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Abstract:Au-Agbimetallicplasmonicnanostructuresweresuccessfullypreparedbyintroducing
silverintothenanogapofthegoldnanoparticles(AuNPs)dimerbasedonthesilverionsoldering
methodandtheseed-mediatedgrowthmethod.DuetotheetchingeffectofH2O2onthesilver
conductivejunctionwhichwasformedbyenzymaticoxidationofglucose,thechargetransfer
plasmon(CTP)wouldhaveagoodresponsetoglucose.Basedonthis,itcouldbeappliedtothe
detectionofglucose.Therelationship between glucoseconcentration andtheintensity,

wavelengthofCTPpeak,andsurfaceenhancedRamanspectroscopy(SERS)intensity,aswellas
theselectivityofthesensorwereinvestigated.Theexperimentalresultsshowthatthemethod
hashighsensitivityandgoodselectivitytowardsglucose.Twolinearrelationshipswereidentified
betweentheCTPpeakintensitychangevalueandtheglucoseconcentrationintherangeof0.5~
4μmol/Land4~10μmol/L,respectively,withalimitofdetection(3σrule)reaching0.2μmol/

L.Thenaked-eyedetectionofglucosecanreachthemicromolarlevel.TheSERSalsoexhibiteda
linearresponsetowardglucose,withintheconcentrationrangeof1~10μmol/L.
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用于葡萄糖检测的化学响应电荷转移等离激元
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摘要:基于银离子焊接法和种子生长法,在金纳米二聚体的粒间间隙处引入银,成功制备了金-银双金属等

离激元纳米结构.由于葡萄糖的酶促触发氧化反应产生的H2O2 对银导电结点的蚀刻作用,该结构的电荷转

移等离激元(CTP)对葡萄糖有很好的响应,基于此,可将其应用于葡萄糖的检测.主要研究了葡萄糖浓度与

CTP峰强度、波长和表面增强拉曼光谱(SERS)强度之间的关系,以及传感器的选择性.实验结果表明,该方



法灵敏度高、选择性好;葡萄糖浓度分别在0.5~4mol/L和4~10μmol/L两个浓度范围内与CTP强度变

化值存在线性关系,检测限(3σ法)为0.2μmol/L;并且,肉眼检测葡萄糖可以达到微摩尔水平;SERS信号

变化值与葡萄糖浓度在1~10μmol/L范围内也存在很好的线性关系.
关键词:等离激元纳米结构;电荷转移等离激元;光学传感;葡萄糖

0 Introduction
Diabetesmellitus(DM)isachronicmetabolic

disordersthatposesaseriousthreattohuman
health[1-2]. According to the World Health
Organization,451 millionpeopleworldwidehad
diabetesin2017,andthesenumbersareexpected
toincreaseto693millionby2045[3].Itisknown
thatelevatedglucoselevelinbloodisareliable
indicatorfordiabetes.Therefore,itisnecessaryto
explore a simple, effective and sensitive
measurement method to detect glucose
concentration[4-6].

Inrecentyears,avarietyofnanomaterials
havebeendevelopedforuseinthedetectionof
glucose, for example, Fe3O4 magnetic
nanoparticles[7],nitrogen-dopedgraphenequantum
dots[8]andCuSnanoparticles[9].Inaddition,gold
andsilvernanoparticleshavealsobeenwidelyused
inopticalsensingtodetectglucose[10-12].Thereare
severalgeneralstrategiesforglucosesensing:local
surfaceplasmonresonance(LSPR)peakdriftsor
extinctionspectralintensityvariation[13],surface
enhanced Ramanspectroscopy (SERS)[14],and
fluorometric methods[15], wherein the
measurementbasedontheformertwohasthe
advantages of simple operation and high
sensitivity,andwhicharerarelycombinedinthe
currentresearch.

Inthiswork,adual-modesensorsbasedon
colorimetricandSERSmethodsaredesignedfor
H2O2-mediatedglucosedetection.Audimer@Ag
bimetallic plasmonic nanostructure was
successfullyconstructedandaconductivejunction
wasformedbysilverdeposition,resultingina
CTPresonancemode,whichisresponsivetothe
etchingof Ag by H2O2 produced bycatalytic
oxidationofglucose.

1 Experimental
1.1 Materialsandinstruments

Chloroauric acid tetrahydrate (HAuCl4 ∙
4H2O)andhydrogenperoxidewereobtainedfrom
Sinopharm Chemical Reagent Co., Ltd.
(Shanghai,China).Fishsperm DNA (FSDNA)

andsodiumcitratetribasicdihydratewerebought
fromSigma.AgNO3wasobtainedfromBioBasic
Inc.(BBI,Canada);bis(p-sulfonatophenyl)

phenylphosphine dihydrate dipotassium salt
(BSPP) was a product of Strem Chemical
(Newburyport, MA,USA).Glucose oxidase
(GOx,50 kU) was obtained from Sangon
BioengineeringTechnologyandServicesCo.,Ltd
(Shanghai,China).Glucosewaspurchasedfrom
Sinopharm Chemical Reagent Co., Ltd. α-
Lactose, D-fructose, maltose, sucrose were
ordered by ShanghaiShenggong Bioengineering
TechnologyServiceCo.,Ltd.4-nitrophenol(4-
NTP) was purchased from J&K Chemicals
(Beijing,China).Allthereagentswereusedas
receivedwithoutfurtherpurification.

Thefollowinginstrumentswereusedinour
experiments: U-2910 Hitachi UV-Vis
spectrophotometer (Hitachi, Japan), 7700
Transmission Electron Microscope (Hitachi,

Japan),PortableRamanspectrometer(USOcean
OpticalRamansystem,Maya2000CCDdetector,

withincidentlaserwavelengthsetat671nm).
1.2 Preparationofgoldnanoparticles,AuNPdimers

andAudimer@Ag
AuNPs (goldnanoparticles)withdifferent

diametersweresynthesizedbyseed-growthmethod
as reported before[16]. The resulting citrate-
terminated nanoparticles were interacted with
BSPPatroomtemperaturetocompletealigand
exchange. The BSPP-covered AuNPs were
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collected by centrifugation and redispersed in
deionizedH2O.

TheBSPP-modifiedAuNPswasaddedto0.5
×TBE(pH8.0;44.5mmol/LTris,1mmol/L
EDTA,44.5mmol/Lboricacid)bufferatroom
temperature,thenAgNO3and0.5μg/μLFSDNA
wereadded.TheresultingdiscreteAuNPclusters
werethenseparatedbyagarosegelelectrophoresis
toobtainadimericassemblyproduct[17].

ThedepositionofAgontheAuNPdimers
wascarriedoutbyaseed-mediatedgrowthmethod
justreportedbyourgroup[18].20μLof38.8
mmol/Lsodiumcitrateanddifferentvolumesof
1mmol/LAgNO3 wereaddedto1mLofboiling
watercontaining0.1nmol/LAuNPsdimers.The
solutionwaskeptboilingfor20mininanoilbath
at125℃ toobtain Au dimer@ Ag products.
Accordingtothereportedworkbyourgroup[17-18],

weusedAudimer@Agbasedon25nmand32nm
for colorimetic assay and SERS assay,

respectively.
1.3 H2O2etchingofAudimer@Ag

DifferentconcentrationsofH2O2 wereadded
to an aqueous solution of Au dimer @ Ag
(0.06nmol/L)andincubatedat37℃for2.5hto
completetheetchingreaction.
1.4 UV-Vis,naked-eyeandSERSdetectionofglucose

UV-Visdetectionofglucosewasperformedin
thefollowingsteps:①differentconcentrationsof
glucose(from0to25μmol/L)wererespectively
incubatedwithglucoseoxidase (GOx,500μg/

mL)at37℃ for30 min;②afterincubation,

prepared Audimer@ Ag(0.06nmol/L)were
introducedintothesolutionandthefinalvolume
was200μL.Theextinctionspectraafter2.5h
was measured.Herein,weused AuNPs with
particlesizeof25nmtoprepareAudimer@Ag
structure.

Forthenaked-eyedetectionofglucose,the
final concentration of Au dimer @ Ag was
0.1nmol/L.Atthisconcentration,thecolorof
the solution after the reaction was more
pronounced.Andtheglucoseconcentrationvaried

between0~30μmol/L.
FortheSERSdetectionofglucose,weused

AuNPswithaparticlesizeof32nmtoprepare
dimers,andthefinalconcentrationofAudimer@
Agusedwas0.1nmol/L.Aftermixing1×10-2

mol/L4-NTPand10 mmol/L TCEPinequal
volume,thesolution wasquicklyaddedtothe
reactionsolutionandincubatedfor30min,andthe
finalconcentrationof4-NTPwas1×10-4mol/L,

followedbytheSERSdetection.Laserwavelength
wassetat671nm.

2 Results
2.1 CharacterizationofAudimer@Ag

Fig.1(a)and(b)areTEMimagesofAuNP
dimers and Au dimer @ Ag, respectively.
ComparedwithAuNPsdimers,thegapsbetween
twoAuNPsintheAudimer@Agdisappeared
becausetheyarefilledwithAg(Fig.1(b)).The
TEM image also demonstrated the
monodispersibility of Au dimer @ Ag. As
illustratedinFig.1(c),AuNPdimersshowedtwo
LSPR peaks at ~ 520nm and ~ 650nm,

correspondingtothetransverseandlongitudinal
resonancemodes,respectively.Afterdepositionof
Ag,thetransverseLSPRpeakslightlyblueshifted
comparedto Au NPs dimers, meanwhilethe
longitudinalLSPR redshifted.Thesecould be
attributedtotheCTP modeenabledbybridging
the conductive junction (CJ) of the two
AuNPs[19-20].Moreover,theextinctionspectraof
Audimer@Agoverlapperfectlyafter14daysof
storage(Fig.1(d)),whichindicatesthattheyhave
outstandingstabilityduetotheprotectiveeffectof
citrateusedduringtheAgdepositionprocess.
2.2 EtchingofAudimer@AgbyH2O2

ItcanbeseenfromFig.2(a),(b)thatafterthe
addingexcessH2O2,theCJwidthintheAudimer
@Agstructurewassignificantlyreduced,which
wasduetotheoxidativeetchingofAg.AndFig.2
(c)showedtheextinctionspectrumofAudimer@
AgunderdifferentconcentrationsofH2O2.With
theincreasingconcentrationofH2O2,theCTP
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peakat~700nm ofAudimer@Aggradually
redshiftedandtheintensitygraduallydecreased.
WhentheconcentrationofH2O2wasincreasedto
8μmol/L,anotherpeakemergedat~630nm.The
electronconductionefficiencywaslowereddueto

thenarrowingofthesilverCJwidth,therewasan
oppositelocalnetchargeonthesurfacewherethe
twoAuNPsareclosetoeachother.Therefore,the
capacitive coupling resonance mode became
pronouncedwhichresultedinthenewpeak[21-22].

(a)TEMimagesoftheAuNPsdimerbeforeAgdepositions;(b)TEMimagesoftheAuNPsdimerafterAgdepositions;insetsarehigh-

magnificationTEMimages;(c)Extinctionspectraof(a-b);(d)ExtinctionspectraofAudimer@Agatdifferentstoragetime.

Fig.1 CharacterizationofAudimer@Ag

(a)TEMimagesoftheAudimer@Agbeforeetchingby40μmol/LH2O2;(b)TEMimagesoftheAudimer@Agafteretchingby40μmol/

LH2O2;insetsarehigh-magnificationTEMimages;(c)ExtinctionspectraofAudimer@AgtreatedwithdifferentconcentrationsofH2O2

from0~12μmol/L.

Fig.2 TEMimagesandextinctionspectraofAudimer@AgetchedbyH2O2

2.3 UV-Visdetectionofglucose
Inthepresenceofglucoseoxidase,glucose

canbereduced,whichproducesH2O2.Andthe
entire reaction process can be described by
Equations(1)and(2)[23]:

O2+glucose
GOx
→H2O2+gluconicacid (1)

2Ag+H2O2 →2Ag++2OH- (2)
Here,theAudimer@Agsampleswerereacted
withdifferentconcentrations(0.5~25μmol/L)of
glucosewithglucoseoxidase,andtheextinction
spectrum ofthesamplesolution was measured
afterthereactiontoobtainFig.3(a).Asaresult,
theCTPpeaksoftheAudimer@Aggradually
redshiftedastheglucoseconcentrationincreased,
whiletheintensityofthepeaksdecreased.Fig.3
(b)showedthatthechangeofCTPpeakintensity

increased with the increasing glucose
concentration. The change in peak intensity
reachedplateauaftertheglucoseconcentrationwas
increasedto15μmol/L,whichwasmainlycaused
bythedepletionofAgCJ.

Moreover,wecangettwostandardcurves
from the abovefigure.Thelinearregression
equationintheglucoseconcentrationrangeof
0.5~4 μmol/L was (A0 -At)=-0.1762+
0.13053c/(μmol/L)(R2=0.995),andthelinear
regressionequationintheglucoseconcentration
rangeof4~10μmol/Lwas(A0-At)=0.19775+
0.07712c/(μmol/L)(R2=0.991).Theslopesof
thetwostandardcurvesweredifferent,whichis
duetothecomplication ofcapacitivecoupling
resonancemodetotheplasmonicpeak.Asshown
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inFig.2(c),whentheglucoseconcentrationwas
lessthan4μmol/L,onlytheCTP modeexisted
becausetheAgCJwassufficientlywide.However
whentheconcentrationofglucose wasfurther
increased,besidestheCTP mode,thecapacitive
couplingresonance modeataround650nm was
observed,sotheslopeofthelatterworkingcurve
woulddecrease.

Toverifythattheeffectofglucoseonthe
extinctionspectrumofAudimer@Agwasdueto

theformationofH2O2inthepresenceofglucose
oxidase,theAudimer@Agsamplesafterreacting
with different concentrations of glucose were
characterizedbyTEM.

AsshowninFig.4,astheglucoseconcentration
increased,theCJwidthsofAudimer@Agwere19nm
±0.7nm,14.5nm±0.2nmand11.9nm±0.1nm
with 0,10 μmol/L,and 30 μmol/L glucose,
respectively.TheCJwidthwasreducedbecausethe
depositedsilverwasgraduallyetched.

(a)ExtinctionspectraofAudimer@Agsamplestreatedwithdifferentconcentrationsofglucosefrom0to25μmol/L;(b)absorptionvalue
changeofAudimer@Aginthepresenceof0,0.5,1,2,3,4,5,6,8,10,15,20and25μmol/Lglucose;twolinearcalibrationgraphsby
plottingtheabsorbancechangevaluevsglucoseconcentrationwithin(c)0.0~4.0μmol/Land(d)4.0~10μmol/L

Fig.3 QuantitativeassaysofAudimer@AgbyUV-Visdetection

Insetsarethehigh-magnificationTEMimages.Concentrationsofglucosein(a-c)were0,10and30μmol/L,respectively

Fig.4 TEMimagesoftheAudimer@Agtreatedwithdifferentconcentrationsofglucose

2.4 Naked-eyedetectionofglucose
Duetothewiderangeofwavelengthchanges

caused by etching,the naked-eye detection of

glucosecouldbeachievedbyvividcolorchanges.
AsshowninFig.5,theglucoseconcentrationwas
variedbetween0and30μmol/L,andthecolorof
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thesolutionchangedfromgreentobrownandthen
to red after the reaction, which was easily
distinguishedwiththenaked-eye.Itcanbeseen
thatwhentheglucoseconcentrationwasaslowas
10μmol/L,therewasalreadyaverysignificant
colorchange.

Fig.5 PhotographofAudimer@Agsolutiontreatedwith
0,5,10,15,20,25and30μmol/Lglucose,

correspondingto1~7respectively

2.5 SERSdetectionofglucose
Fig.6(a)showedtheRamanspectraofAu

dimer @ Ag after reacting with different
concentrationsofglucose.TheSERSintensity
increased withincreasingglucoseconcentration.
ThegapbetweentheAuNPsformedaSERShot
spot,astheglucoseconcentrationincreased,the

silverwasetched,andthehotspotwasgradually
exposed,sotherewouldbemoresignalmolecules
(4-NTP)combinedwiththehotspot,whichwas
consistentwiththeincreasingSERSintensity[24].
Fig.6(b)showedtherelationshipbetweenthe
characteristicpeakintensitychangeof4-NTPat
1330cm-1andtheglucoseconcentration.When
theconcentration waslessthan15μmol/L,the
SERSsignalchangeslinearly withtheglucose
concentration. Whenthe glucoseconcentration
wasfurtherincreased,sincethesilverwasalmost
completelyetched,theSERSintensitywouldnot
change any more. And the linear regression
equationintheglucoseconcentrationrangeof1~
10μmol/LwasΔI=556.77c/(μmol/L)(R2=
0.998),whichshowedagoodlinearrelationship.
TheLODwas1.16μmol/L(3σrule).Asshown
in Tab.1,compared withother methods,the
proposedopticalsensorbasedoncolormetryand
SERSmethodhereinexhibitsalowerLOD,indicating
agreatpotentialforpracticalapplications.

(a)RamanspectraofAudimer@Agsamplestreatedwithdifferentconcentrationsofglucosefrom0~80μmol/L;(b)SERSintensity
changeof4-NTPat1330cm-1inthepresenceof0,1,2,4,6,8,10,20,50and80μmol/L.Inset:plotoflinearregionfrom1~10μmol/L

Fig.6 QuantitativeassaysofAudimer@AgbySERSdetection

Tab.1 Comparisonswithothermethodsfordeterminationofglucose

Nanomaterials Method Linearrange/(μmol/L) LOD/(μmol/L) Referance

Au@Agcore-shellNPs Colorimetry 0.5~400 0.24 [25]

BCQDs Fluorometry 8~80 8.0 [26]

MnCo2O4NFs
Ag@AuNPs/GO

Electrochemistry
SERS

0.05~800
2000~6000

10
330

[27]
[28]

Audimer@Ag
Colorimetry
SERS

0.5~4,4~10
1~10

0.2
1.16

Thiswork

  [Note]BCQDs:B-dopedcarbonquantumdots;NFs:nanofibers,GO:grapheneoxide.
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2.6 Thestudyofsensorselectivity
ToverifythespecificityofAudimer@Agfor

glucoseresponse,20μmol/Lglucosewasselected
for comparative studies with different
monosaccharidesandpolysaccharides (α-lactose,
D-fructose,sucroseandmaltose).Eachsaccharide
concentration was 10 times of the glucose
concentration.AsshowninFig.7,thedesigned
sensorhadaverygoodselectivityforglucose
detectionandalmostnoresponsetoothersugars,
thereby demonstratingits high selectivity and
specificityforglucoseresponse.

Fig.7 SensorselectivitytestofAudimer@Aginthe

presenceof20μmol/Lglucoseandother
carbohydratesataconcentrationof200μmol/L

3 Conclusion
In summary, we developed a dual-mode

glucosedetectionstrategyforcolorimetricmethod
andSERSbyusing Audimer@ Agbimetallic
plasmonicnanostructuresassubstrates.Inthis
assay,glucoseoxidasefirstcatalyzedtheoxidation
oftheglucosesubstratetoproduceH2O2,which
wouldfurtheretchthesilverdepositedinthenano
gapoftheAuNPdimers.Asaresult,theCTP
peakoftheAudimer@Agdecreasedalongwith
thecolorofthesolutionchangedfrom greento
brownandfinallytored.Meanwhile,SERSsignal
alsoincreasedduetotheexposedSERShotspot
afteretching.Becauseofitsexcellentstabilityand
low detectionlimit,Au dimer@ Agcould be
appliedforglucosedetectioninvariousscenariosto
differentrequirementsinthefuture.Furthermore,
thedesignstrategiescouldalsobeappliedtoother
nanostructures with different substrate and

depositingmetals.
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