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Fromthefamous1918H1N1influenzatothepresentCOVID-

19pandemic,theneedforimprovedviraldetectiontechniques
isalltooapparent.Theaimofthepresentpaperistoshow

thatidentificationofindividualvirusparticlesinclinicalsample

materialsquicklyandreliablyisnearathand.Firstofall,our
teamhasdevelopedtechniquesforidentificationofvirionsbased

onamodularatomicforcemicroscopy(AFM).Furthermore,fem-

tosecondadaptivespectroscopictechniqueswithenhancedreso-
lutionviacoherentanti-StokesRamanscattering(FASTERCARS)

usingtip-enhancedtechniquesmarkedlyimprovesthesensitivity
[M.O.Scully,etal.,Proc.Natl.Acad.Sci.U.S.A.99,10994–11001

(2002)].

virusdetection|coherentanti-StokesRamanscattering(CARS)|

tip-enhancedRamanscattering(TERS)

Scanningprobemicroscopy,especiallyincombinationwithplasmon-enhancednear-fieldspectroscopy,isusedtospecif-
icallyanalyzeandstudyobjectsbelowAbbe’sdiffractionlimit.
Thescientificgoalis,inadditiontovirusdiagnostics,toiden-
tifystructuralchangesofthevirussurfaceatanearlystage,
usingso-calledtip-enhancedRamanscattering(TERS)together
withcoherentanti-StokesRamanspectroscopy(CARS)(Fig.1).
Thiscombinedtechniquewillimprovethesensitivityandconse-
quentlyspeedupacquisitiontimesconsiderably.Incontrastto
knownmethods,thisisunique.Duetoitssurfacespecificityour
techniqueallowsearlydetectionofchangesthataltertheanti-
genicpropertiesofvirusesandthustheeffectivenessofvaccines,
withthesmallestsamplequantities.Furthermore,identification
withoutspecificantibodiesispossible.Thisgoesfarbeyondthe
currentstateoftheart.
InNanospectroscopic Systemfor Differentiating between

Influenzaand Picornavirus, we demonstrate howthetip-
enhancedRamantechniquecanbeusedtocharacterizeanddif-
ferentiatebetweeninfluenzaandpicornaviruses.InInstrumen-
tationandTechniquesweexplaintheinstrumentationandshow
howitprovidesexcitingtoolsforviralresearchanddetectionsys-
tems,e.g.,femtosecondadaptivespectroscopictechniqueswith
enhancedresolutionviacoherentanti-StokesRamanscattering
(FASTERCARS).Thepresentpaperbuildsonandextends
ourearlierfemtosecondRamanworkinwhichthefocuswason
detectionofanthrax(1).Discussionpresentsaconclusionandan
outlook.

NanospectroscopicSystemforDifferentiatingbetween
InfluenzaandPicornavirus

Virusesareinfectiousagentsthatspreadasnanosizedparticles,
so-calledvirionsoutsideofcells.Virusescanmultiplyonlywithin
asuitablehostcellandastheinfectionpropagates,thevirion
attacksacellofalivingorganismbyinjectingitwithgenetic
materialandinducingthecelltomakemultiplereplicasofthe
virion.ThebuildingblocksofavirionareeitherDNAorRNA
moleculessurroundedbyaprotectivescaffoldofproteins,the

so-called(nucleo)capsid(e.g.,coxsasckievirusB3[CVB3]virus
inFig.1). Moreover,therecanbealipidbilayerservingasan
envelope.Proteinspikescanprotrudefromthebilayer,forming
aseaurchin-likestructure(e.g.,H1N1virusinFig.1).
Somevirusesarepathogenicandcancauseseverediseases,

whichmakesaccuratediagnosticsessential.Thegoalistochar-
acterizethespecificvirusbasedonsingleviralparticles.One
commontechniqueisthePCR,whichhassimplifiedandaccel-
eratedthedetectionofpathogensoverculturingtechniques
(2–4).InPCR,thenucleicacid—eitherDNAorRNA—hasto
beextractedfromthespecimenfirst.Next,characteristicviral
sequencesareamplifiedemployingvaryingprimersetsfollowed
byfurthermolecularanalysis(2,3).Ingeneral,multipleDNA
targetmoleculesarenecessaryforsufficientamplificationand
theexaminationofasinglevirusparticleisstillchallenging.
AlthoughPCRtechnologiesarequitepowerful,severaldraw-
backslimittheapplicationinmicrobiologicaldiagnostics.On
theonehand,highsensitivityofDNA/RNAamplificationmakes
thisprocesssusceptibletocontaminationthatmightyieldfalse-
positiveresults.Furthermore,false-negativeresults,e.g.,dueto
failedamplification,havetobeconsidered,too(4).Thenature
ofthePCRprocessispronetoseveraldisturbingfactorsthat
mayhamperexponentialDNAamplification.Theimplementa-
tionofthequantitativereal-timePCR(qRT-PCR)inrecent

Significance

Surfacefeaturesofavirusareveryimportantindetermining
itsvirility.Forexample,thespikeproteinofsevereacuteres-
piratorysyndromecoronavirus2(SARS-CoV-2)bindstothe

ACE2receptorsiteofthehostcell witha muchstronger
affinitythandidtheoriginalSARSvirus.Thus,itisclearly

importanttounderstandthevirionsurfacestructure.Tothat

end,thepresentpapercombinesthespatialresolutionof
atomicforcemicroscopyandthespectralresolutionofcoher-
entRamanspectroscopy.Thiscombinationoftip-enhanced
microscopyusingfemtosecondadaptivespectroscopictech-

niquesforcoherentanti-StokesRamanscattering(FASTCARS)

withenhancedresolution(FASTERCARS)allowsustomapa
singlevirusparticlewithnanometerresolutionandchemical

specificity.
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Fig.1. (A)SchematicsofthetransmissionTERSsetupusedintheexperi-

mentswiththevirusmixturespreadonaslideandthelaserilluminating

thesamplefrombelow(λpump=532nm,P=500µW).Inthemodelofan

H1N1virusproteinspikes(cyan)protrudefromthelipidbilayer(blue).Inthe

modelofacoxsackievirusB3theproteinlattice(cyan)isonthesurfaceand

theRNAstrands(red)areinsidethevirus.(B)SelectedTERSspectrarecorded

onasingleH1N1virus(measurementpointdistance20nm,acquisitiontime

tacq=10s).(C)SelectedTERSspectrarecordedonasinglecoxsackievirus

B3(measurementpointdistance4nm,tacq=10s).InBandC,lipidmarker

bands(blue),proteinmarkerbands(cyan),andRNAmarkerbands(red)are

highlighted.SeethetextinNanospectroscopicSystemforDifferentiating

betweenInfluenzaandPicornavirusforfurtherexplanation.

years,wherefluorescent moleculesareadded,enablesexact
quantitationoftemplateDNA(3,5,6).
Anotherapproachtoidentifyingvirusesistheimmunoassay-
baseddetectionofviralproteins,whichisinsomecasesless
sensitive.Thus,theexistingmolecularanalysistoolsdonotper-
mitacombinationofmultiplexingandquantitationandinevery
casetheviralcomponentshavetobeextracted. Workingona
singleviralparticleviathePCRtechniqueisnotpossible.
Ideally,adifferenttechniquewouldcombinetheabilitiesof
qualitativeandquantitativeanalysesatthesingleviruspar-
ticlelevel,renderingtheneedforseparationofthediffer-
entcomponentsunnecessary.Apromisingtechniqueforthat
endeavoristip-enhancedRamanandpotentiallyothernon-
linearopticalspectroscopieslikeFASTERCARS.TERShas
beendemonstratedtooperateinaveryspecificandsensi-
tivemodedowntothesingle-moleculelevel,withnanometer
resolutionandbelow(7–10).InTERS,scanningprobetech-
niques(atomicforcemicroscopy[AFM]orscanningtunneling
microscopy[STM])arepairedwithRamanspectroscopy.The
formercomponentenables morphologicalimagingwithsub-
nanometerlateralresolution,andthelatterprovidesdetailed
spectralinformationoneveryspecificallyselectedpositiononthe
samplesurface.

TheheartpieceinTERSistheprobe,whichgenerallyis
acommercialAFMtip(forAFM-basedsetups)thatiscom-
monlyevaporatedwithsilverandexactlypositionedinthe
laserfocus.Uponlaserirradiationofthemetallizedtipaso-
calledevanescentfieldisgenerated.Moleculeslocatedinsome
nanometerproximitytothetipexperiencea Ramansignal
enhancement(upto107)oftheirvibrationalmodesaccordingto
thesurface-enhancedRamanspectroscopytheory(forinstance
refs.11–15).
Oncethetipispositionedinthelaserspot,thesampleis

movedunderthetipandtheregionofinterestisselected.After
settingagridofprofilelinesonthesample,theAFMiscoupled
totheRamanspectrometerandenhancedRamanspectraare
recorded.Suchasetupdoesnotneedspecialsamplepretreat-
mentsortaggingandallowsadirectchemicalcharacterization.
Thesamesetupalsoprovidestopographicimagingofthesample
surfaceinasingleexperiment.ThespatialresolutioninTERSis
limitedbythediameterofthesilverparticleatthetipandlately
hasbeenpusheddowntoaround0.5to1nmforbiosamples(9,
16,17).Anot-to-scalesetupissketchedinFig.1A.Forspecific
instrumentaldetailsthereaderisreferredtoref.18.Depending
onthenumberofacquireddata,subsequentmultivariatedata
analysismightbeusefulfordataassessment.Inthecontextof
ageneraltip-enhancedapproachofavirusidentification,itis
importanttopointoutthatnotonlyallmajorcomponentstobe
expectedinviruses[namelyDNA/RNA(19–21),proteins,lipids,
andevenglycoproteins]havebeenalreadydetectedbyTERS.
Also,differentstudiesonviruses(22–26)alreadyprovedthefea-
sibilityoftheconcept.IncontrasttoPCR-relatedtechniques,in
TERSaseparationofthedifferentcomponentsorlabelingis

Fig.2. TERSspectraacquiredduringtworepetitivetopographyscanson

asingleCVB3(Top)andasingleH1N1virus(Bottom),respectively. Mea-

surementconditionsforCVB3scanare20×20nm,128×128pixels(px),

scanrate2Hz,tacq=5s,14accumulations;thoseforH1N1scanare

200×200nm,128×128px,scanrate1Hz,tacq=10s,14accumulations.

Theshownthree-dimensionaltopographyimages weregenerated with

Gwyddion(31).Thegrayrectanglesindicatetheinvestigatedareasonthe

particles.
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Fig. 3. CARS (A and B) and FAST CARS (C and D) spectra for probe delay
of 0 ps (A and B) and 1.5 ps (C and D). The pump wavelengths are 722
and 732 nm, as indicated. From ref. 33. Reprinted with permission from The
American Association for the Advancement of Science.

not required, and ultimately only a single virion is sufficient for
an identification.

So far, reported TERS experiments on single virus particles
were performed on more or less randomly chosen points, which is
apparently not sufficient for a thorough characterization (22–26).
It was shown that grid-based TERS mapping of varicella-zoster
and porcine teschovirus allowed a linear discriminant supported
distinction of the two viruses. Clearly, the identification and dis-
crimination of different virus strains demand a comprehensive
characterization in terms of spectral surface imaging which is in
line with the abovementioned extreme lateral resolution (25).

For the present experiments an enveloped influenza A virus
H1N1 and a nonenveloped CVB3 were chosen. (To apply the
present technique to the severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) virion, the experiment must be carried
out in a biosafe environment and such studies will be reported
elsewhere.) The swine H1N1 influenza virus particle is composed
of a 2- to 6-nm lipid bilayer decorated with viral proteins and
eight ribonucleoprotein (RNP) complexes. The RNPs consist
of RNA strands, which interact with numerous nucleoprotein
molecules and some viral polymerase complexes. The consis-
tency of the lipid envelope depends on the type of cell membrane
of host cell the virus originates. The inner surface is covered com-
pletely with viral matrix protein. From the lipid layer flexible pro-

tein spikes with a protrusion height of 10 to 14 nm stick out (27).
In Fig. 1 the structure of an influenza virus is sketched. From
AFM measurements it is known that H1N1 shows pleomorphism
that means size (150 to 400 nm) and shape (spherical or rod-
like) vary (27, 28). The dimension of the CVB3 virus (Fig. 1)
is 10 times smaller (20 to 30 nm), with an icosahedral structure
(determined by crystallography), where the RNA is packed in
a protein coat (capsid) (29). Clearly, the different surface com-
ponents of the viruses yield TERS spectra with information on
proteins and lipids for H1N1 (Fig. 1B) and protein and RNA
for CVB3 (Fig. 1C). Again, it is obvious that spectral variability
on the virus surface occurs and a larger virus surface area must
be considered. Nevertheless, a discrimination of both viruses
solely based on the TERS spectra is quite straightforward. The
experiment with the full statistical evaluation (multiple maps, dif-
ferent particles, different tips) will be published elsewhere. Here
we want to emphasize that the method is potentially able to
identify any single virus based on the surface composition. The
main challenge is the time required for an assessment, partic-
ularly the spectral acquisition time. Interestingly, the necessary
AFM topography which is always detected to locate a sample
can also provide substantial information for a virus prescreen-
ing, thus considerably limiting the potential candidates for TERS
investigations (30).

Clearly, the extreme intrinsic lateral resolution of TERS
requires the acquisition of a statistically relevant number of spec-
tra on the virus surface to catch all relevant structural features of
a given virus. If a mere virus classification rather than nanometer-
scale structural information is the goal, a different experimen-
tal approach could be advantageous, particularly by decreasing
the overall acquisition time considerably. The approach shown
here artificially decreases the spatial resolution by deliberately
scanning the tip during the acquisition. This way, the spectral
information is based on the entire scanned surface and as the tip
is scanned continuously rather than in a step-scan manner, this
also ensures a “gap-free” TERS experiment. It is important to
note that this approach is fundamentally different from a conven-
tional SERS experiment, where one would bring the plasmonic
substrate in contact with a virus sample. In such an experiment
no averaging can be achieved on a single virus and consequently
a large number of samples must be investigated. Furthermore,
specific substrate–sample interactions will lead to preferential
binding sites that will also strongly affect the results.

In Fig. 2 we present two straightforward TERS experiments,
acquired while scanning a defined area on a single H1N1 and
CVB3 virus, respectively. This way, all Raman signals during the
scan were detected while the lateral resolution was intention-
ally decreased. The measurement parameters were adjusted such
that exactly one spectrum was recorded during one topography
scan.

Fig. 4. A schematic for the time-resolved surface-enhanced CARS spec-
troscopy. Femtosecond pump (green) and Stokes (orange) laser pulses excite
coherent vibration of molecules, which scatter properly delayed sinc-shaped
probe pulse coherently to generate the CARS signal. All these optical fields
are enhanced in the near field of gold nanoparticles. Adapted from ref. 34,
which is licensed under CC BY-NC-ND 3.0.
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Fig.5. (A)Normalizedspectraofpyridinewithprobepulsedelayof1psand(BandC)temporaltracesofpeakintensitycountwith(red)andwithout

(blue,green)goldnanoparticles(NPs).The12-µmthickpyridinewithNPs(red)generatesthesameorderofmagnitudeofCARSsignalsasa2-mmbulk

(blue)underthesamelaserpulseconditions,while12-µmthickpurepyridine(green)isnotdetectible.Afteradeconvolutionfromtheprobepulsesinc

shape,wecanextracttheringbreathingmodeofthepyridine–watercomplexfromtheredtraceinC.Adaptedfromref.34,whichislicensedunderCC

BY-NC-ND3.0.

Inbothsamplestherespectivespectraacquiredduringsub-
sequenttopographyscansindicatethattheapparentspectral
reproducibilityismuchhighercomparedtothesingleacquisi-
tionsinFig.1,thusdemonstratingtheexpectedlocationaverag-
ing.Thisleadstoamuchfasteroveralldataacquisitionandmuch
morerepresentativespectraldata.Thiscomesatacostthatsome
informationisconsequentlyburiedinanaverageddataset;i.e.,
theclearlyvisiblelipidmarkerbandsoftheH1N1virusofthe
“high-resolution”dataacquisitionarenotevidentinFig.2,hence
indicatingthatlipidspatchesthatareaccessiblefortheTERS
tiparecomparativelyrare. Whileitistheoreticallypossibleto
achievethesameresultbycombiningallhigh-resolutionspectra
ofasample,e.g.,combiningallspectrafromavirusscaninFig.1
BandC,foracomparisonitmustbewarrantedthatthespecimen
issampledcorrectly;otherwiseanimbalanceofcertainchemical
distributionswillaffecttheresultingpostexperimentalaveraged
data.Thisisparticularlyimportantsincerecentexperimentaland
theoreticalhigh-resolutionTERSstudiesindicatearesolution
downtothe̊angstr̈omregime.ForaTERSexperimentthisleads
toverysmallstepsizes,i.e.,toaprohibitivelylongacquisition
time.Forananalytical/diagnosticapplicationtheaveragedata
aremostlikelymuchmoreusefulastheycanbeaccessedmuch
fasterandduetotheintrinsicspectralaveragingprovideatypical
fingerprintofthevirus.Itisofcoursestillimportanttodeter-
minetheminimumrepresentativescanareaforavirus,which
allowstheclearidentificationofthevirusstrand.Thisisessential
forcomparisonwithotherexperiments,e.g.,toavoidgeometrical
influencesofthetip.
Anotherpossibilitytoincreasethesensitivitywillbeintro-
ducedinthefollowingsectionwhereweproposeacombined
tip/surfaceenhancedRamantechniquewithfemtosecondadap-
tivespectroscopictechniquesforcoherentanti-StokesRaman
scattering(FASTCARS)(1).

InstrumentationandTechniques

Toourbestknowledge,tip-enhancedCARShasbeendemon-
stratedintheearly2000s(32).Stimulatedbyoursuccessin
detectinganthraxusingFASTCARS(33)(Fig.3),wedevel-
opedadditionaltechniquesforenhancingthesensitivityand
resolutionofcoherent Ramanspectroscopy.Specifically,we
havedevelopedadditionalvibrationalspectroscopictechniques
fornanoscalereal-timemolecularsensinghavinglargesignal
enhancement,smallbackground,shortdetectiontime,andhigh
spectralresolution(34,35).Ontheotherhand,othergroups
havepushedthesurface-enhancedCARStosingle-molecule

sensitivity(36,37).Ourtime-resolvedtipenhancedcoherent
anti-StokesRamanspectroscopyisanexcitingadditionaltool
forvirusresearch.Ourearly“proofofprinciple”researchwas
usedtodetecthydrogen-bondedmolecularcomplexesofpyri-
dinewithwaterinthenearfieldofgoldnanoparticleswithlarge
signalenhancement(34).ThisyieldsanimprovedFASTCARS
(1)approachwhichisaptlycalledFASTERCARS.
Combiningthistechniquewithmodernquantummolecular

calculationisnaturalforstudyingcomplexbiologicalsystems.
Fig.4showsasimplifiedexperimentalarrangementusedinref.
34andFig.5showstypicaldata.
ThereviewarticleofLisandCecchet(38)characterizesthis

techniquenicely;theysay
“Investigationsdemonstratedthattheelectronicbackground

thatderivesfromthewaterandthemetalcouldalsobereduced
onsuchkindofsolidsubstrates.Voronineetal.usedtime-
resolvedsurface-enhancedCARS,whichcombinesdelayedlaser
pulsesofdifferentwidths,toobtainahighspectralresolution
withthesuppressionofthenon-resonantbackground.”
Theygoontosaythatthistechniqueyields“astonishingsen-

sitivity.”Indeed,thisimprovementoverourearlierFASTCARS
anthraxdetectionschemeholdsrealpromisefordetectionand
identificationofsinglevirusparticlessuchasSARS-CoV-2virus
whichcausesCOVID-19.

Discussion

Wehaveshownthatononehand,thetip-enhancedRaman
techniquecanbeusedtocharacterizeanddifferentiatebetween
influenzaandpicornavirus.Ontheotherhand,surface-enhanced
CARSresultsin“astonishing”enhancementinthesensitivity
(38).TheFASTERCARSsystem,whichcombinesnanometer
spatialresolutionandenhancedsensitivity,forgedbyboththe
tipandcoherentRamanenhancement,providesexcitingtools
forviralresearchanddetection,e.g.,theSARS-CoV-2virus.

DataAvailability.Allstudydataareincludedinthisarticle.
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18. L. Langelüddecke, P. Singh, V. Deckert, Exploring the nanoscale: Fifteen years of tip-
enhanced Raman spectroscopy. Appl. Spectrosc. 69, 1357–1371 (2015).

19. K. Domke, D. Zhang, B. Pettinger, Tip-enhanced Raman spectra of picomole quantities
of DNA nucleobases at Au(111). J. Am. Chem. Soc. 129, 6708–6709 (2007).

20. L. E. Hennemann, A. J. Meixner, D. Zhang, Surface- and tip-enhanced Raman
spectroscopy of DNA. Spectroscopy 24, 119–124 (2010).

21. E. Bailo, V. Deckert, Tip-enhanced Raman scattering. Chem. Soc. Rev. 37, 921–930
(2008).

22. P. Hermann et al., Evaluation of tip-enhanced Raman spectroscopy for characterizing
different virus strains. Analyst 136, 1148–1152 (2011).

23. P. Hermann, H. Fabian, D. Naumann, A. Hermelink, Comparative study of far-field and
near-field Raman spectra from silicon-based samples and biological nanostructures.
J. Phys. Chem. C 115, 24512–24520 (2011).

24. D. Cialla et al., Raman to the limit: Tip-enhanced Raman spectroscopic inves-
tigations of a single tobacco mosaic virus. J. Raman Spectrosc. 40, 240–243
(2009).

25. K. Olschewski et al., A manual and an automatic TERS based virus discrimination.
Nanoscale 7, 4545–4552 (2015).

26. A. Hermelink et al., Towards a correlative approach for characterising single virus par-
ticles by transmission electron microscopy and nanoscale Raman spectroscopy. Analyst
142, 1342–1349 (2017).

27. M. C. Giocondi et al., Organization of influenza A virus envelope at neutral and low
pH. J. Gen. Virol. 91, 329–338 (2010).

28. Y. Liu et al., Study on the morphology of influenza virus A by atomic force microscopy.
Chin. J. Virol. 24, 106–110 (2008).

29. J. K. Muckelbauer et al., The structure of coxsackie B3 at 3.5Å resolution. Structure 3,
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