm onto electrode. This
solid-state electrode was used in ECL to detect
tripropylaminewith LOD of 5x 10 mol L. Wang

and co-workerd®! also prepared a solid-state ECL
sensor based on acompositefilm consisting of partia
sulfonation of polystyrene (PSP) and carbon nanotube.
Because of theinvolving of carbon nanotubes, the ECL
intensity wasincreased to over 3-fold thevalue of the
pure PSPfilm. Theavailability wasverified of thissen-
sor by the high sensitivity in detecting 2-
(dibutylamino)ethanol and tripropylamine.

Pittman et al®® proposed an ultrasensitive detec-
tion of 2,4,6-trinitrotoluene (TNT) insoil or water us-
ing enhanced ECL. The ECL intensity islinearly pro-
portiona totheanalyte TNT concentrationfrom 1.0 x
10°t01.0x 10°gg*. TheLOD is<(1.0+0.1) x
10 gg?, and the absol ute detection limitin massis
about 1.0 x 103 g.

Chiu et al®®*" presented acapillary electrophore-
sismethod coupled with ECL detection, which was
used to detect glyphosate (GLY') and its major me-
tabolite aminomethylphosphonic acid (AMPA). An
ITO-coated electrode was used in the [Ru(bpy),]**
ECL detection system. Linear correlation between ECL
intensity and anal yte concentration was obtained in
theranges 1.69 x 10-1.69 x 102and 5.55 x 103~
111 x 10t gL*for GLY and AMPA, respectively.
The LOD for GLY and AMPA in water were 6.0 x
10°gL*and 4.04 x 103 g L*, respectively. This
method was applied to analysisof GLY in soybeans
withLOD of 6.0 x 10" gg™.

Lin et al® established an ECL-based method for
detection of nicotinein phosphate buffer solution. At
theoptimized experimentd conditions, alinear range of
ECL current vs. nicotine concentrationupto 1.0 x 10+
mol L-*and alower LOD of 1.2 x 10° mol L were
observed. The RSD of 20 analysesfor nicotine con-
centration of 5.0 x 10 mol L was 1.4%, and recov-
ery rate of 94% wasobservedinared sampleandysis
without any complicati ons/disturbancein measurement.
Zhu et al™*! studied the quenching of the [Ru(bpy)_|**
ECL by sodium diphenylamine-4-sulfonate (SDS). The
guenching behaviors can be observed witha100-fold
excessof SDSover [Ru(bpy).]**. The mechanism of
thequenchinginvolvestheenergy transfer fromtheex-
cited-gtate of [Ru(bpy),]** tothedimer of SDS, which
wasformed after thed ectrochemica oxidation of SDS
ontheelectrode surface.

Lin et al* developed aMWCNT/Nafion com-
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positefilm-modified e ectrode, which was applied to
the determination of some carbamates including
pirimicarb, methomyl, adicarb, and carbofuraninthe
natureweter. When these carbamates existed, thismodi-
fied electrodewasfound to beableto givesignificantly
enhanced ECL intensity of [Ru(bpy),]**. Chen et al*!
studied theluminescence e ectrooxidation of monohy-
dric alcoholsand polyhydric alcoholsin[Ru(bpy),|**
akalinesolutionson aglassy carbon e ectrode. Asthe
potentia vs. Ag|AgCI of thiselectrodereached +1.30
V, [Ru(bpy),]** was oxidized to [Ru(bpy),]**. Thelu-
minescence intensities of monohydric alcohols de-
creased asakyl chainlength of the mol ecul esincreased.
With theincreaseinthenumber of hydroxyl groupsina
molecule, luminescence intensity increased for
polyhydric acohols.

In the work of Xu et al*3, ethylenediamine-
tetraacetate (EDTA) waschosenfor theinvestigation
of the effect of metal ionson [Ru(bpy),]* ECL. The
resultsshowed that if themetd ions(not involving Al**
andY*) arepreferentialy bound to oxygen atoms, they
have no effect on the ECL intensity. However, if the
metal ionsare preferentially bound to nitrogen atoms,
they retard oxidation of EDTA and decreasethe ECL
intensity. Another work of Xu et al*¥ indicated that the
ECL of the[Ru(bpy).]*/(S,0,)* systemin purely ague-
oussolution at acarbon pasted ectrodeis strong enough
to be'seen withthe naked eyefor [Ru(bpy),]* concen-
trationshigher than 1.0 x 10 mol L*. Thedouble-log
plot of theemitted light intensity vs. [Ru(bpy).]* con-
centration islinear over theregion 1.0 x 103-1.0 x
107 moal L. The ECL intensity increaseslinearly with
the (S,0,)* concentration from 1.0 x 10 mol L*up
t0 3.0 x 10~ mol L and drops off sharply at concen-
trationshigher than 1.0 x 10*mol L.

Tsukagoshiaet al'* found that emetine dithiocar-
bamate metal complex prepared from emetine, carbon
disulfide, and metd (1) can generatealarge chemilu-
minescenceintensity of [Ru(bpy),]** ECL. Liquid chro-
matography equi pped with achemiluminescence de-
tector was developed for analyzing a model sample
containing tracelevel of Cu(Il) and Co(ll) ions. The
Cu(I1) and Co(Il) complexes were determined over
therange 1-300 x 10 mol L and 3-500 x 10® mol

L, respectively.

Medical diagnosis

Skotty et al“ accomplished the determination of
dansyl amino acids and oxalate by HPLC with ECL
detection using [Ru(bpy).]** asluminophore. Inthis
method, different concentrations of [Ru(bpy).|** are
dissolved in the mobile phase and the HPLC column
flushed with themobile phase until the columnis satu-
rated with[Ru(bpy),]**. The separated anaytesalong
with[Ru(bpy),]** passthrough an optical-electrochemi-
cd flow cell which hasadud platinum electrode, where
[Ru(bpy).,]** is oxidized to [Ru(bpy),]*, and then
[Ru(bpy),]** reactswith theanalytesto emit light.

Gan et al“8l developed a renewable and
ultrasensitive ECL immunosenor based on magnetic
[Ru(bpy),]*/SiO,-Au~[Ru(bpy),]*-Ab2 sandwich-
type nano-immunocomplexesfor the detection of tu-
mor markers. Theimmunosensor showed alinear range
of 5.0x 108-1.0 x 10*g L* for detecting a pha-feto-
protein (AFP) with LOD of 20 x 108 g L™ Inan
article of the same research group, arenewable and
magnetic ECL immunosensor for AFP detection was
described, where the RuL-MWCNTs-doped Au
composite was used as labels { RuL = [Ru(bpy),]**
complex} . Thesensor exhibited high sengtivity andwide
liner for detection AFPinthecontent from 1.0 x 108to
50x10°gL*andthe LOD was3.0x 10°g L™

Ding et al*" reported a polymerase chain reac-
tion-free ECL approach that uses ECL nanoprobesfor
the determination of cancer cellswith high sengitivity.
The ECL nanoprobe consists of gold nanoparticles,
linker DNA, and [Ru(bpy),|**-labeled signad DNA. The
intensity of ECL signdsisproportional tothecell con-
centrationintherangeof 5-100 cells/mL, and the LOD
is5cdlg/mL.

Zhan et al®® presented an ECL detection of
rotavirusby reversetranscription-polymerasechainre-
action based on amagnetic primer. Rotavirusin fecal
specimenswasdetected within 1.5 h, and the detection
limitwas2.0x 107 gL of rotavirus. Theintensity of
ECL signdswaslinearly dependent on the concentra-
tion from 2.0 x 107 t0 4.0 x 10 g L*. The method
showsgood specificity for the detection of rotavirus.

Bertolinoaet al™ proposed an integrated solution
to DNA hybridisation monitoring based on amono-
lithic silicon platform. Thefabrication processwasde-
veloped to pattern agold initiation el ectrode directly
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onto a PIN photodiode detector. Duplex DNA was
prehybridised to cons s of thiol ated oligonuclectideand
ruthenium-labelled complementary oligonud eotideand
thenwasassembled onthegoldinitiation ectrode. The
resultsindicate that DNA assembled on the surface
containing sufficient ruthenium may generateameasur-
ablesgnd.

In the work of Huang et al®®¥, the combined FI-
CE (FI =flow injection and CE = capillary electro-
phoresis) system was exploited by couplingto an ECL
detection system. The baseline separation of proline,
vaine, and phenyla anineducidated the high efficiency
of thesystem; ahigh throughput of 50 h't wasachieved
under optimized conditions. Detection limitsof 1.2, 50,
and 25 x 10°mol L*for proline, valine, and phenyla-
laninewere observed, respectively. Martin et al™ fab-
ricated ECL biosensors using [Ru(bpy),]* as
luminophore. [Ru(bpy),]** and dehydrogenaseenzymes
wereimmobilized in cation exchange polymers. The
el ectrode modified by the cation exchange polymers
wasused inaflow injection analysissystemasan ECL
detector. Thisconcept for ECL biosensor isapplicable
for detecting enzymesdependingon NAD* or NADP".

Wang and co-workers™ prepared [ Ru(bpy).]**-
doped silica nanoparticles via a water-in-oil
mi croemul sion approach and studied the ECL of the
nanoparticles with  covalently coated
biomacromolecules. By covaent cross-linkingwith glu-
taraldehyde, they-(aminopropyl) triethoxysilane-pre-
treated nanoparticleswere coupled with different con-
centrationsof bovineserumabumin (BSA), hemoglo-
bin, and myoglobin, respectively. ECL from these
biomacromol ecul e-coated nanoparti clesdecreased with
theincrease of theloading of biomacromolecules.

Drug metabolismresearch

Itisvery important to accurately predict which new
drugswill be associated with asignificant incidence of
idiosyncratic drug reactions®!, which hel psto reduce
atritionratesof drugs. Predicting toxicity at theearliest
stages of drug devel opment becomesacritical issue.
The application of [Ru(bpy).|**-related ECL indrug
metabolism research hasreceived cons derabl e atten-
tion.

Greenwood et al’™ have made aportable pu-TAS
drug screening device, which utilizesboththechemilu-

minescence and the el ectrogenerated chemilumines-
cenceresulted fromthe[Ru(bpy),]**-involved reactions.
Wang’s group®™ developed anew techniquefor inves-
tigating drug-protein binding, which employscapillary
electrophoresis coupled with ECL detection after equi-
libriumdidysis. Pridinol, procyclidine, and itsanadogue
trihexyphenidyl, were successfully separated by capil-
lary zone electrophoresis with the end-column
[Ru(bpy),]** ECL detection. Forbeset al'> described
anon-line[Ru(bpy).]** ECL detection of B-blockers.
The B-blockers were separated with capillary el ectro-
phoresis. TheLOD for oxprenolol is6.0x 10#gL™.

Fang’s group!™ proposed amethod for selective
immobilization of [Ru(bpy).,]* ontothesurfaceof atar-
get dectrode. Theimmobilizationwasbased onthedec-
trodeposition of [ Ru(bpy),|*-doped silicananoparticles
on chitosan compositefilm. The ECL sensor based on
thismodified € ectrode exhibitsexcel lent reproduci bil-
ity, stability, and sensitivity for the detection of tri-n-
propylamine. A linear rangefrom 1.0 x 101°t0 1.0 x
10°mol L*and LOD of 5.0 x 10* mol L* was ob-
served.

Ding et al™*® presented asolid-state ECL detector
involving an e ectrophoretic microchip, whichwasused
to detect tramadol, lidocaine, and ofloxacin. ThisECL
detector is based on an electrode modified by
[Ru(bpy),]*~Zirconia—Nafion composite. These three
pharmaceuti cal swere baseline separated without using
any additives. TheLODswere2.5x 105,5.0 x 108,
and 1.0 x 10° mol L* for tramadol, lidocaine, and
ofloxacin, respectively. Theinjected dose of the samples
wasinthemagnitude of picoliter, andthelinear ranges
were 5.0 x 10°-25x 103, 1.0 x 10°- 1.0 x 103,
and 1.0 x 10%- 2.5 x 10 mol L* for tramadol,
lidocaine, and ofloxacin, respectively.

In the work of Zhao et all*, ECL of
[Ru(bpy),(PVP),J* wasusedtoinvedigatedifferences
in metabolite-mediated toxicity of tamoxifeninrodents
vs. humans. Thedetector arraysfeaturethin-film spots
containing [Ru(bpy),(PVP), ], DNA, and liver mi-
Crosomes.

Shibano et al®® proposed amethod for screening
metabolizing enzymeinhibitorsof cytochromeP4502D6
using column-switching HPLC with [Ru(bpy).|* ECL,
which can be applied to the eval uation of the genetic
diverdty concerning theakility of cytochromeP450 2D6
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to metabolizedruginvitro.

Synergisticuseof ECL arrays(labeled with Ruthe-
nium metallopolymer, RuPVP) and enzyme/DNA
nanoreactorswith liquid chromatography-mass spec-
trometry (LC-MS) was shown to be ableto provide
efficient screening of toxic reactivemetabolitesthat cor-
relateswith anima liver toxicity datd®. ECL arrays
providerapid screening, and the biocolloid reactor LC-
M S approach providesva uablefollow-up information
about chemical structuresand formation ratesfor ECL
hits. Metabolic toxicity screening using ECL arrays
coupled with enzyme-DNA biocolloid reactorsand LC-
M S holdsgreat promisefor new drug and chemicals
devel opment(®2.

I mmunoassay

Blackburn et al'® reported the immunoassays
based on the use of [Ru(bpy).]**-NHS (NHS = N-
hydroxysuccinimide) ester. Oneof thebipyridyl ligands
of [Ru(bpy).]** reacted with reactive groupsto form
activated species, so that the modification of structure
of [Ru(bpy),]** wasredized. Theactivated specieswere
abletoreact with proteins, haptens, and nucleic acids.
Through the detection of polymerase chain reaction
products, thismethod was applicablefor the determi-
nation of theHIV-1gag gene. They illustrated ECL in
nonseparation immunoassaysfor digoxin and thyrotro-
pin and in separation immunoassays for
carcinoembryonic antigen and a-fetoprotein.

Miao et al!® a so used modified [Ru(bpy),]* asa
molecular |abel in ECL determination of DNA and C-
reactive protein. The capture strands of DNA were
modified by thiol, and then were sdlf-assembled onto a
gold el ectrode because they were complementary to
the [Ru(bpy).]**-labeled targets. The ECL signalsre-
sulted fromtri-n-propylamineradica swereproportiond
tothetargets. Similarly, biotinylated anti-C-reactive
protein specieswereimmobilized onto Au(111) sub-
strate precovered with alayer of avidin. The ECL peak
intensity waslinearly proportiona totheanalyte C-re-
active protein concentration over therange 1-24 x 10-
3g L Miao et al®! introduced an ECL method of
adding multiple [Ru(bpy),]** to asingle antibody by
encapsul ating ahydrophobic [ Ru(bpy),]** compound
in polymer (polystyrene) microspheres. Each
microsphere contained approximately 10° water-in-

soluble Ru(bpy),[B(C.F,),], molecules. The ECL in-
tensity was observed to be proportional to theanayte
C-reactive protein concentration over therangeof 1.0
x 10°-1.0 x 102 g L. Zhan et al®® prepared lipo-
somes(~100 nmdiameter) containing [Ru(bpy),]**, and
these ECL tagswere used in asandwich-typeimmu-
noassay of human C-reactive protein. The detection
limitis1.0 x 104 gL for human C-reactive protein
with good linearity of ECL intensity versusantigen con-
centration over therange 1.0 x 104-1.0 x 102g L™

Zhang et al’®" devel oped ahighly sensitive ECL
immunoassay for the determination of anti-digoxin anti-
body and digoxin hapten. Ru(bpy).(dcbpy)NHS (dcbpy
=2,2'-bipyridine-4,4'-dicarboxylic acid) wasused as
the ECL label, and BSA wasused asacarrier protein.
Theanti-digoxinantibody concentrationfrom 7.6 x 10-
°t0 7.6 x 103 gL wasdetermined by direct homoge-
neousformat. Digoxin hagpten was determined through-
out therange4.0x 107 - 1.0 x 10“* gLt with LOD of
1.0x 107 g L by competitive format. The RSD for
6.0 x 10°gL*was4.3%.

Egashiraet al'®® devel oped amethod to detect the
presenceof hemagglutininmoleculesby combining ECL
with animmunoliposomeencapsul ating aRu complex.
Under optimum conditions, hemagglutinin moleculesof
influenzavirusweredetermined in aconcentrationrange
from3x10°to4 x 108gL ™. Thislevel of sensitivity
suggeststhat adetectablelower concentration could
bel.2 x 10 mol L™

Fang’s group!® reported athrombin aptasensor.
Thelabelswere[Ru(bpy),|**-doped silicananoparticles.
The aptamerswere assembled onthe surfaceof anAu
electrode through Au-S binding. Hybridization of
complementary DNA withthelabe sresultedinan ECL
signd inthepresence of tripropylamineat positive po-
tentids. Withtheaddition of thrombin, thenanoparticle-
labeled DNA wasreplaced, sotheintensity of the ECL
signa swasdecreased. The decreasewas proportiona
to the thrombin concentration from 10 mol Lto 10
“'mol L* and thedetectionlimit wasdownto 10" mol
L. Analogouswork was doneto detect thrombin with
two different gptamers, which recognize different posi-
tionsof thrombin™. The aptamersfeature sandwich
type; onewasimmobilized onto thegold e ectrodefor
capturing thrombin onto the electrode, and the other
was used for detection. Theincrease of the ECL signal
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generated by [Ru(bpy),]**-doped silicananoparticles
was observed in dependent manner on the concentra-
tion of thrombin added. BSA and bovine hemoglobin
had dmost negligibleresponses, sothesdectivity isim-
proved.

The paper of Wu et al'™ described an on-chip
microarray platform based on an ECL resonance en-
ergy transfer strategy for rapid assay of cancer cell sur-
facebiomarkers. Carcinoembryonic antigen, a-fetopro-
tein, and prostate-specific antigen asmodel swere de-
tected onthismicrofluidic device. Thismultiplexed com-
petitiveimmunoassay was a so successfully used for cell
counting. Sardesai et all”? reported an ECL
immunosensor for detection of protein cancer
biomarkers, where asandwich-type ECL sensor was
fabricated. Prostate-specificantigenin cell lysatesand
human serum sampleswas successfully detected. Zhang
et all™® also reported a sandwich-type ECL
immunosensor for carcinoembryonicantigenonagold
nanoparticles-modified glassy carbon el ectrode. The
concentrationsof carcinoembryonic antigen were ob-
tained in therange from 10° g L to 10° g L* with
LODof 8 x 10 gL

DNA detection

Fang’s group!™ developed a controllable solid-
state ECL film based on efficient and stable quenching
of ECL of [Ru(bpy).]* by oxidizing ferroceneonthe
electrode. The biosensing system employed the
[Ru(bpy).]**-AuNPs-modified (AuNPs = Au
nanoparticles) Au eectrodeto emit ECL and thefer-
rocene-labeled molecular beacon to control the ECL
intensity. The ECL intensity was correlated to the con-
formation of theferrocene-labeled molecular beacon,
which could be combined withitstarget biomolecule
viathereaction of DNA hybridization or aptamer-pro-
tein combination. Therefore, the system can be applied
to recogni zetherd evant biomoleculesselectively. Li et
al™ dsoreported theuse of AUNPs-modified Au el ec-
trodein ECL detection of DNA hybridization, and a
ruthenium complex served asthe ECL labd. TheLOD
of target sSDNA ontheAuNPs-modified e ectrode (6.7
x 1022 mol L) ismuchlower than that on abare gold
electrode (1.2 x 10 mol L1).

Fang’s group!” described asensitive ECL detec-
tion of DNA hybridization, where the [Ru(bpy),]**-

doped silica nanoparticles were used as DNA tags.
High-concentration of moleculesof the ECL -produc-
ing agent were sequestered by the porous nanoparticles,
which led to the greatly enhanced luminescence. The
assay allows detection of thetarget DNA with acon-
centrationaslow as1.0 x 10 mol L. TheECL in-
tensity islinearly related to the DNA concentrationin
rangeof 2.0 x 10—-2.0 x 10° mol L* of thecomple-
mentary sequence.

Xie et all" prepared a redox active and ECL
threading bis-intercalator conssting of two N,N’-bis(3-
propyl-imidazole)-1,4,5,8-naphthalene diimides
(PIND) linked by a[Ru(dmbpy),]** (dmbpy = 4,4'-
dimethyl-2,2'-bipyridine) complex (PIND-Ru-PIND).
The DNA biosensor based on the PIND-Ru-PIND
alowsdetectionintheconcentrationrangeof 7.0x 10
—4.0 x 10°mol L*withadetectionlimit of 4.0 x 103
mol L™.

Zhang et al™ reported an ECL biosensor for the
detection of target sSDNA, which useshairpin DNA as
therecognition el ement and ruthenium complex asthe
signal producing compound. Inthe absence of target
ssDNA, astrong ECL signa could begenerated; inthe
presence of target ssSDNA, the ECL signal decreased.
LOD of 9 x 10t mol L* complementary target SSDNA
wasachieved.

Miao et al'™ devel oped an ECL detection method
by employing polystyrene beads as a carrier of the
Ru(bpy),-[B(C,F,),], 1abels. The polystyrene beads
containing alargenumber of water insol uble Ru(bpy).-
[B(C,F) ], species were immobilized on the target
ssDNA. Probe ssDNA was attached to the surface of
magnetic beadsand hybridized with thetarget sSDNA.
Theintegrated ECL intensity waslinearly proportional
to the concentration of target DNA inarange of 1.0 x
10 mol L*to 1.0 x 10® mol L. The principle de-
scribed in this paper could be also applied to many
other ECL anayses, such asimmunoassays.

Fang’s group!® described thedetection of T4 DNA
ligaseusingasolid-state ECL biosensing switch based
on ferrocene-labeled molecular beacon. The system
includesan ECL substrate modified by the complex of
AuNPsand[Ru(bpy),]** and an ECL intensity switch
of molecular beacon labeled by ferrocene.

Bio bar codeassay based on oligonucl eotide-modi-
fied AUNPs provides a polymerase chain reaction
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(PCR)-free method for quantitive detection of nucleic
acid targets®y. Zhu et al reported anovel PCR-free
ECL-based bio bar code assay for the detection of
geneticaly modified organisminraw materidswith high
speed and sensitivity. In thework of Kurita et al’®?,
cytosine methylationin DNA was determined by an
enzymelinked immunosorbent assay with ECL detec-
tion and employed for the DNA methylation assay of a
long and real genomic sample. Methyl-cytosinewas
measured quantitatively inthe concentration range of
10*2t0 10*° mol L. This PCR-freemethod exhibits
sufficiently high sensitivity to achievereal DNA mea
surements.

Leeet al’® reported adetection method for DNA
hybridization based on the[Ru(bpy),]**-labeled ECL,
whereaDNA-binding intercal ator was used to reduce
[Ru(bpy).]**. Thedouble-stranded DNA intercal ated
with doxorubicin, daunorubicin, or 4,6-diamidino-2-
phenylindole (DAPI) shows a good ECL with
[Ru(bpy).]**; the DAPI-intercalated [ Ru(bpy).]**-la-
beled ECL providesagood specificity of single point
mutationsfor hepatitis disease.

Duan et al® presented an ECL biobarcode method
based on cysteami ne-gol d nanoparticle conjugates. The
assay exhibitsexcd lent seectivity for angle-mismatched
DNA detectionwithlimit of 10 mol L.

So et al® described detection of bioactivated
genotoxicity employing ultrathinfilmsof DNA, model
metabolic enzymes, and ECL-generating
metallopolymer [Ru(bpy),PV P, ]* onpyrolytic graphite
electrodes. DNA damagein the sensor filmswas mea
sured using asimple apparatusinvolving astandard
voltammetry cdll coupled with an optica fiber and pho-
tomultiplier tube. The ECL and square wave
voltammetry signal sincreased with theenzymereac-
tion timeand provided rel ative enzymeturnover rates
for DNA damage suitablefor toxicity screening appli-
cations. Hvastkovs et al'® reported similar ECL ar-
rays suitablefor genotoxicity screening, where array
spots containing DNA, various human cytochromes
P450, and [Ru(bpy),PVP, ]* wereexposed to H,0,
to activatetheenzymes.

Wang and co-workerg®” described a method to
detect procyclidine in human urine by coupling
[Ru(bpy),]**-labeled ECL and capillary el ectrophore-
ss. TheLOD of procyclidineis1.0x 10°mol Ltinan

on-capillary stacking mode. Extraction recovery was
nearly 90%for applicationin urine.

Li et al’® devel oped adetection method of DNA
hybridization based on asingle-wall carbon-nanotubes
ECL probe. A derivative of [Ru(bpy).]** wasloaded
on the probe. The linear detection range of perfect-
matched target SSDNA isfrom 2.4 x 1014to 1.7 x 10
2mol L, and LOD is9.0 x 10> mol L.

[Ru(bpy).|**-related ECL hasbecomeacommon
method for DNA detection and immunoassays. The
application of thetechniqueinthesetwo areaswasad o
presented in the review of Fan et al®l. The use of
nanomaterials modified el ectrodesin ECL detection
could lead to animprovement in sengitivity and selec-
tivity; thisimprovement isessential for detection of
biomoleculessuch asDNA or proteins. Theuse of car-
bon nanotube el ectrodesfor biomolecular analysisus-
ing ECL detection meritsextensiveinvestigation*”.

Forensicinvestigations

Theability of [Ru(bpy),]* ECL to detect drugsor
narcotics enablesit to be used in forensic investiga-
tions. By couplingwith flow-anays smethodol ogiessuch
asflow injection analysis, HPLC, capillary electro-
phoresis, and microfluidic devices, various controlled
drugs can be determined®,

Wang and co-workerg®” established a detection
system coupling capillary electrophoresis with
[Ru(bpy).]** ECL, whichwas used to determine con-
tamination of banknoteswith controlled drugs. Thestan-
dard curveswerelinear intherangeof 7.5 x 108t0 1.0
x 10" mol L for heroinand 25 x 107t0 1.0 x 10*
mol L for cocaine, and LODsof 5.0 x 108 mol L for
heroinand 6.0 x 10 mol L for cocainewere achieved,
respectively. By usingthesystemof Li et all®, smulta
neousdeterminationof psychatropicdrugsinhumanurine
wasaccomplished. Thecapillary dectrophoresis-coupled
[Ru(bpy).|* ECL system displayed alinear rangefrom
5.0x10°t08.0 x 10*g L for amitriptyline, doxepin,
and chlorpromazine. Their LODswere8.0x 107 gL,
1.0x10°%gL* and1.5x 10° gL, respectively. Liu
et al® also presented amethod, for determination of
enoxacinand ofloxacin, based on capillary € ectrophore-
siscouplingwith[Ru(bpy),]* ECL. TheLODsare9.0
x 10°and 1.6 x 10®mol L* for enoxacin and ofloxacin,
respectively. The quantitation limitsfor enoxacinand
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ofloxacinare3.2x 107and5.4 x 10" mol L*in human
urinesamplesand 4.1 x 107and 6.9 x 10" mol Ltin
human serum samples, respectively.

A carbon paste €l ectrode was modified with zeo-
lite'Y, and [Ru(bpy),]** wasimmobilized in the modi-
fied e ectrode, through which Zhuang et al®® redlized
sensitive determination of heroin. The ECL sensor
showed alinear responseto flow injection of heroinin
therangeof 2.0 x 106-8.0 x 10°mol L*with LOD
of 1.1x 10°mol L.

Based on the increasing effect of tramadol on
[Ru(bpy),]**-labeled ECL, an ECL method for thede-
termination of tramadol hydrochlorideat aMWCNT/
chitosan-[Ru(bpy).]** compositefilm-modified graph-
ite electrode was described®. The ECL signal was
proportional to tramadol hydrochloride concentration
from 5.0 x 10 to 6.0 x 10* mol L?, and the LOD
was2.0x 10°mol L2

SUMMARY

[Ru(bpy).]* anditsderivativesasECL labelshave
the advantages of sensitivity, compatibility, and
transformability. The[Ru(bpy),]*-related ECL has
become ahot areaof research in recent years. Many
effortshave been donein order toimprovedectrode
performance, |eading to the fabrication of el ectrodes
of new materid sand new structuresuch asfilm-coated
electrodes, carbon el ectrodes, complex oxides el ec-
trodes, and composite-coated electrodes. The
nanomaterials-modified solid-state el ectrodes have at-
tracted much attention because of theincreased sen-
sitivity, selectivity, stability, and applicability. Through
the modification of biosensor, various substanceshave
been detected efficiently by [Ru(bpy),]**-related ECL
technique. Theextensiveapplicationsof [Ru(bpy),|*-
related ECL in combination with capillary electro-
phoreSi S[lO,25—28,37,51,55,56,87,91—93], HPLC[21,45,60]’ fIOW in_
jection analysig1°24515294 " gnd microchip electro-
phoresi g% makeitsaf asaversatile, cost-effective,
and reliabledetection tool. The synthesisand utiliza-
tion of new Ru(ll) complexeswith high ECL activity
will further broaden the prospects for the use of
[Ru(bpy),]** ECL detection!%*,

In comparison with the vast amount of reportson
the combination of [Ru(bpy),]** ECL with capillary

electrophoresisand flow injection analysis, the appli-
cations of ECL detection coupling [Ru(bpy).]* with
microchip el ectrophoresisaretill insufficient. Micro-
chipsexhibit consderable advantagessuch ascompact-
ness, operation convenience, reduced reagent require-
ments, and flexibility, so the combination of themicro-
chip and[Ru(bpy),]**-labeled solid-state ECL sensors
will beworth of further investigation*®,
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