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Chapter 1

Introduction and Literature Review

1.1 Background

Therise of emerging infectious skaseas well as thencreasedspread of existing
infections, such ashuman immunodeficiency virus (HIVlyme diseasezscherichia
coli, severe acute respiratory syndrome coronavBédSCoV), influenza andEbola
virust?, arethreateningglobal economies and huméealti¥. Sincethe end of 2019,
COVID-19, an emerging conavirus fromSARSCoV-2, has caused518 million
infections and.25million deaths whichis a signficant burdenfor the public health
systemBefore the development of the specific drugs and vaccines, early diagnosis and
management usually play a crucial role in controlling the pandemic outbteak
addition to infectious diseasesome chraic diseasg such asardiovascular disease
(CVD), type 2 diabetes (T2D), adzheimeb s d i s eanealsothd leading cause
of death worldwidg these diseasesharerisk factorslinked to unhealthy modern
lifestyles, likeinsufficientphysical activity, unhealthgliets,alcoholic abusgtobacco
use, and exceptional pressiifeAccording to the WHOheart disease hdmenthe
leading cause of death worldwide for the past 20 yearesenting 33% of all deaths
worldwide and 17.9million people eah year Deaths from diabetdsasincreased by
70% since 200@and haecomethe top 10 causes of dban 2020.At the same time,
more thané million Americansaged65 and oldefive with Alzheimer's disease and

other forms ofdementiain 2021 By 2050, that number is expected itccrease
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dramaticallyto nearly 13 million.As one of thecostliestmedical conditions to the
society $ 239 billion was paid byhe nation for Medicare and Medichpaymentin
2021 About $1.1 trillion cost is projected in 2050rhose cost do nanclude the
uncompensated caoeming from the family members and friends of patientbich

covess about70% of the totaMedicarecost foradementia patiefit

To mitigate the spread of disease and imm@atient managementievelopment of
highly efficient, massproduced, antighly sersitive diagnostic methods essentiaf.
Early diagnosis and dailyealth monitoringcould also help patientswith chronic
diseaseso properlymanageor treattheir illness andto keep them from turning into

full-blown disorderstherebyreducing physicaharm and financial coSt

In addition toclinical diagnosisgytological researchespecially singleell analysiss

also important for the diseases study dnd) developmentUnravelling the underlying
mechanism of how cells communicate upon external stimulation offers critical
knowledge in a wide range of fields, such as fundamdmtédgy, drug discovery,
disease diagnosis, and cancer/stem cell research, to namé ¥f&enventionatell-
based assaysainly analyze¢he average response from a cell population and ighere
heterogeneity oindividual cellf. It is reported hat everthe same cell line cadiffer

in size, protein levelsgenomes, transcriptomes, epigenonegs®. These celto-cell
varationshave great influence on tlemtire population function anoring biological
noise in clinic therapyHowever, the extremely complex intercellular communication
networks in multicellular systems pose significant technical challenges to exploit the

17



singlecell signaling pathwag. As a results,there is an emerging need for the
development of novel technolpghat permits accuratenonitoring of singlecell
activities and further revs the complexcellular communication mechanisms in

immunesystems.

To fulfill growing demand of modern sociebjosensor technologiesveexperienced
explosivedevelopmentBy combiring interdisciplinary aproachesavariety ofrapid,
reliable, accurate, andostefficient diagnosticsand analysissystem have been

developed.

1.@ptibcdaolsensor s

Since theiffirst application n t he ear | y 4aveleéndapidly dbvelapede ns or s
and widely used in the field of clinical diagnosis, drug discovery, biomedicine, food

safety, agriculture, environment monitoring, and pollution cohitréls diseasas the

leading factorthat threaten human health atiges, biomedical diagosesand

biosensors havelayed important roles iaur daily life and have a profound effect on

our healthcare system.

A biosensor is an integrated analytical device that usually integrates analyte samples,
recognition molecule§.e., antibodies, enzymes, nucleic acid, aptamdrch allow

the sensitive and selective detection, a transdibeg¢can convert the biorecognition
event into a measurable signal, and a display sy&td@ine detection process can be
roughly divided intotwo modes: labebased and labdtee detection.Briefly, label

based modeelies ona signal probgi.e., enzymes, radionuclides, nanopatrticles, and
18



fluorescent orelectrochemiluminescenprobe$ to generate thefinal detection
signal®? Enzyme linked immunosorbent assay (ELIS&)a typical labebased
method for protein detection and quantificatilonthis method, the target moleculasv
immobilized on a microplate surface and el specific antibody which was linked

to the reporter mzyme (i.e., horseradish peroxidase (HRP) and alkaline phosphatase
(AP)). The incubation of m@orter enzyme with appropriate substrate can generate a
measurable signal to help quantify the amount of the target molecule. There are several
formats for ELISA including direct, indirect, sandwichand competitive methods
(Figure 1.1). The highaffinity antibodies pairs make ELISA a powerful tool éoralyte
detection with great sensitivity and selectivity. Howewtepwise staining, washing
andmanipulatiorbefore analysikead to higher operational costs and longer assay.times
Thetarget biomarkersan only be measuredn d e r  diaseinadrtiast,labelfree
testmode is performed without asygnal probe. All theletection signalaregenerated
directly by the interetion between the targbiomarkers and transducsurface The
molecular presence can be r&ale monitored via some biophygsai properties such as
molecular weight, refractive index, and molecular ch&rgeabelfree biosersing
assays havenade greaimprovement duringhe past few decades due to their ability

for rapid andreaktime detectiof?2
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il - -
Direct ELISA Indirect ELISA Sandwich ELISA Competitve ELISA

Fi gazrlei fferent types of ELI SA.

According to different types of transdarg biosensors can be classified isteveral
categories, such as electrochemical biosensors, optical biosensors, electronic
biosensaos, thermal biosensors, gravimetric biosensors. acoustic biosensors, etc.
Among them, optical biosensors have attracted plenty of attention due to the great
potentialsfor direct, highly semitive, reattime, and labelfree detection of many
biological and chemical substante¥. Optical biosensors detect the biological
interaction betweera biorecognitionelementand a target molecuk by measung
changes of the optical properties of the propagated light (i.e., re&artdex,
absorption, intensity, or wavelength). The commonly used optical biosensor usually

involve fluorescenceglasmonicRaman scatteringandoptical fiberbaseddetection.
1.1Bi orecognition el ements

Biorecognition element is used to capture ordbthe target analyte in a biosensor
device. A good biosensor requires a strong binding affinity and selectivity between the

biorecognition element and analyte of interest. The most used biorecognition elements

include antibody, enzymes, nucleic acid, aptamer.
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Antibody

Antibody is a large (~150 kDa) protein produced by the immune system and circulate
in the blood to recognize and neutralize a specific foreign substance, called an antigen.
Antibody has a Yshaped structure containing two identical heatains and two
identical light chaing. Human antibodies can be classified into five isotypes
(immunoglobulin (Ig) A, IgD, IgE, IgG and IgM) based on their heavy chain constant
regions, in which IgG is the most abundant antibody in the blood and sertiee main
antibody in the biosensing platfortisWhile vaious antigenbinding regions at both

tips of the antibodies enable antibodies to recognize millions of different antigens. Due
to its high affinity to the target molecule, antileghave been widely used in different
types of biosensors. However, Antibody production usually involves animals or cell

cultures, leading to a costly and laborious process.

Fab fragment

Vv

- CH1
. Heavy chain
Antibody (I9G)  Aptibody (HCAb)
VL0
» .

Qf % "()L VH Foiic scFv fra?ment
r‘ CH1 ~ k{é/‘
PycH2 § CH2 '

S (J}»\
¥ CH3 Q& CH3
Nanobody
7 4
Rl VoY

Fi gda2Schematics ohaaobgthgdysandd www. cusabi o.
20987. ht ml)
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Recently, research on nanobody has gained a great deal of attention. Nanobody is a
single domain antibody which deletes the light chain and only contains one variable
domain located on a heavy ch#frigure 1.2). Compared to traditional antibodies,
these much smaller (1BkDa) antibodieshave improved the stability while
maintainingthe original degee of recognitiof’. Besides,nanobodies areasier to
produce in a large scalnd thé&@ monomeric structuresan begeneticencoded’,

making them good candidates in advanced therapeutics and biosensiig¥iled

Enzymes

Enzymes usuallpind target analytes though noavalent interactions (i.e., hydrogen
bonding, electrostatics). The binding signals are produced in biocatalytic process.
Enzymes capture and catalyze target analytes, covering binding events into measurable
signals (electdal, optical, or thermal signals). The signal can be further amplified for

improved sensitivity?’.
Nucleic Acid

Nucleic acid probes may be either DNA or RNA molecules with different of lengths
(100-10000 bases)angingfrom short oligonucleotides tmultigenic chromosomal
segments. They are used to detect the presence of unique nucleotide substances within
microorganisms. The binding specificity is provided from complementary binding

motifs of DNA or RNAL®:32
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Aptamer

Aptamers are sma#flingle strands of DNA or RNA molecules which selectively bind

to target analytes including proteins, peptides, carbohydrates, or live cells. The unique
threedimensional (3D) folded structures formed after binding usually detesithire
specificity and biding capabilities of aptaméfs Aptamers are synthesized through an

in vitro selection process called Systemic Evolution of Ligands by Exponential
Enrichment (SELEX)Figure 1.3). SELEX is a combinatorial chemistry technique to
isolate singlestranded oligonucleotides with high binding affinity to target analytes. It
starts with incubation of the target analyte in a pool of random oligonucleotide
seqiences. After repeated rounds of purification and amplification, only-dfigtity
aptamer will be left and mass synthesiZe®ince its discovery, Aptamers have
received intense attention and interest in diagnostic and therapeutic fields due to their
great advantages in high stability, low immunogenicity, easy for chemical

modifications and mass productfdie.
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1.2N.anomataenrd anl asn o sitnr uocpttuirceasl bi osensor

The rise and maturation of nanotechnol ogy

nanomat er i albsu.l kComapaaerioenda tt ®a li lay sshow uni que

magneti c, amdrdliect rmhfeinattpltee sssitzees s dihme&ans |
100. nRositive progress has been made in th
range of filed, suchbiaossi mphongt hecrartaal ys h

enhancement , “BPdnostanesnan g mabksesceidalbhasensor s
attracted tremendous attdrtteores$ oqifmetnhteo t h
personali zed healatdhv acnacreedt idTHeesy nagosatuy wes @MmMap er
of nanoparticles such as | arge surface ar ea
been discovered and ebxipolsoeinbseodmspdetdettf beant

and anmpéwyftormance

Thephysidadhepmiacmdrti es of nanomaterials | ar

mor phol ogy, composition, and surface struc
through the controlled synthesis of nanomal
meet tHObeohewarious applications.

Typinnabmatiemi lal ssensor

Nobl e met al | iNo nlaen onmeattaelrsi aalisea cietda lhlgine uenl e m
(Ru), (Rodipivan Padi unoPad) i Mgl d a(nAlg )sNd bveelr
me trad n o ma haebieaelns wi det ye usieelbd e@lmeort o t heir

excell ent optical. and catalytical properti.
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The optical properties of noblleomalt asumaaoe
pl asmon (SPRITdESE®PR i s a physical optical p
the interaction between incident | ight (el
surface of met al nanoparticles. When the i
met al and medr oms slhreft thed adadenlopatr ei eke i t ed
and col | ectairwalnyd ddrei Inlafntophaer tasccdiel | ati on f
electrons is the same as that ,béatdhegi hoi d
stroegrma@dmhncea specifThi swaovpet ieaght s pbahbmdno
LSPR.P a HtLYSPiRc s @mskei ef;tunct i osed f @oétdo ¢

nanostructamnugetsi ng antnagreanstdrbuscotdufraep dren t he
refractiwecrodeyi madimagtdtsatnidf tscattering 1in
chandSPRf spErempmebence and concentration

deter mmoeidinlgpy t hppe dakSPsRhi f t(Fiagd4).e nt ensi ty
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Fi ga4(ea) Schematic diagram of LSPR. (b) A t
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The LSPR sensingheor &«sorhamscai smphacteduimych amnr

refracti vesurndoemeddifigtn henpr ove the detecti or
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LSPR biosensor, the noble met al nanopart.i
sensiaehvighggufrTéhde refractive index sensitdi

ratio of the relstointatnltee awreavred e n@ft hr ef r acti ve

medi.Among al l metall i ANR&awmgddrrtaica leeds e(nNR an):
i ntemasopl absamcerndi do wisnegn stoorc @ lhleemt chemical |y
bi ocompatibility, and hi gh°.98e forr ectoigwne t i mn

el ements such as antibody and aptamer can
throughal a8t bAmd wi t A?2Aa NBEi ali fgrealemt shapes
such as nanos mhenroebs ,a nrcahresc u mepsy,0 a,ththerse, and
been wi délSPRubsedsiembsodori plaepormsed that the
of nAaun o s fjeh.egreenss i 4 4 vnn)gfRdUmbdes are much small
t hose o fn anmonboirppgdnsdam odbsr (@ae,.sda.esi 7T08i 0n pERI U

|l n addoetliomm,at ed srwnl pas tAc hrmamdr pds aan d s,

i ndex seinsdnwiyslt i iescreasing aspéaet i matixo.
sensintainvointbyd B as p @ c(ds ernastiiton woifRiy& 19dal | er t he
that of nan®peds (vsietnis2B8BWMI BYOvertahd,
refractive index sensitivities of AuNPs in
proviai ggneirchea f or i mandr idaelai gneahmeocpil ca s
sené&iimggls).duNPseahsbit strong and tunabl e pl
Vi siVd IS4 GiPps0 hmand nfear &bD6MAOHR ranges, all ow

for colorimetric d¥t®IlcthowmglofAg amlgees  arntail g
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Compared to Au and Ag NPs, Pd and Pt NP s
neopl asmonic biosensor due to theNIrR I ow sc
regbito® Howplamgnoup mMREMPEPJIRYRhand) I r

nanomaterial s, ar e known f orNobhei rmeéenatel
nanomaterial s have t he advant agtei gdfl y I ar g
coordination unsaturated atoms on the surf
reack’i ofrussr t her more, the d electron orbitals
nanomaterials are neaa@sbt pdi owshsourifrabcaea l a |
The adsorption strength is moderat e, t hus
active compoundscaatnadl g &mbtihiengnet Aeé nanomat
have been reported to catalyze otmbegeoaxicdat: i
agent s Bydcsdt Bas amet h T MEH,Z2dmhienrey | enedi ami n

( OPD) a'nd 68z i-bnioe(th y | ben z6stunlifaoznoihck BESEi rd )
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the pres@nwe pofoddce cseshomgdompiroidugtappl i c:

prospects i n sdasd oa i prebri akxeicdnaainedz y me

Carbon m&aobwimenanoatrthkodd owWCNTyS)i ndri cal tub
consi ss$i mgdyyefr-upolghag h€menme h ¢ st e @N ToS

includwakiaed!| ear b8%WC M)ben datdanbeetsefr( | ess t han
nanometanmd (-walli ed car bon namantsulsad n(gMWG N Tsse
concentrically wntertiramgtgehsaomt abesr al na
t o huwmdrof MdamiNMstegsmseci alhlaweSWENTsa,cted sig
i ntéemedi oeeerdweat it ednt phuyesi cal ,ancdpéemietaktironi

propdrtri e tranadcdusofici @atnea fywset drneaclosgni t i on ¢

I n recexWCNyhszacb een wi del yf iueslieddi briaaf 0§ e
Wavel engths used for excitation and emi ssi
mainly in the vi6$Oblimg . tthightr ampg.e agnidl@mi f i c ¢
scattering inducsandys pamtl aonge ccuas  ftli uscsruees c e
resuhtextremely | amdtripgaskeg rpamditerat isan t o

of physi ol ogical a n d C opnapt ahrod doggd roiad malf eoa ura
SWNTsave ablsrooasmeicaiamd mbri ght f | uor d e mearer
i nfr ArkdMan@®A®00Q'Ym of faeulitnigpa okvgr ound and h
penetrattibdno |l degdtePal |l n i @adaebesso opt i on spectr a
singdlel ed car bcoamvieapowubédsthe photol umines
various fluorophore groups, which’’a%l ows t
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SWCMNTal srave excell emtihtopuhto tipisid tagob | bdtsyn k
quantum, den ab lairteegp pthiec & lo nogoind mo!? &Boeugli edse s ,
CNTs have | arge Raenatan@itca tetsemiamg edlrdmdianc e m
reg,i omatghem excel IRamta nl asbpeelcst rfosrcopy and su
Raman spectr@@stoi'y (ISERS)BMT e sahsdpgemtt i o
materi al s wi t h extremely high surface ar ¢

bi omolecules or ®t her functional groups

Quantam@Quant unf Qbatlenown ad meredouaom anlescent
semi condawcomawe tahafl sw nanoméf@dr snimheasei ze
mat ecoaibmogt el e meretrs ofdi enmiytr poivp 5 bivd fainyd |

can emit fFlowhtebcesceunable from the ultra
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an i ncr egaaspe deaeangdyiurmr d rheeas es t h €8Coxnepiatraetdi on
to the traditional vel wdagrdost coesnviaeh hd yedxky,e nQb ¢
fl uoresce,nscuepelrii fobr isgibgtnnaels s, hilisht geir f fSetroeknecse
bet ween excitation amala peanbiisl sii-copnl bwar veem uesnisgi t ohn
attr acteimeaq dotuiso natitne bi oi m&SHomne tamedy bailossoe n s

suffer from some disadvantages bswdlxascibtlyi.r

Magnetic nadaoparizedl enagnetaive rmrsarpepgpratriaanags
behasaisort he numdteirc od o meadidgnast rneedeangse etthhez at i on
onhgppienhse presence of a&nxd edemd gwoatdinzmtcicali rf i
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i mmedi ately when external®Thegoaetigoe f mabde
pr opseerntaiblagnet i ¢ ntamo ppaedtdonocdmretsr ate at he ana
deecti dhCasveermtpl oi ted the wunique superpara
propertieshefl t haaodmwvelampgd et paW/hAer ned Fe
coisdel | nanoparticle t(F-cAQSHP)YBdebsi Mg ghr
throughput cyRiokd6héh @ edpeattétoeaornn qualaiyty of s
on the gl asgsr esauthlsytwiatper bwhaesd assi st ance of th

fiwhdch signifidéaret|ly cadn afsdioréantodcd r e

PDMS
Channel

Plasma TreatedGlass | Single

Plasma H
_‘__Tk/'fi'f} + PDMSWell
& 3 P Functionalized
3D-Printed > Pl S by Antibodies
Mode FACSNPs :

Figu6&chematics of t he FACSNP dmir-krebdr ay

microscopy i mages of .t he FACSNP microarray

Synthesis of nanomateri al s

I n thedpaesatdefsewt he controlled synthesis of
great progress. A variety of physical and
the synthesi s°®phhysaonamatsgmitalesi s met hods
commi nuti on, ultrasonic commi nuti on, mol e
condensation. Chemical synt hesi s met hods
el ectrochemical synt hesi s, etsleedl. gTlhmwd lng mett
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synthesis methods, various nanomaterial s w
we-defi ned composition havepbeeigd sucoangsf u

foundation fobitoBenapplsi cati on in

Bi of uncti onadmaztaariioanl so f nan

Efficient bi ofuncti on@adn z a&tnidow dfa & maarwo mat
bi ocompatimpdoveg tame siDmeal f ampt cdnalaiéz atni
perfor med i n a di F eacd r ewat ifnudn opteiodcneashvsa,y.at i
i nt ersdch®tomeen the nhkinomalceandacsdeavied e r

t hr camgmov ademneacgh ectrostatiist ackiem@ctoony
der Waa)osr faor campwarloeancthcl a isioaghmi de coupl i ncg
cr dssnkainmm gd,actti binoleda@o mma rnecemotvaa | espbehbedt

bondsr ovmmodree stability and IHowewespéecbobDfied:!l
anchoring may chang&nd hienfsluwudmace thhheopamal y
indirectiesa bppmohké&@ul emedainl t zednanomateri

coordinativeFontexamplens bioannpetadedkedon

streptavidin/avidih.®°functioned nanoparticl

1.3C.lsasi f i caaptiiomalofbi osensor s

Fluorescencebased biosensors

Fluorescencas a plenomenon in which a molecule is excitedubyaviolet or visible

light photonsand emiis the light with alonger wavelengthA fluorescencéiosensor
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usually include an excitation lightsource (lightemitting diodes (LED)s or lasers),
fluorophoresthat are used to label th&arget analytewavelength filters to isolate
excitation ancemission light with specific wavelength range, and a detect@ctord
the fluorescence signdfsNumerous parameters have been explordtlorescence
biosensor such adluorescencewavelength, fluorescene intensity, quenching
efficiency, fluorescence anisotropyand Faster or fluorescence resonance energy
transfer (FRET)FRETIs a nonradiative energy transfer form one donor fluorophore to
an acceptofluorophoreinvolving in a diple-dipole coupling process between two
fluorophoresin close proximity (~1-10nm¥%°° The coupling resultsn a different
fluorescence wavelength and intensifyhe effect provides ra effective way to
investigate the proteiprotein interactionRecen developmenodf FRET researclnd
improvemenbdf biosensor devickas establishednanyeffectivemethods fobiological

imagingand singlemolecule detection.

Surface plasmon resonanc¢SPR)-based biosensors

The surface plasmomesonance biosensor s welldevelopedpowerful optical
detectiontechnique forlabelree biomoleculadetection in reatime. SPR biosensor
usually uss anAu nanolayeias a transduck¥. SPR occurs whethe electronsat the
metal surface are excitéy an incident light with a certaincidentangle resulingin
resonant oscillatianpropagaing along the metatlielectric interfacewithin the 100
300nm of the field The resonating electrons are also knowswaace plasmons which
are highly sensitive to thefractive index (RI) osurroundingnedium Binding of the
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target on to the transducer surface wmitluce changeof light properties (RI, intensity
incident angle) which are proportional to the concentrationamfalyte. SPR biosensors
can helpto investigatethe timedependent interactioprocessbetweenanalytes and
bioreceptorsthrough reattime monitoring of the SPR response, which erabie
analis of the binding kinetics fo analyte molecules @ssociation constanka,

dissociation constartd, andequilibrium constant K[°2,

SPR LSPR
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\ particles . i I
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Fi gaTGompare the sensing principi®é of

Locali zed s urrefsaccnéaln®RPaas steddo s eLBRRbiossnsor
has been regarded amew generation of lab&lee detection methodt generally
employs metallic nanostrucires, such asanospheres, nanorods, nanoshells,
nanowiresandnanoprismsas transducer Instead o propagating on thiarge
interface the evanescent field of LSPR is confirdund the plasmonic
nanostructurewith penetration depths around-30 nm'3 Sinceelectric fieldsare

only enhanced near a small ranggafticle surfacgthe bulk effect and false positive
33
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signalare geatly reducedBinding of the analytet the surface of plasmonic
nanostructures results in the local Rl changaich can beensitivelymonitored by

the detectoP. The development of narghotolithography techniques has enabled the
fabrication of highly controlled nanostructures on the sesgbstrateThe use of

LSPR has several attractive unique optical properties. First, the scattering from a
plasmonic NP is bright enough that single NPs can be identified using optical
microscopes and dafield illumination'®%. Coupled with high refietive index
sensitivity, the sensor sensitivity can be greatly enhdfteédhother advantage of NP
is that their optical properties are stable over time even with prolonged excitation,
unlike fluorophores that are susceptible to photobleachimgs, long-time

monitoring is availabR. Also, scattering from NPs can be seen by the naked eye,
promoting their use in colorimetric biosensing (such as pregnancy test). In gaddition
LSPR signad are completely tunable by adjust the size, shape, and compaxitice
NPs. Compared to SPR biosensb6PR biosensads theoretically more sensitive

and more suitable for small molecular detectieigure 1.7).
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To observe the plasmonic materialaikdfield microscope has been develogederve
as a biosensing techniqte monitoring of biological event$n atypical optical setup
of a darkfield microscope an opaque disc placed between the lgrce and the
condenser lens blocksost of the light from the illuminat@nd onlypermit light with
high angular transmifThus,only light refracted, reflectedor scatteredy the sample
reachthe low numerical apertureNA) objective lendor visualization leading to a
bright image on a daackgroun&®. A chargecoupled devicCCD) cameras used
totake the picturgof the image being observigdgure 1.8). Many modificationssuch
asdifferent light sources and vario@CDs, have beemtegrated into the darkeld
illumination system to improve tregnatto-noise ratio and time rekdion for LSPR

biosensing.
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Surface enhancedraman scattering (SERS)based detection

Raman scattemg is an inelastic scattering process where the frequency of an incident
photon is increased (Stokes Raman scattering) or decreased®t(kas Raman
scattering) after interacty with a vibrational molecule. The spectrum of the Raman
scattering can helps identify the single molecule based on their vibrational fingerprint
including energy and frequencies, which is a very useful technique for biosensing.
However, the Raman scattering efficiency of most materials is usually insufficient
because onla small fraction of incident light (~1 in 10 milliophoton$ is Raman
scattered, contributing to a low scattering intensity and weak biosensingSi§ERS

effect was discovered in the 197048 |t has beeshowed that the Raman scattering
efficiency can be enhanced hyactor of 16 to 10 when the sample is immobilized

or near the nanostructured metallic surface (common metals used are gold and silver
nanoparticles). Electromagnetic (EM) enhancement is believed to be the main
contribution of SERS effect. The interaction between the light and metallic
nanostructure can generate a strong LSPR effect which will lead to the resonant
absorption or scattering and result in a magnitude enhancement in the local
electromagnetic field intensity. WWa chemical enhancement (CE) involves the charge

transfer process between the metallic nanostructure and analyte m8fecule
Optical fiber-basedbiosensors

Fibre-optic biosensor (optrode$les been developed withiorecognition molecules

fixed onasilica optical fibre oraplastic optical fibravhere light catransmit along the
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fibre to analyte sitesThis type of sensohas severaladvantages ilong-distance

transmissionsampleoptical designlow cost,compactconstuctionand so oft’. The

signalscan bemeasured in differerptical parametersuch as lasorbancgreflectance,

fluorescencechemiluminescengendbioluminescenceRecemresearclnasintegrated

fibre-optic biosensowith different types okensingechnologies such &PR,LSPR,

or fluorescenceéo further improve theisensing performance.
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1. Hel er o gteemahgwise s
ELI Spot/ FluoroSpot assay
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achieved mainly through <cell secreted sign
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di ssolved gases such as Amdamg ct mexmdec ytnak ic
broad camadgor profi ec @do fbycedalnypapulbaemn owisd el
investigaredcastilay for the regulation of
communitt?’ai fese mol ecules traveld itno tthaer geextt
sites, and then elicit corresponding r esfy
| mpaired transportation of signaling mol ec
communi cation has been evidenced to prese
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during intercellular communication and pro
and understand the spatial/ tempnoorlaelc udiesst r i
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Chapter 2
The Influence ofPlasmaProtein Corona onlmmune Cell
Assocation and Cytokine Secretion Induced byOligomeric and

Fibrillar Beta-Amyloid.

2. 1Introducti on

Beta amplooiidyi Ates from amyl oid precursor
membr ane protein expressed!®fihei ABRlesaaad ¢
of fbabnyilsecr et ases, yielding btlavea n dhalp®r pept i

Among the t b4 2pe pmhdrdee shy dArophobic due to th

acids of isoleucireg mmdsalaandi ne aoantsh aeC atk
due to its higher tendency in aberrant agg
of b&And the intracellul ar tangles of tau a
Al zhei mer 6s di sease ( AD) , a pri mary form
popiublds

Whi Ibpl Aques are often | ocated in the brain
peptide itself can also be tracel®imheerebt
relationship between the peptide | evels 1in
di seased individualk®! Goweelelring eeai denaua cl

transpbhryt sefr uAn al bumin and apoPfi,poipirkoeleyi ns
due to the poor solubilityl oketbappeptydef :

al bdfi®hai nst the conf obEatritdirealmocleangvehsd | ef
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receptors on microglia and monoaoytnhes/trhacr o
cl earance obpeptirdeel-itl il lcamimathnomy p-hagocyt c
infl ammatory ¢ ‘akiere hceomptliecannent C3b to ¢
receptor 1 (CR1) of erythrocytes ils a mec

cl ear abté® of A

The |literature hd@snsuhgedbteddt hse aseedf eht
early diagnosis of AD. The effect of human

Usynuclein aggregation (a®$ ochiaast elde ewi t rhe pR

receh’t However, the associations Mmifn piltass ma
maj or aggregation for ms, namel vy, ®DOi gomer s
andf Ahereafter, to referritlol damef ammefdfy toh d
remai n Fuunrctlheearrmor e, the i mmune responses 0]

peptides and their aggregates have not bee

Heyrewe perf dmrmed m blastkddluL&P®R | mmunoassay t
retailme detection of cyte)kiared,t umer ,neqnrnteys
alpha (TNF), by human monochQ eastbdanAdt hg mp ho
pr esenahes eamncde of pllhaes mrae spurlottseiinmsp.l i cat ed a
pl asma protein corona in shaping the cell
protein aggregates, and demonstrated a con

and i nfliammdt.i on
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2.2 Experiments

Transmission el ect rFomr nMMiEdr d sica@AOn @(AdB M) .
(each of 50 OM)ho, plashgdmad @ rndteeiarcs,i oA wi t h
were pipetted onto capper aggied svfgrs O0fdisSimmes,s h ,F
ProSci Tech) and | et adsorb for 1 min. Afteri
the grids weree of AQMewaltieirt. h Th@® grids wer e
stained wift L% uranyl acetate (UA)wefroer 30 s

i maged by a transmission electron microsco

Net herl ands) wunder an el ectric potenti al o]
camera (UltraScan 1000, Gatan).
Thioflavin T (TATXi hkenhetpiepsaggawnbrilliza

conductedM B8 NdgWUBOhT dye pi-wetteglabheo( &09(
Changes in ThT f 1 uob-sehseceetn ceqntienndti cian i hget
recorded at 37 AC till thersadearat(PenkipmBls
EnSight HH33400; Ex/ Em: 440/ 485 nm). The a

sample condition.

Cel | culture aBHSYthorxinceuryo bdsassay.ma <cel |l s v
Dul becco's Modi fied Eag-L2 M@EBdiFUM: MNICC) e wi
10% fetal bovine serum (FBS). For the viatk
pretreatdd ywiithle g&liyyma, 0. 01%), incubated .

and washed with phosphate buéfgréd, 680i nel
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were added to each well atnod rienaccunb a8t0e%l caotn f3l

1 M propidium iodide (Pl) dye in fresh DMEM,

cells for 30 min. After opticMi Biant itohne offo rcnor
of oligomers or fibrils were added to the v
was read by Operetta (PerkinElmer, 201 | ens

CQ. Theposhilti ve apoptotic celhlgs fwarceéi onuwt e
i nstrument . 9 reads per well for sampl es ¢

were iIimaged as the control

Abpreparide x @amP-puroomanodt r e @h Mmama Spec,

sequdhA&EGDSHVLKEGAYMEI FDVQGHVFGGKI FRVVDLGS|
HPLC O 95 %; abbheeeiadted) asvad used in pre,j
aggregati nbgS rmdcaitfebsr asld syAr &ndered by i ncubat
di ssobivredO . AOMH bNKHTf eremperadbamet fdr waG h, w

obtained by incubating the peptide at 37 A
Localized surface plasmon resonance (LSPR)

Cells dutkatehuman T -X%01 TsM)( AWECICE CRWI t ur ed
1640 medi um-2QIBH)CCWi t3l0 200 mcgFBBAGEGECE and
3@020E). The cells were incubated at 37 AC
(Thermo ScieBarfiow)lrugpgtESiIV) transfor med
( ATCCE-5@RIOE) were c416% 0 ruem diin FABBMHA ma n

THR cell s (2A0ZE)E WérBe ¢ ull6t4ulr ende dinu nRPaWMIt h 0.
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mer captoethanol and 10% fetal bovine serum
2 to 3 days to maintain %fthoe 18aié I$140mL e Thobaece
cells were collected through centrifugati ol

fresh culture medi um

PDMS mi c rpdtltud rdii ncg | ayE€he pmelpadar avtaifem. f or
mi crofl ui di emc(hVa)nnxe | . EnDMwadbdr Jifcat®2@ on a s
substrate by photolithography. Then, a | igq
184, Dow Cpoalnymer) gmrde cross | inker were mixX
and then poured onto the siltiecdoni nmoadne owaefre
6h at 70AC. After tpattethegPDMBemi canfbaei
t he mold wafer easily. Il nlets and outl et s

puncher with 1mm di ameter.

Dark-field
microscope

Microfluidic!
chip

Fi g@QYexperi mental instruments for AW nanoro
time cytoki@e Aeterabhoood barcode patternir
functional chemical solutiachi wenusi hgaadaedyr

l i quid speed was preciselby ¢&®PRr dlmmuch olayg s .
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process dfnideelrd anidcarrokscope. Prepared LSPR ch
stage. Scattering | ight waasrfkcel dectmadeby we

captured by a EMCCD camer dATanABoamreal ysed by

Au nanorod bar Gd daes sp astl ti edrersi nge.r e first wast
water and 1 mmer sedSi@nOPi r3a:nlh av /svo)l uftoronl1l  HI
cl edansel i des were rinsed with DI water and Kk
then thoroughly wash with DI water. The pre
To create negatively chargéed,s Prl fasama, Ed xyg €
was applied onto gl ass substpraatttee rfionrg 4 anyienr.
guickly attached otnteattehde gluadsacfeorofAuw | masmo
patter nicnoga.t eGTABINRs -4 BbDOdJesdt utNRn was | o
thehannel s and l ncubated overnight. The

i mmobilized onto the glass surface throug
barcode pattsambrs.todntbehend!| AsNRs wxlr ewanaesrh,e d

The PDMS patterning | ayer was then carefull
| ayer (from the same mask) was attached g
pat tlanMh 0fMeTrlcapt oundecahlodrci ake,i dUS AS) gwas | o
chenm to replace the CTAB | ayer on AuNRs s
NHS -AyWNdr oxysuccini mide, Ther ma-EtSK(B8nti fic)
di met hyl ami nopr,of@yleyonar [Beadieinmii de &) Nprepar e
mor pholino)etlahesmumd o®ci entific) were mi Xeé
mi xture solution was then | oaded into micr
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40 min. Pr obe anhturbeafd ylolshouhma ri-0pNsF  ssmite nc e,
USA) egnf mR0 weed i njfectthe channels and i nct
excessive chemicals and mol ecules in each

OL/ min fo(Fi@afmenut es

Redli me cyt okilnnemudneet eccetlilosn ( T -delcled | sB well
resuspended i n human pl asma-1640Gnavatlilvied 6F
cell s/ mL, respectively. Theéo ianbfdu &M, bel | s w
10Mg arM fliGnal concedntACatainodn 3f70 rAC2h Tahte i mmi

of humdn ceWP dur khaumaln cel |l s and human B cel |

stimul at ibo n s rbfdv.i AAf tAer 2h of i ncubati on, t
coll ected and | oaded intochihp @Efrapaireat iLcS
measurement details in supporting informati

from t he i(Annuéhibe cel | s
2 RBesul tdssauwmslsi on

2.3 nxeracthaggsegédtAs with plasma proteins

Due to the kinetic nature of amyl oidosi s,
secondary nucleation folltthvOdalbfi R4 oplgas i o
wer et npure oligomers or fibrils but wer e
heterogeneolbe aggtrefgatelobl obdAcomponent s
i nterest as it of fers a model to understan

Previooséty,aKu reportedb¥Bedi M\Rvért dac pil @ snao f
6 4



protté’imsere our TEM i magbongarfd wWdltas maan dp rwo/tc
pl asma proteins confirmed the two gaugrgeregat
22a &), respectively. TEM i maging showed t h¢
(Fi g@2ce and their asbhspeichiteggsd2de8)e wi $hec¢cihfei @aal |
in téheobcalka protein Acoronad was rendered
pl asma protei-bendmeadi ahddebgcHrost@Bftic int.e

surface moieties and tth®%e amphiphilic pl asm,

1200009 —— APm+ThTdye
==+ APm + plasma protein + ThT dye
~— APo + ThT dye
. 1000004 - -. Apo + plasma protein + ThT dye
] — Plasma protein
< go000{ —— Plasma protein + ThT dye
4 —— ThT dye
< -
~ /,
2 60000 P
s /
3 /
= 400001 /
e /
20000 > =e e
{/;{_______,a—-—_-/.‘, -
0 .
0 10 20 30 40
Time (h)

Fi g@2TEM i magi ng and Th@af ikd rnieltT ki aatsimsaagye so f
show the foll owbong (@sbt)r(utc)t upleass mdfoapwidAtlei n s,
pl asma prothaviindh gpirds@a)nsA The experi ments
triplicate. The error bars indicatbhe the st

concentration: 50 OM (ThT assay, 37 AC) and
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bar s: 100 nm. (f)bmahnhdo Af nbti tl azaayowmf wiAt h

pl asma proteins.

2. db&2ggregation kinetics and cytotoxicity

The ThT kibmeanb®@s Aosplhayed a nucl eation ph
el ongation phase to a saturhi g @&2fle.p hTahsies o f
result is cohfsiisrnielnlti aad ttifdthienmMthlee | ptes an

pl asma proteins, Abm narb® awt i bns hef pbotéai ns |

addi tibmonofmeAs to inhibit the further asse]
fibrils.
a
50‘ I --o_ns
404
9
gso-
gzo-
8
10 m%
|
0+ T T T T
oo\\" & @\(9 & @\o‘ FJ\ A 74
f" éﬂ‘° @,,Q‘° (‘
S ‘Q\"‘ ’Q\"G Untreated cetis+
‘&o ‘g‘ == plasma proteins
Figea8¥i ability and morphol ogy ®&bs pewireosa al

with or withou(apl 8¥BY pebt et oz iadidt Rés e xp
propidium iodide. (b) Helium bsme ani eg owictolp
and without pl asma proteins. A rnrborvasn eisndi c
i nducea. b@elAl s wer ebstpreecd teesd fwirt 2 thhe wA t h o
proteins. The experiment was performed in
deviations (ns: P >bO0ofSemnubti*8adl®2@: 0200
Om.
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Aggregation of amyloid proteins is a hallm
2 dialbaegygsegAtion is associat eF%&wmd ht meeur o
Abol i gomers are considerl8Fheocpeotbhmi cmosy o
this study was consistent with thebliterat
i n interaction Fwigt@i®aep!| aema ap i mmtge isnbp pr es s ed
with plasma proteins (3%nWoné wowidtOh dNu t2 %p Iv
pl asma proteindl).indhuceodnparmeodast AL13% cyto
not affected Dhepmhmaoecgiae H¥dfredsr onal <cel |l s
to thbkbaggwoed®ati ng species were examined wit
HIM utilizes a helium ion sourcedepthxcite
anids advantageous t o tcroonnv emitdromsad o psyc ainm i lmat
and i mage brightness. Consistent with the
membr ane def or mati onrSYanyd ckell d lsb iweg eo fo btsheea v®
exposubOd(itgdddbe, whil e such damage whs r educeé
incubated with plasma proteins. Il n compari

were expbbswewidt hpdoars nva/ opr ot ei ns.

2 .37Abo-andbf-iAnduced i mmune responses with and

The depodpepondef hAs been revealed to tric@
responses from immune cel |l s'8ombeoxpmriessy cyt
clinical i nvestigations have shown evidenc

cytokines-Usus,h -baFsNdTILBE i n both the brain and
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pat t%n%®d n addition, plasma proteA)nshaivrec!| ud,i

been demonstrated to bBarhd bpar ttiheiedaamttges ecigra t |

infl ammatory responses in the br é&andendoth
could potentially affect theirfr8mdnenagillar di
t he influence of bplasmalaapedt daimmsunen rA&spo

understandindfd atmmat prg cytokine release proc

of fer new ibnedgbhed cptotdxicity to facilit
t her amw.e n tCioon al cytokine det ectliiomrk ednet ho
i mmunosorbent assay (ELI SA) wusually requir e
including multiple steps of staining, wash

retail me anal ynsics mofi edyhar %% he ashd s prsa aelsys e
perf or mefd ese InabbealeeduiLSIPR i mman ones day efcan on
of multiple cytokines secretedubyuthngettheg
cel |l sbOviobh. AThaei m@msponse$O ianbtu creidt b ya rmd

without plasma proteins were assessed by t|

| mMmmune cel |l l' ines (T cell s, B cell s, or mao
typebagdr dgates in humainunplaats a aanndd 3R/P MAC, me
LSPR i mmunoassay chipdurmomnisosal nge dof g od ndt
(AuNRs) were usedb toedrdteed OT\WFt d@m@tae.mbhune c
Cytokine binidinng bwidtyh cAnOLNRIgatrefalatcen ec t mel

and enl arged the scattering cross section
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gave rise to a red shift in the scattering
intefksgi2ypp( | mages of the sensingtisnpeot arr
by an wultrasensitive electron multiplying
intensities of the sensing spots were proce

concentr at i eensst abbal siesdh ecBn gpddae.br at i ons (

., o
“ Immune cell ¥

b
I 2
Dark-field image  gojution 1 Solution 2 2
Hu man pIasma/RPMI g alh
AB oligomers AB fibrils 2 e
° & g R\
© " n s hi
. [ ® i :
‘ Wavelength
c o

Calibration curve

Cytokine ,‘5 FLN S
‘é c ,—'
é& g ly= 0.5883x + 1.427
55' . : J“ ; R?=09854 -
o N A
o o
:$$ 3,& £ 7 y=0.5622x+1.1162
L AtiBody-AUNR £, e
Cond ‘ 5 )
ondenser 3 o0 4 s 12

Concentration (ng/mL)

Fig24*chematics of the(adaSPRSPRmMummw@aisceaysay
andf-iAnduced 1T mmune responses. Humanrl | mmune
cell s) were ibmncatbdt éAch wiutman A pl asma or RP
respectivel y. The cell ul ar responses wer
concentrations dfn TN amedilubm using LSPR mic
field. (b)) Cytokianei bbdgi nognwught AsNRI t er et
index and scattering cross sectionhef the

SRP peak coupled with an el evated scatter.i
determined by changes to t he scattering

Cali brations of -6cysshokwinreg tThNe raenldatliLve i nt e
LSPRcbde with varied cytokine concentratio

values are indicated. AuNR: gold nanorod.
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More pronounced inflammatory responses wer
théspecies at 37 AC thanvaty4aAd (theeabol ihs
Speci fbOc dlInldyu,ceAdd overall heightenebi BMmMmune
37 AC, suggesting gstoxomgery iordt ermhact oo meanw
THR <cells (as a model system for monocyt es
prionf | ammatory cytokine ®$@,crebvbnenstuertn wixt

observed monocyt ebagepgoactieat i on with the A
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TNF-a secretion from THP-1 cells

IL-6 secretion from THP-1 cells
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Contrasting effectBO-ar dfpAnaluiroae dp i ontmaiinres r @rs |

were observeds ®df @i7s AlCay amheoear al |l suppres:s
after interacting with plasma pro6d@eins fo
associated i mmune toxicity was mostly prom

except for TNF expaelslss.onSuaoh nditfhfee rTedPt i al
Abdepositions can be attributed to two ma
correlating to bdireciagpgacana esslo®mibre t fhreo the ind
penetrate the i mmuneorcteeld tnheantb raammyelsi.n lotl iwgaos
size and hi gher hydrophobicity elicited e
counterparts with sdxypdsaad shydker Ot Biscs sr essoi
such, bibOdiwng hofseA um aphbatme inns ni rpHiabsintae d t
aggregation to maintain their smal | si ze
i mmune cell interacti oh®d nt oc oenbfervaestteh iAnomwenr e
structur al plasticity amndsl|l eaenndesxpgos ed nhdy c
proteins via charged and pol dri kgr ocaunpysl,oirde
protein corona while displaying weaker toxi
from-1ITHRI | s coul d be psrppamioit @ dsitdvmaluigimg r gatel
as t hle rMaé&EfptHHence, t he bdmlramsarhd omr otf eiam AAor o
potentially sHHDebdtiwet iexpomedi fAs and dr ac
secretion. Such a phenonleamamtev@gra t-ciredél sbbser

andcal | s.
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2.4 Conclusions

Amyl oi dosis has been extensively investige

urgent need to find!® Mwct dfort mimyl meé se @i sl

been centamgtoiod YHmat hietessi spat hol ogi cal i m
oligomers are widely viewed as the most t
established by extensi®°wel®%%hilvetamylamidd i mi

generally oongindedreesdpiase e x plédt i Heernd,alwedilsaw
revealed a convoluted relationship between
Ab142ysi ng -far eleabmiloaefduildSPcR | mmunoassay.

i mmunoassay revealcerdeteilcenv adfe di mmmpu M | el Isse ¢

andf A especially mor e bbeol ifcoirt eech ei nonhu ngeo nreer ssp
screened by plasma proteins, via a protein
oligomers, on the otbapabanhg, fmai htnmunedcel
to their small size and finite hydrophobic

relationship bet ween t he amp|toMod o&3 e ca rsd

underlining the pathoiogsohiit®cascatieABnd t
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Chapter 3
Nanoplasmonic Mapping of SingleCell Cytokine Secretomic

Signatures in CAR T-Cell Cancer Therapy

31 I ntroducti on

CAR <cel |l i mmunot herapy i s arngwealeticabat me
modeF icell s to-teaxmreesesd Chineri cwanthges re
againbinaad®é®®adthiegeadeblti veadsfer has shown
compl et e remi ssi on i n clinical t-ad @ lall s on
precarcsiore | ymphocyALIE§e°’Naukami @ (SBsponses h
been reported wked |t rmadti idhowtetwielegrunB ament a
mechanistic that contri but?8%.2% Mo rtehoev ewar itah
recognittwimem @afmti gen by CAR i nducphsasaen el e
proteins and stimulatory cytokine%®? known
Severe CRS, iwfi ' kaflt tontreedatced, efficacy of
threasediecg$sf due to over expressi-on of [
i nfl ammat 0’y Reymaorkkianbelsy, the el icited cytok
among patieamasemnagcdcidyv iedvueanl cell s, posing si ¢
control, monizeot handmsmuaontdbaedapy. These eme
hi ghlight t he prreasolingt rooelelds idnpgrloekhiinggh s e c i
signatures for systematic evaluation of th

insi glothe idevel ogmeauisdad fe «€fAfRiIl cTda mmunot her apy
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However, chkel €EABNd ot her i mmune <cell s i n

experience highly dynamic and ¢t rdawmrsiiregt al

t hsecretion of cytokines. Recent evidence
segregéaticym okines are cruci al to the succ
i mmune cel |l communication and, j ust as I
associated responses in maintenancé® of i mn
Acqui sitionateffuwmmpetriopmal outcomes from su

net works requi mesotfa csceucrraetteo rnye acsylt foekli envees| awwi |

dynamic spati al and tempor al i refn@rymeet i on.
linked i mmunospot?’ CHEILIASCAN rEdmaStpiod?Yorow cyt
intracytopl asmircelcyytmrke cdhemisnaantnliynggn i mmun

met hodlshese platforms can provide multipar
i mmunet rcaeiltls of i mmemneserager megisnmg efment s of
precise and repeat ecdelnhe alseuwreelme nN &3ttt esl iensgsl
staining, washi ng hancdd nisltda ak inregd pgrhaocses steos b

resolve the wvariatiadnsa dfi mey tsmkaiprseh ofgr. o docstt

techniques, thus far, can probe the Afootpr
cesbly |l ocalizing individudli meyt akiircen hiarsd ibre
maj or obstacl e iim cshearraedtoemiicz isnigg npartautrees a
interplay bet ween t hese cell s Vi a cytoki

progr?8gi on
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Over the | ast two decades, pl asmonic nanop
promising tfoed stridmdr dleatbeeclt i ons of bi omol ec
unique Il ocal environmefaddy nd epaerntdiecnu| aorp,t i ncaan
rul eeasseenbf ed PNP di mmers conjugated by a ¢«
RNA or peptide), has shown great potenti al
superior sensitivity and selectividrys Upon
are brought to closer proximity, resulting
readily obsdrivvdd witchr odg@mlpy. This all ows

target analytes with much i mprovedctuwlpati ot e
binding. Herein, we present an integrative
with-fdatki 1 matgi mg maoppire@glcytokine secretic
i mmune cell . The nanopl asmome ciuflied i qpan mfboersme
change of synthetic DNA aptamers guided by

enasblhomogeneous det ecti qonpbadn theu-themmirst er | €

(I PNMWwi thh glensi Bewviidegs, intercellulian a&@ommun
tumoumi croenvironment mo d e | sTy scteetLdwi tBh t h
cell s, andwearae ralphramgelss emaged t o nn arnwlpd ra

pl at.f orm

3.2 Experiments

Characterization methods

Morphological studies on nanoplasmauter were performed using scanning electron
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microscopy (SEM, Hitachi TM 3000). HR4000 Higésolution Userconfigured
Spectrometer (Ocean Optics) was used to @edhe scatteringspectum of sensing
spots on the chip. Particles size distribution arargé carrier were identified through

Dynamic Light Scattering (DLS, Zetasizer Nano ZS90, Malvern).

Coarsegrained discrete molecular dynamics (DMD) simulations.

In DMD simulations, temperatures were in the reduced unit of kcal/kg)oWe used
eight replica simulations with following temperatures: 0.200, 0.225, 0.250, 0.270, 0.300,
0.333, 0.367, and 0.400. We employed the weighted histogram analysis fetihod

compute the distribution of ertd-end distances at T=0.300.

Electromagneticfield simulation on AuNP dimer.

We predict the electric field distribution near the surface of AuNP dimer upon
interaction with the external electric filed. The AuNP size is 30nm. We defined far
field domain surround the AUNP dimer with a radium of half theedength of incident

light and a perfectly match layer of the same thickness, in which the scattering light
decays exponentially. The incident light was set parallel to the dimer axis. The hot pot
between the dimer gap showed the strong plasmon resoNdeedso investigated the
scattering intensity when incident light was perpendicular to the dimer axis, the weak
electric filed distributedroundthe AuUNP dimer proved the negligible contributions of
the light to the scattering intensity chandde influence of gap distance on the

scattering cross section chamwas also evaluated
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LSPR immunoassay

1) Characterization of gold nanopatrticles

The goldnanoparticles (AuNPs) used in this study were purchased from nanoComposix
in aqueous sodium citrate (2mM) buffer witan average diameter of 30
nm(0.05mg/mL). The Citrate coating on the AuNRs resulted in a negatively charged
surface with a zeta potentiaf -48#.5 mV (Zetasizer Nano ZS90, Malvern). The
scattering spectrum of the AuNPs in solution was obtained using a spectrophotometer.
The resonance peak wavelength of the AuNP lays around 528 nng 8.1).e

12
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1 10 100 1000 400 0 100 200
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FigBA®LS analysis f or (ay Sizeddistnbationo (p)aZetai cl e s .

potential.
2) PDMS Microfluidic Channel fabrication

A microfluidic flow-patterning mask layer mold was fabricated on a silicon substrate

by deep reactivon etching (DRIE). The mold contains five parallel microfluidic
channels (400 em (W) x 2.5 ¢cm (L) x 50 &m)
To makethe microfluidic mask layer, a liquid PDMSylgard184, Dow Corninyjpre

polymer fully mixed with cros$inker at the weight ratio of 10:1was exposed to vacuum
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to completely remove air bubbles. After degassing, the mixture was poured onto the
silicon ma& mold wafer and degassed using a vacuum pump, and then we placed the
Petri dish containing the wafer in an over for 6h at 70C. The cured PDMS mask layer

can be easily peeled off from the mold wafer and cut into several pieces. Then, a hole

puncher with inm diameter was used to create inlets and outlets of the channel.

3) Selfassembled Nanoplasmon ruler

Citrate-coated

_AuNP
= |
AuNP
PLL-Glass
Strep-Coated
AuNP
cytokine
. Cytokine Binding
s g

&7V, Y h
Ve o
".fz:
f o

e

»

FigB82%chemanaao®spbfasmon r wlreorceasssembl i ng

Nanoplasmon ruler werselfassembled in the microfluidic device on a glass chip
(Fi g 8.2).&A high-precision syringe pumfMasterflex 100 to 240 VAQ was used

to control theflow rate.

AuUNPs Patterning. Glass slides were first washed using DI water and dried in the oven.
They were put into the Piranha solutionn@@:H20; = 3:1 v/v) for 10 min, folloved
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by the complete wash by DI water. Finally, thesglavas rinsed in DI water and kept

in an ultrasonic bath for 15 min. To pattern the AuNPs, the prepared PDMS mask was
bonded onto the glass substrate. Then we loadedLplylyine hydrobromide solution
(PLL, Sigma) (0.1mg/mL) into each channel at a floveraf 1.5 pL/min for 6 min

follow by 0.2 pL/min for 2 min. Then we sealed the inlets and outlets with a cover glass
to prevent liquid evaporation from the channel and incubated the chip for at least 4hrs.
After that, each channel was washed with DI watex #iow rate of 1.5 pL/min for 4

min, and then AuNPs stock solution (0.05mg/mL) was loaded into each channel at a
flow rate of 1.5 pL/min for 6 min follow by 0.2 pL/min for 2 min. The chip was

incubated overnight.

Aptamer Preparation. DNA aptamer targetm human 16 was conjugated with a

biotin group on one end and a thiol group on the other end. To prepare the stock solution,

the lyophilized aptamer was suspended in IDTE buffer at a stock concentration of 100

eM and stored at T tafershdild beRedicedfirstbezauseshat, t he
thiol-modified oligos are in the oxidized form. 10wf 10mM TCEP solution was

added in aptamer stock solution with the same volume andiheubatefor a couple

of hours at room temperature. Then folding but@ mM HEPES, pH 7.5; 100 mM

potassium acetat&yasused to dilute the aptamer to-100x working concentration.

To fold the aptamer, the solution was heated t®@ for 5 min and then cooled to

room temperature (~15min). Then the folded aptamer was diluted to working

concentration using working buffétmM MgChkin TE buffer).
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Monomeric Aptamer-Au Nanoparticle Preparation. After constructing the AuNP
microarray patterns on the glass substrate, we functionalized them with the aptamer
within the microfluidic flowpatterning channels constructed above.r@move the
unbound AuNPs, 20uof PBS was used to thoroughly wash the channel at 2 (L/min.
Then, the reduced aptamer at working concentration (1nm) was loaded into each
channel at a flow rate of 1.5 piL/min for 6min follow by 0.2 p./min for 2 min and

incubated overnight.

Streptavidin-functioned AuNPs Preparation Adsorption ofstreptavidin $A) on
AuNPs was achieved by adding 100 L of SA solution (£80in 1x PBS buffer) to

100 (L of AuNPs solutions (0.5 nM), and the mixture was kept on ice for 1 h. The
solution was centrifuged for Bin at 12000 rpm. The unreacted excess of SA was
removed by discarding the supernatants

water.

Preparation of nanoplasmon ruler. After washing the channel with 20 of DI water

to remove the excess unbound aptamer at a flow rate of 2pL/min for &meptavidin
functionedAuNPs solution was loaded into each channel at a flow rate of 1.5 pL/min
for 6 min followed by 0.2 pL/min for 2 min to bind with aptamer functioned AuNPs to

form the nanoplasam rulers and incubated overnight.

Biosensor @timization. To optimize the sensor behaviprwe demonstrated the
correlation between the aptamer to AuNP ratio duringaismbling process and the

final nanoplasmon ruler density in the sensing area. Five different ratios between the
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aptamer and AuNP (1:1, 2:1, 5:1, 10:1. 50:1) were evaluatetthandnoplasmon ruler

densities were determined through SEM images.

4) Reakttime dynamic cytokine binding curve

The darkfield microscope measurements were performed on a Nikon Eclipse Ni
system. After the fabrication of nanoplasmon ruler, the preparedmoassay chip was
mounted the on a motorized X stage (ProScanlll, Prior Scientific, Rockland, MA),
which allowed automated image scanning. The back of the chip was attached with a
darkfield condenser (NA=1.45, Nikon) via the lens oil. 10x objective (Biilson) was

used in the systerBefore doing the measurement, PDMS layer used for plasmon ruler
function was removed immediately and replaced with another sdoguisng PDMS
microfluidic channels perpendicularlgefore doing them optical measurementg80

of cell medium were loaded into the-chip flow channel at the speed of EB/min

to stabilize the initial light intensity of sensing spots. After signal stabilization, cytokine
sample was loaded into the channel using a syringe pump at/@n for 30 min.

The automated imawgg was performed bgn ultrasensitive electron multyphg CCD

(EMCCD, Photometrics) and recorded by NEfment BR analysievery 10s.

Realtime intensity change in the sensing area whsined byMATLAB code which
computed the intensity difference between the analysed image with the first image, and

got the relative intensity change:



Where | means the average intensity in the analysed area for the firdieldrknage.

In order tocharacterize the uncertainty and limit of detection of our LSPR microarray
system, we performed a control experiment measuring the variance of the background
signal with nanoplasmon ruler microarrays loaded with cell medium solution. The
average system uartainty determined by the minimum distinguishable signal
equivalent to a confidence factaasset to be 3 times the standard deviation of the
background noisel. The detection limits of the target cytokines were thus obtained

f r 0 msogd Whete kiopeis the slope of calibration curves usiimgarfitting.
5) Single-cell cytokine mapping using nanoplasmon ruler.

Cell culture. Jurkathuman T cells (CRi2901TM, ATCC) were cultured in RPMI

1640 combining with 10%etal bovine serum (ATCC® 3P 0 2 0aid 200mcg/mL
G428. Human B lymphoblasATCC® CRL-5 9 6 ) Were cultured in RPM1640
combining with 10% FBS. Cells were incubate@at UC wi tih a GeCuli@
Incubator (Thermo Scientific). In order to maintain a suitable cell culture concentration
which is between at 1 x¥@ 1x1C cells/mL, the culture medium was replaced two to
three times per week. Cells with required camcation were collected through
centrifugation at 125xg for 5 min with subsequent resuspension in the fresh culture

medium.

Cell stimulation and singlecell secretion patterning imagel mL Jurkat T cell was
suspended in the cell culture medium at thecentration of 1x10cells/mL. A mixture

of PMA (100 ng/mL, Sigma Aldrich) andlonomycin( 1,000 ng/mL, Sigma Aldrich)
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was added into the T cell solution to stimulate the cytokines secretion. The stimulated
T cells were diluted into 1x2@ells/mL and loaded into PDMS channels amadomly
settled on the prepared nanoplasmon ruler surface. Thdielarknages were captured

with the exposure time of0$ for 30 mins.
6) Cytokine mapping in CAR-T cell therapy using nanoplasmon ruler.

Cell lines preparation. Humanacute lymphoblastic leukemia cellNALM -6, CRL-

3 2 7 Bwviere cultured irRPMI-1640 medium(Invitrogen) supplemented with 10%

FBS, 1% penicillin/strepnabtpmcNAM-6icalls a 37 AC
were collectect 1x1® cells/mland labeled by green fluorescent protein (GFP) for cell

tracing.

Human THP-1 cells (T1 B2 Q0 ATFCC) were grown inRPMI-1640 medium
suppl emented with 10% FBS, and 1% penicill
incubator.Macrophages were flumeently labeled wittHoechst solutionThermo
Scientific 62249 foll owing the manufacturerdés i nst
were incubated with serufree RPMI-1640containinglu/mL of Hoechstsolution for
25 min at 37 €, followed by a rinsevith RPMI-1640medium three timeJ he labelled

macrophages were then collected and resuspendad@tcells/ml for further use.

HumanCD19 CAR TFcells(PM-CAR-10031M, ProMab)were expanded with 1 ml of
T-cell media supplemented with 200U-BLand 25 ul AniCD3 and CD8 activatan
| mmu n o & ITtCEll Expansion MediumStemcell Technologiescatalog #

1098)), as well ased fluorescence proteiREP for fluorescent cell trang. Following
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expansion, CART cells were then collected and resuspendediat® cells/ml for

further use.
Anisotropic analysis for cytokine secretion

Isotropyreforms to uniformly cytokine secretion in all orientations of the cell, which
means that theoncentration distributions tend to be consistent all around the cell.
Otherwise, anisotropwaspresented when cytokine secretion is restricted to specific
regions The anisotropic properin different directions (every 30fvas determined by
anisotropy ratioi the ratioof the standard derivation ofytokine concentration in
differentregions(every 30y to the average cytokine concentration in whatalyzed

area (12m x120um around the cell)
Mathematical model for diffusion coefficient analysis

To analyse the kinetic of cytokine secretion during the imaging process, a mathematic
model was builbased on a previously reportegto/chemokine diffusion model in

intercellular signalling proce$s.

Single suspended solitary celtan be regarded as a spherical surface source for
cytokine secretion. The time dependent mass transport &@mgle cell can be

described by the equation:
— 00— — [1]

where C is the cytokine concentration, r is the distance, and D is the diffusion

coefficient. Theraverethreeboundary conditions: (1Jecretion ratéFo) wasconstant
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at the cell surface; (2here are no cytokines far away from the ;0&) the cytokire

concentratiorwasO surrounding the cellhe conditions can be stated as:

where” wasthe cell radiusOne thing to note that cell secretion could be asymmetric
and shows fAplumeso shape ar ouwadrestritteel c el |
in thatspecific direction usg the same model. The final diffusion equati@uld be

expressdas:

c(rt)y=— — Q 0 £_% 0 ,‘:SMT S ot “jMT s 2]

The diffusion coefficientvasobtainedthrougha MATLAB progran which was used
to get the analytical solutidmy assigning thexperimentwaluesto the parameters (t,C,
1,1,F).

3.3 Resuil tgsuanidon

3. Exberiment mechanisms and nanoplasmon ru

Plasmon coupling is a reaction that occurs when two or more plasmonic particles
approach each other to a distance below approximately one diameter's length. Upon the
occurrence of plasmon coupling, the resonance of individual particles starts to hybridize,

and their resonance spectrum peak wavelength will either blueshift or redshift,
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depending on how surface charge density distributes over coupled particles. At single
particles resonance wavelength, the surface charge densities of close particles can
either be out of phase or in phasénichcawsesrepulsion or attraction and turnleads

to increase (blueshift) or decrease (redshift) of hybridized mode energy. The magnitude
of the shift, which can be the measuentof plasmon coupling, is dependent tve t
interparticle gap as well as particles geometry and plasmonic resonances supported by

individual particles.

a Incident light along Z axis b Z-polarization (a.u)
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simulation on scattering response of AuNP dimer upon interaction with polarized

87



incident light which is parallel to the dimer axis. The red (black) color represents high
(low) electric intensity(b). Comparation the influence ofdient light polarization on
the scattering response of AuUNP dinfe). Predicted scattering spectrum changith

the gap distance change.

To achieve optimal optical sensing performance, we used COMSOL to simulate the
electric field distribution near thsurface of AUNP dimer after interaction with the
external electric filed. The incident light was set parallel to the dimerlaxisq 8.3a)e

The area between the dimer gap showed the strong plasmon resonance. However, when
incident light direction was perpendicular to the dimer axis, the weak electric filed
distributed around the AuNP dimdemonstratedhe negligible contributions to the
sattering intensity changd=(i g B.Bbg We also simulated the influence of gap
distance on the scattering cross section change. A reduced intezpaegiaration
resuledin a red shift of the resonance spectrum and electric field enhancement. This
distancedependent plasmon coupling was even more sensitive to small gap distance
(<10nm) F i g B3.8cke These results indicatbat if the designed nanoplasmon ruler

has a large gap distance change upon binding to the target antigen, the induced strong
plasmon coupling and significant scattering spectrahange an lead to an

ultrasensitive cytokine detection.
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Fi gB4Tehe principle of the nanoplasmon rul er
ma p p i(@The nanoplasmamler was assembled on the glass side using &tepe

microfluidic patterning techniquélpon cytokine binding, the NP dimers are brought

to closer distancé€b) The strong plasmonic coupling leads to a redshift and scattering

intensity change of the spieum which can be detected by the optical spectrometer.

Reatime intensity change can be imaged via the EMCCD coupled-fidak

microscopy. (c) Cytokine secretion from a single cell detected irreattime and

located thoughcustomized MATLAB code. The cytokine distribution, cytokine
concentration distribution, and cytokine diffusion data can be further achieved though

reattime imaging data analysis.

Biopolymers like DNA, RNA, and proteins usually undergo conformational changes in
their folded formin response to the change of external factors such as temperature, pH,

ionic strength, or ligand bindid. Hence, a conformational changeable sirsgtand
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DNA combinng with a dimer of metal nanoparticles can form a nanoplasmon ruler
structure Due to thenterparticledistance dependat property of plasmon resance,
reattime singlecell secretion imaging can be achieved thg nanomsmon ruler
biosensor. After stimulation, immune caNill secree specific cytokinesThe binding

of target cytokineto the aptamer will change the distance between the paired AuUNPs
andresults in a closer proximity, yielding a significantly enhanced plasmonic coupling
and generating a reshift light scattering spectrum dependent on the interparticle
distance F i g 3.4ap Local scattering intensity change due to the cytokine binding
was captured by a EMCCD cameilia red-time and analysed via a customised
MATLAB code (F i g 8.4be The cytokine concentration distributianound the cell

can be directly determined from the local intensity chahg@ropy or anisotropy
secretion behaviours of the cedin be determineatiough the secretion profileBesides,

the diffusion coefficient can also be compared and analysedrttzefureveal the
heterogeneity of the cel(§& i g 8.4cke Since the plasmonic coupling induced by the
aptameicytokine binding process gpecific, unspecific binding of the cytokine on the
glass substrate will not influence the light response, which guaranteed the detection

sensitivity and selectivity

3. Pesdign an DNA aptamer with a robust conf

The desired nanoplasmaumer structure consists of three key components: A substrate
citrate coated gold nanoparticle (AuNP, 30nm)nedified DNA aptamer targeting

specific cytokine, and a coupling AuNR which, aptamer is the critical paitiat
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directly determiesthe sensor performancéffective target detection iyre plasmon

ruler requires a large efrid-end distance change of the aptamer ugogetbinding.

Since a given DNA/RNA aptamer does not necessarily undergo conformational
changes before and after tardpinding, we propose a sequence redesign approach to

engineer robust conformational switching by mimicking riboswitches in gene
regulatiort!’. Specifically, a competing short sequence complementary to a part of the

aptamer sequence with existing basés is introduced to either the 5' or 3' regions, so

that the formation of newly engineered basérs in an alternative conformational state

("off" state) disputes the original structure compatible for target binding ("on" state). If

the stability ofthe edesi gned al ternative state (@Gof f
the "on" state of the aptamer al tamget ( pGon)
compl ex (pGon+mGbinding), the resigned apt:

of target buswitches to the "on" state in the presence of target.
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(a) Estimated structure oblndstate of the redesigih-6 aptamesequence. Added
nucleotides are marked in red. Possible secondary structures are marked in blue dotted
lines. p) Estimated secondary structure ofooondstate of the redesign sequence.
Added nucleotides are in red, aB@ required guanines are marked in red square box.
(c)Endto-end distance probability distribution at simulation Temperature of 0.3.
Superposition of DNA aptamer structure @Atom model in grey) against DMD
prediction resuihg from boundand unboundtructure (ribbon backbone in orange®

shown neathedistribution curvesBackbone of added nucleotides are marked in red.

(d) Estimated structure of bound state and (e) unbound state of the relidsign
aptamer sequence. Binding sequences are shoked iadded nucleotides are marked

in black, and 21 T bases are show in orange segment. (BtoEsmtl distance
probability distribution for IFNo aptamer at simul ati on Te

Superposition of DNA aptamer structures are shown nearby thédigin curve.
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Here, we based our design on arBDNA aptamer identified by SELEX to target-IL

6 with a binding constant -12kdkcalf/mo8. 16 n M
Crystallography study of the aptaré6 complex showed that the aptamer in the

bound formed a uartet between 5' and 3' and a short hairpin in the m{gidieg u r e

3.58). Using Mfolcf!® and the tabulated stabilities of-gmartets with different
topologie$®® t he stability of the "tobe~-3sit ate al
kcal/mol. We introduced a 4t sequence to the 3' end that competes with a guanine

forming the Gquartet(F i g @.5bg and the Mfold serverstimated a corresponding

free energy of the "off" state of 7.9 kcal/mol. We also performed coargmined

discrete molecular dynamics (DMD) simulations to estimate the distributions -of end

to-end distances for both "on" and "off" states. The "on" stétte G-quartet had the

average endlo-end distance of 8.5 nm, while the "off" state forming the designed

hairpin (F i g B.Bcg had the average esid-end distance of 20 nm. Hence, we

predicted a distance change ofL.-5 nm upon IL-6 binding.We used the simplified

threebead nucleotide model in DMD simulations to study aptamer structures, where

three beads corresponding to grsupf phosphate, sugar and base were used to
represent each nucleot{@ei g WB.bceinner). Different from continuous potential

functions utilized in conventional molecular dynamics (MD) simulations, DMD

employs stegunctions to model inteatomic interaction potentials. Instead of solving

Newt onds equations i n MbDallisticaguatioastfor aioms , DMD
which partici pat e-atomic dstancds at padential stepd andithush i nt

change velocities under the restraints of conservation laws of energy, momentum and
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angular momentum, leading to fewer calculations a#ss to longer time scalé®

increase conformational sampling, replica exchange method was used to efficiently
overcome energy barriers between conformational $tatds replica exchange

method, several simulations are running in parallel undésrdiit temperatures, and
temperatures periodic exchange between adjacently replicas according to the
Metropolis criteria to ensure the sampling of a generalized canonical enséble.

aptamer was redesigned from a reporteen8equenceWe i n tdrad3ddutc e
sequence whinchati2llv slpvacer t-nttheqtGénewvdtant
end&i B8%e) . The redeprngfnerds atpheameaf f " st ate
switches to the "on" state iThetherpespender:
energy ch-26gé8 kcadn/5molkadaal / mol aft-er targe

end di stance chaenredwans (pr @dni dR2iegd30Bh0 t o 6 . 31
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We al so predictdacdttrhidoudamndibsettavreeen AuNP di

designed aptamer after considerypmgceBbe. ste
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4nm, r edfpiexddae)c€EOMSOLSsimulationof the scattering spectra from
nanoplasmon rulers before and after cytokine bindisgshowed agreatchange of
intensity and peaKkocation (F i g Ww.Bbe 3d). The strong and uniform plasmon

coupling signalgives rise tca homogeneous signal output and provides a Afragh

condition in biomolecular detections.
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The cytokine capture performance of redesigned aptamasgingt investigated by

surface plasmon resonance (SPR) metAdw: IL-6 aptamer wasmmobilized the

aptamer oran Au film chip with the surface bock @-Me r ¢ alghtexx a n o | ( MCH) .
Af ter st abi | ,il@Mimgnan Ik evashbngedee into the flow celt a

flowrateof3ce L/ mi n for 5min and then PBS buffer
target molecules on the chip surface for 5min at the sameFateg( 8.7). & he good

binding curve was showed as the@lbinding on the aptamer.
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SPR results showed that the redesigned apt.

Nanoplasmonruler assembling and reaitime cytokine detection.To assemble the
nanoplasmon ruler, the aptamer waadified a thiol group on one end and a biotin
group on the other endo that one end can binddaoeAuNP through AuS group and
another enagtan bind ¢ a streptavidin functioned AuNP to for a nanodimer structure.
Besidesa 10T spacemwas functioneadn both ends teelieve steric hindrance effect.

The desired structures were assembled layer by laggrg PDMS microfluidic
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channelsThe key parametergoverning the assembly process such as stoichiometric
ratio of aptamer to AuNHncubation conditions were carefully examined to get the
highest yield of plasmon ruler structure. The synthesized nanostructures on the glass
were imaged undetarkfield microscopy (Nikon, Eclipse NU) and highresolution

scanning electron microscopy (SEM, Hitachi TM 300®) g 8.9).e

Biotin
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Thiol )5,

»
& AuNps

<
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Aptamer: AuNP = 50:1 Plasom Ruler Dimer Ratio
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e
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Fi gB89Tehe effects of stoichiometric ratio
of nanopl aBhmlarge panel$ show the synthesized nanostructures under

darkfield and the inserted panels a@medin images under SEM.
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nanoplasmon ruler assembling process. Z0oon
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structures on the sensor chip before and a

It showed that higher aptamBuNP ratio kd to the formation of trimer, pentamer and

even the aggregation of AuNPs due to the dangimber of biotin surface groups

available for the binding of streptavidinnctioned AuNPs. These clusters or
aggregation structures yielding a broad scattering spectrum would compromise the
sensitivity for singlecell measurement. WhilaptamerAuNPs ratio at around 2:1

yielded highest ratio (>70%) of wellispersed nanopaon ruler structure~i gur e

318i gB8t@anopl asmon rul er )sSmetberplasmbrécr act er i
coupling induced by theptamercytokine binding process is specific, unspecific

binding of the cytokine on the glass substrate will not influence the light response,

which guaranteed the detection sensitivity and selectivity.
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FigwBi@aScattering spectrums of sensor sur f a
b i n dDarkfjeld images of nanoplasmon ruler sensor chip before any after cytokine

detection under the 10x objective lens are shown near each curve.

Thescattering spectrum of the nanoplasmon ruler on the sensor chip was characterized
via highresolution optical spectromete©g¢ea optics, HR40Q0 Binding with the
analyte éd to the scattering intensity increase ah@ red shiftof the scattering
spectrunon the sensor surfacesulting in a brighteanalysis araundera dak field
image(Fi gGr ke

3. Re3#Hli me6 lalnFbldet ect i on and mapping using n

Proinflammatory cytokines such as-@Land IFNo as multifunctional factors have

thought to mediate the intercellular communication in inflammatory and immune
response processés An elevated IL6 level has been widely found in many
inflammatorybased or immunenediated diseases such as multiplelmgema, Cr ohnods
disease, rheumatoid arthritis, and chronic psofiZsRapid and accurate detection of

cytokines in clinical condition offers a great value in disease monitoring and diagnosis.
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Calibration curve IE6 and IFN-2 detection.

The performance for nanoplasmon ruler biosensor was validated by measuring the limit
of detection (LoD) at different analyte cont@tions under the datfikeld microscope.
Different concretiong0, 1, 10, 100, 500, 1000, and 5000pg/raf. human IL-6/IFN-2
solution dissolved in cell culture medium were loaded intartieeofluidic channels of
nanoplasmon ruler devic&he timecoursesignal variation from the sensor spath

250 x 250 pixels (400 x 400 | fhwas observed undéne darkfield microscope by an
ultrasensitive electron multiplying CCD (EMCCD, Photometrics) with a frame
acquisition rate at every 1050 minimizesystem error, 5x5 pixels (8 x 8 @nwere

set as a detection unit due to the tiny image vibration. The relative intensity changes
((1-10)/1) of every detection univas analysedlia a customizedIATLAB codein reat

time (Fi g B4 &). The signal platform showed that the analyteding event
reached an equilibrium within 30min after introducing the cytokitethe sensor chip,
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demonstrating a rapid binding kineti@ard shorter incubation time as compared to
traditional sandwich immunoassayhe intensity change mapping of sensor surface
after measrementwere shown in a form of heatmap i g 3t B).Fi g 3.t &
showed the calibration curves of humar@and IFN9 detection. The &D of human
IL-6 in our system i§1 pg/mL, while the LOD of IFNo i s 7. %hege gétestibn
limits were sufficient for the system to detect thesland IFNo secretion from a single

cellP%

(o]
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FigBrt®ensor sel ect Usingmagoplasman irufer assanbledwith
human IL-6/ IFN-2 aptamer to detect human-8, IFN-o |L-10, TNFU, IL-2, and IL-
1in 5 ng/mL.

In addition, the control groups with pure cell medium solution and nontargeted
cytokines includindiuman Tumor Necrosis Fact@lpha (TNFa), Interleukin10 (IL-

10), Interleukin 2 (IL-2), andInterleukin 1(IL-1) showed negligible relative intensity
change, proving the great selectivity of nanoplasmon ruler sensor to detect the specific
cytokine £ 1 g 3.1 @ The presented results show the great potential for application

of our plasmon ruler in singleell protein secretion detection and mapping.
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3. JBihsgtkkl cytokine secretion mapping us

T cells play a key role in mediating adaptiv@munity against multiple pathogens and
tumors??%. The release of multiple cytokines by T cells contribute to trigger the immune
response and against infectiéfisin immunology, cytokines secreted by immune cells
serve as the signalingolecules to adjust immune system and drive the proliferation,
differentiation, and cytotoxicity activation of immune c&ffs In clinical, cytokine
secretion level is a signal reflecting the disesysecific immune respon&é
Technological advancetave shown great efforts on the investigation of the
relationship between cytokines and cells both in bulk and soedleesolution. They
provided valuable knowledges of the underlying mechanism for the intercellular
communication and regulatory mechami of immunesystem,leading to the more
precise disease diagnosis and more effective clinic treatment. In addition, even though
homogenous cell population shows regular and programmatic response, there are still
a large degree of heterogeneity existsingle-cell levef?"?28 Due to the complexity

of the intercellular communication and functional heterogeneity of individual immune

cells, cytokine detection is necessary to be applied at the level of si@lglesolution.
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Fi gBit&i ngekl s e cr e t( iaRealtimmianggmg of tpe singleell

IL-6 secretion procesa 30minwas shown in the first rovgingle T cells were random
settled on the chip surface. The T cell location was detedriy fluorescence image
and labeled with a red circl8ecretedL -6 will be captured by the nanoplasmon ruler
on the substratdeading to local intensity increase around the waich can be real

time monitored by EMCCD camergn) By setting a thresta, the change afytokine
distribution with time was determined and shown in yellow d) Concentration
distributionin the analyzed area was determine by transferring the relative intensity

change to concentration vis calibration curifee analyzed sens@reai2 50 &€ mx 250

€ mHere, we employed the nanoplasmon ruler for direct visualization of the human
IL-6 secretion profile from single immune T cells under external antigen stimulation to
study the individual T cell behavior. We first stad purified human Jurkat T cells
(CRL-2901TM, ATCC) with red CMTPX dye and stimulated them by phorbel 12
myristate 13acetate (PMA) andonomycin (see methods) to induce T cell receptor
(TCR)-independent stimulation of immune response. PMAiandmycincan induce
elevated cytokine secretion of T metlue to the heightened AP activity??®. The
activated T cells were loaded into the microchannels at a diluted populatiod of 10
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cells/mL and randomly settled on the prepared nanoplasmon ruler surface. The
individually distributed immune calican be located using a fluorescence microscope
with the TRITC filter. The darkfield microscope with EMCCD camera was them
performed to capture the dafikld imagesat the frame rate of every 10s for 30 mins.
The bindng of the target cytokire(IL-6/IFN-0 yecreted by the stimulated T sadin

the nanplasmon ruleinducel a local intensity increase in tlamalysedegion (250

e mx 2e5nP Thesecretiorprocessan bereattime imageddy thecolomap with the
fraction of relative intensity change of secretiort (fpixelsx 5 pixek) (Fi g 8.1 &.

A radiantlL -6 secretion patterauggested a negirectional secretion mechanism form

the T-cell when isolatedl'he cytokinebinding locatios weredefined when the relative
intensity changeof secretion ung above thébackground nois@ i g 3.1 #). The

area concentration can determinedhrough the calibration cury€ i g 8.X @. The
time-depended secretion area change demonstrated the great spatiotemporal resolution

of nanoplasmon ruler in singleell secretion imaging.

105



Time(min)

i O

After Stimu.

Fi g8t® neled | smazpping@nundetri mulfdteremtcondi t

Cell medium Without Stimu.

T cell location was labelled with red circle.

Fi g .4 Bshows secretion profiles of single T cells under different stimulation
conditions over a ggon of interest a@, 5, 10,15, 30 min. The performance of T cells
incubated witrand withouttoxic agent was compared. After incubation with PMA and
ionomycin theimageprofiles showed fast local intensity change around the analytical
cell. In contrastwithout the stimulation of toxicant, T cell secretion was negligible.
The relative intensity change around individual T<elas minimal and showed the

poor secretion activity.
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FigBit@ b secretion profil eda) Resltonaimags,o adj ac

cytokine distribution, and concentration distribution changdéGmin (b) Reattime
curve for local intensity change around the cell. The-filgd image was captured by

EMCCD every 10s(c) Change okecretion amount in 40min.

While even under the same stimulation condition, individual T cells would show
different secretion patternsdicaing the heterogeneity alytokine secretion dynamic
which has rarely been observed by previous studiési g B4 éshowedIL-6
secretion profiles of two adjacent cells. One cell started to secret#hatil10min,
while another one started to secret at around 18ming 8.2 B. We also calculated
thechange otecretion amousin 40min, thelL -6 secretion in analysareatended to

be saturated after 3Bin measurement(i g 8.1 @. The distinct secretion patterns
and secretion amountdearly indicate the functional heterogeneity of individual

immune cells
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a Dark-field image c
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FigBLd sotroeigcecrLeti on pr oce(@®@sFludrescente si ngl e
imageand darkfield imagesare shown in first line. The second line and third line show

the secretionmapping and concentration proglén 0 min, 10 min, 20 min, 30 min,
respectively.(b) Reattime curve showing the relative intensity change around the

single cell (256mx25&m). (c) Rose diagram of concentration profiles with time in all

directiors for anisotropy analysi@) Change of aisotropy ratio with time
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image and darfield images are shown in first line. The second line and third line show

the secretionmapping and concentration profiles in 0 min, 10 min, 20 min, 30 min,
respectively. (b) Redaime curve showing the relativietensity change around the

single cell (250emx250em). (c) Rose diagral

directions for anisotropy analysis.@pange of anisotropsatio with time.

In addition to the heterogenous amounts and @tegtokine gcretion we observed

that theheterogeneityn cytokine secretion directionsotropic secretion tends to be
uniform in all directions, meaning that the average concentration does not vary in any
direction. Whereas the secretion of cytokines is anisotropic when the mean
concentration of cytokines is different in directidn this study, whether theell
secretions isotropic or anisotropiwas determinetly the anisotropy indei the ratio
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of the standard derivatin of concentration in different directisrio the average
concentration of thentireanalyzel area.The anisotropy ratios were evaluatading
MATLAB code. As shown inF i g 8.&1 &andF i g 3.1 @the singlecell secretion

can be classified into two categories based on the anisotropy ratio of cytokine
concentration distributions in different directions. Cell 1 tended to sdwetog@ous

with anisotropy ratio was lower that 0.5 after 30min. However, cell 2 showed an
anisotropy secretion behaviand only secreted 16 in specific directioa The
anisotropy ratio was stable during the B(n and all above 0.5. This anisotropy
property may be correlated with the anisotropic presentation of ligands on cell

surface$®.
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time secretion mappingf a singlecell IL-6 secretion process. (hange of secretion

amount in 30min(d) Concentration distributiom spedfic areaaround the cel(150

eEM

x & IRedFitting the experiment data to thgtokine diffusion model

We used a reported solitary ceflodel (Equation 4.2) to estimate the apparent

diffusion coefficient(D) of IL-6 and IFN2

secr et singlaT celikeachD #a

obtainedhrough numericahpproximation methogerformed in a MATLABprogram.

The secretion ratevas defined as thaverage cytokine amount awunit cell surface

which was calculated from theurve between the total secretion amount and time

(Fi1 g B.L B). The experimental data showedgaod correlation witHitting data

111

S



(R>=0.9119 (Fi g .4 8,d), meaning themodel was appropriate to describe the
singlecell secretion procesdVe analyzed the heterogeneityf IL-6 and IFNo
secretionwithin each 26cell population. The average secretion saweere 11.8
moleculess for IL-6 and 9.7 moleculess for IFN-0 (F i g 3.2 B The D for IFN2
were7 5 4 . %Bnin wvhichis a little bit larger than 6 (421.% rfmin). It could be
due to thesmallermolecular weight ofFN-o0 (F i g 3.2 ® Thestandard derigtion
(SD) for each case was presahias a bar in the plotghich directly refleced the
heterogeneity secretion behard. The mean rates of secretion &ach cytokine were
consistent with thosevaluated frona reposteanicroengravinganda combination of
ICS and Lumine%®®,

I L6
[ IFN-y

60

40 -

20 4 e

Secretion rate(molecules/s)

T
IL-6 IFN-y

FigB2@ 5 andoslekeNeti on-Juatkatpdipaeled®i on.
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3. Bimultaneously mapping multiplex cel

di ffusi alnurdcamdf fTi

Chimeric antigen receptor (CAR) cell immunotherapy hazcentlyproven to be an

ccieelnlt

| s s

effective treatment method for certain types of cancer such as leukemia and

lymphom&®2%2  Puri fied i mmune T <cells isol

genetically modied by chimeric antigen receptors to make the T cell specific to an

ated

antigen expressed only on a certain kind of tumor. These modified T cells, usually

called CART cells, were cultured into several million and then reinfused into the

patient leading to nre effective finding and destroying of the cancer cells. However,

this immune therapy is not impeccable. Side effects would come suddenly and strongly.

One of the most severe side effects is called cytokine release syndrome (CRS) which

may cause some |H#areatening clinical manifestations such as pulmonary edema,

coagulopathy, multiorgan failure, and even d&&tht usually occurs within the first
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day after CART cell infusion into patients, and it is characterized by fever, hypotension,

respiratory msufficiency, and dramatically increased cytokine levalsh adL -6 and

IFN-2234
® Macrophage
&
CAR-T cell
3 Macrophage derived
- ’ —_—— : cytokines
unos ce s ° ¢ “Plasmon ruler

@
T cell derived
cytokines

FigB2&Bchematics of cytokine fTelcedde tshemrdrpoy
CD-19 CART cells can directly interact witiD19-expressingumor cells. ACD40L-
CD40 interaction between CAR T cells and macropbggemotes the activation of

macrophage for CR&lated cytokine secretion, which further active the CREells.

The pahophysiology of CRS has not fully understad@n-target effects caused by
interaction between CAH cells and tumors are reportedrigger the cytokine release.
In addition,manyresearchshave reealed that macrophagase the key mediator in
CAR-T related CRE i g B.2 F*23¢ Current advances in CAR cell study are
based mainly on animal models or cliniocabnitoring. Bondanza et. al demonstrated
the monocytalerived IL-1 and IL-6 are differentially required for CRS and
neurotoxicity by CART cells in a mouse modél. Sadehin et.al infused human CAR
T cell into a mouse model to prove that some cytokines such as IFM n €CSFK M

were products of CAR cells, whereas others, such as6lLwere produced by

114



endogenous mouse céf$ Understanding the intrinsic mechanism@AR-T cells-

induced CRS will offer better therapeutic strategy which, in turn, willdéac safer

CAR-T cell immunotherapy.

IL-6
40
— Macrophage:NALM-6
_I C:M:N
£ f ' —
= 30
[*)]
o
S
5
= 20 I CAR-T:NALM-6
= i CAR-T : Macrophage
% ——
O 10
5 ——
O
0
LS N S, VR SR N, VR P
N A R 'Sr&‘}‘&.'}

FigB28 6 expression -ailtteur e ed doaurgthir fEdeddS At h

me t h Supernatants were collected after 10 h e€efburing.

IFN-y
1250
a C:M:N
£ 1000 | ——
(=]
£ I
c 750 }
2
"t.'u' [ CAR-T:NALM-6
..E 500 | —4— CAR-T : Macrophage
8 3 ’—l—\
I
g 250 | I Macrophage:NALM-6
x
(&) —— =
0 -
S D DI DI DD
KRR SR SN LEENVER RORS '»&'y'&'},

Fig324 FbDexpression attlkrurcel quamatri cioed t hr

me t hSupernatants were collected afterhlOf co-culturing.

115



To evaluatethe role of different kinds of immune cell in CR&e first evaluated the
cytokine expressioin CRS processin a cocolure sample by ELISA methodwe
investigated the celiell communications between CART cells, B-acute
lymphoblastic leukemia cell (NALMS), and macrophagélifferentiated froma
monocyte lineage (THR). Cells were combined at differenttia(F i g 3.2 &nd

Fi g 3.2 % Afterl0 h of ceculturing, much higher IFM expression was observed
compare with IL-6, suggesting thamostiIFN-0 s @rmoccars at an early stagéigh

IL-6 levelsoccurredn macrophage and NALM coculture sampleven in the absence
of CAR-T cells.However,almostno IFNo  w a s eddnehe &sence of CARcells

Cell population analysis camly provide the general information of cell behaviditse
further identificaion of polyfunctional response differences still requires direct
visualization methods to investigate singles | | behaviors i n the

environment.
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(b) Rose diagramofIFd s ecretion profiles. (c) Change
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In our study, we used the nanoplasmon ruler biosensor patterned on glads slifde

an onchip way to investigate the 16 and IFN2 secretion profile during the interaction
between CART cell, NALM-6, and macrophage. To investigate the intercellular
communication, the redgime secretion profile of different types of cells were detected
respectively without any agent stimulation. Purified fluorescémioeled CART cells,
macrophage, andALM -6 cellswere combined at a ratio of 2201 andsuspended in

cell culture medium After 5h co-culture, the cell solution was loadednto the
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nanoplasmon ruler chiell locations and cell types were determined by fluorescence
microscopy. CAR-T cells labeled with RFP showed the red fluorescence color. NALM

6 cells carrying GFP showed green color under the fluorescence microscope.
Macrophages labeled by Hoechst emitted blue fluorescence &slshowninFi gur e
32 mndFi g 8.2 @both IL-6 and IFNo  w e r e edéuwingthe el interaction.
Three kinds otells contacted with each other and formed a cell clusterréldtéme
imaging showed the local intensity increase around the aetl&ating continuous

cytokine secretion proceddost of thesecretiorprocess tended tme anisotropic.
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IFN-y mapping 1500 0 1500

\ \
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FigB2d Fbsecretion mapping inThheocudltar emam:
represents secretion mapping at 30- min. Ro

time curve ar éVNheehTomeans thea CARIicglhM means the

macrophage, and N means the NAIGM
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There were various of cell combinations during thaitace.As shownnF i g 8.2 2
CAR-T cell and IL-6 interaction areavas observed thB-N-2 secretion witha great

local intensity change, while single macropha@&R-T cell, andNALM alone
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contributed nothing to thiEEN-0 e x plowe\ers ve cannot conclude that the IEN
secretion requirethe direction interactiomvolving in the surface ligands binding
between the CAR cells and NALM-6. InF i g B.2 8IFN-0  wabserved to be
secreted from single T celfirom single T celé, while interaction betweemacrophage
andNALM-6d i d n 0 thelBNtoo we x p rieSisg B RIL-6 secretionwas
observed inmacrophageNALM -6, macrophag€AR-T cells, and macrophage
NALM-6-CAR-T cells interactions. The heterogeneity ofsecretion during the
interaction between macrophage and CARBell wasalsoobserved in the figuras one

combination was active in b expression while another one was not.

CAR-T + NALM-6 CAR-T + Macrophagell

FigBBO 6 andoslercNr et i on macpepliln gi noethéawd i on .

IFN-y

I/IP

secretion mapping were at 30 min.

We compared and analgdthe secretion profiles itwo-cell interaction conditions.
Fi g 8.8 eéshowed cell secretioimagesafter 30 mindn different groupsTumor

CAR T celk interaction produced negligible level of-B.while IFN-2 secretion was
observed. It means that-k is not necessary for CAR cell activity. Besides, higher

IL-6 and IFN-2 levels were observed when CAR cells directly interact with
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macrophage. It indated that ligand interactions could furthetpactive cell functions,
although there were still -B secretions from single macrophage without ligand
interactions with CART cells. Direct contact may not be an essential condition fer IL
6 secretion of maophage. Besides, 16 secretions were also observed in macrophage
tumor cell interactions whiléFN-o secretion was not present.demonstratedhat

macrophage could be a major source e6lsecretions during CRS proc&8g®’
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obtained from nanoplasmon ruler singll secretion imaging and ELISA assay.
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We compared th.-6 and IFNo s ecr et i on amount koththe om si ng
singlecell imaging method andveraged over a large population of cellELISA

assay The overall trends were simila€ocultured environment acatesCAR-T cells

for more IFNO s e msrMadraplages combined with activated T cells resulted in a
significant increase in H6 levels, suggesting that there were promotion factors for IL

6 secretion when CAH cells become activate®n the other sidethe singlecell
secretioramouns were calculated to 2ordess of magnitude larger than the amounts

calculated from théulk-cell averagdF i g 8.8 Thab s pr o b a bhatthe bec aus e
cell population analysis ignasehe frequencef secreting cellPurifiedand activated

CD4" T cells weraeported to produce IFN at f roélgs0-306°¢ Ane anther
microengravingbasedmethod showed0.7-13.6% of secreting cells 6 7 h after

stimulation with PMA and ionomycffé

3.4 Conclusions

Cytokine mediated intercellular communication is the main mechanism of intercellular
communication in immune systéth Large populatiorbased analysisnay lead to
misunderstandgs of the results due to the phenotypic heterogeneity in cell popslation
even in thecell groups withapparentlyidentical phenotygs®?’. Direct imaging of
singlecell secretion process is @owerful route to determine the variations and
distinguish the unique sabts related to the quality of an immune respofisavhich

is crucial to improve cell therapy.In this study, we presented a novel LSP&sed

biosensor to achieve aip mapping of singlecytokine secretionwith high
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spatiotemporal resolutionNanoplasmon ruler exhibited a strong and specific
plasmonic coupling signahatenable thehigh selectivity and sensitivity detection of
single molecule binding eventsidividual T cellsare hetergeneousn secretion rat
secretion amount secretiondirectionswere examined and quudified. In particular,

the functional heterogeneity of different cells during cellular communicati@AR-

T cellsinduced CRSwvas alsoobserved The labeffree single cell secretion imaging
method was shown to be a powerful tool o investigation the redime single cell
activity. This approach will establish a new paradigm for understanding the intercellular
communication and offegrea hdp in fundamental cell biology research aciohical

medicine.
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Chapter 4

Nanoplasmonon Ruler forSARS-CoV-2 RBD Detection

4.1 I ntroducti on

COVIID® pandemic causedBARBoNHgV dlascarecmudvieddus
t h@&mbhi |l Il i on human 52@mat hs oangeophelMmeave bee
conti nuousSARGSoa&t ivastussi | t he ongoing threat
Mo s t countries ar eewowa(roima nchhksel ncyhh rsoteasr t cefd |
wi nnelreading to overwhel med testSewgrlaabor a:
experiment al effective wvaccines have appr
vacciaadi matda ctimansf orm t hel 9f,i gfhats ta gaani dn sat c ct

virus teet iansgttdl crucial to reopen the s

Redali me rever spoltyrnenrsacsre pa tROOR) ,r eas ti oea g RIT
met hod of nucleic acid detections, provi de
sever al hour s6 Ideltcwrts ome tdpreer aanaon proce.
|l aboratoriessomaswhelemeaddnii®y Rdptdcwvions ant
tests mainly for virus spike (S) protein,

nucl eocapsid protetion pINy aa ehi g hparetsti kg C1
strat éyi Admong them, S protein is mainly re
viralmeantttsaecrhvi ng as a key target for vaccir
have proved 4Hhadgiddmairme cERBBGod nSltsheebuni t

plays the key role in virali agittac htnheen tA CEmRd
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receptor, which iIis expressed o33ARQssM cell s

2 spike protein -49kdoysaigsar get for COVI D

Aptamers are ustabhygl esthobDNAsongR&A mol ecul
specific target mol ecul e. Compared to ant.

and can be lempgntlyesihzend camhd*p Aé ¢ ieselley noho dig

anal yt e, the aptamer goes throug@andonfornm
di stance change. Nanoplasmon ruler consi st :
a biomolecule such as DNA or RNA. The resc
sucéa can generate a |light scattering spec
separati on. -dlelpeesned et s tpd rmcseno n resonance b
scattering intensity during the strong pl e

rulaempr gamiseinrs o

Aptamer

Mic rofluidic
ch
Sike anne|

protein € -\’_ *

w . L
Bty %
] 0. 609 & ®% @ v

SARS-CoV-2

"
Glass Substrate

Condenser

Bound state

Figdt@ptical setup SRARCH &h RmMBaDt idees efcdri on un

dark el d mithespbpemon rulers were pattern
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mounted above an oil condenser (NA=1.45, N
passes through the condenser can il 1l uminat
received by obj el.t6)v.e Afetnasrh bliOnxd,igrefA=ant i g e
conformati onal change ot apptrameh ¢ausaxhAl
|l eading to strong plasmon coupling and inc

r etail me captured by the EMCCD camer a.

I n this study,-asweemkevedopadopl aehdn rul er
with -Ai dhdki mage SARSo&mpt kedpt etein RBD. Spg
the optic set ufpi edalsesdcadn eai dgr sdhema wil |l
coedser (NA=1.4), a 10x -scelnjsa dtiivee E(MLCACDO . c6a)
(Phot ometrics). The hybrid plasmonic ruler
il luminated by gui dingelwhictoen dleingshetr ifrrtoom tah
The biodditrhgg t arget mol ecul e brought the p
yielding a significantly enhanced pl asmon
intensity change from the arrays upon mol e«
camera andi mgmadayecedt ami zdd gMAEL ABheodri ue
optical response from plasmonic cforuegpd i ng i
homogedhetoeisti on, which iIis the key to achi e\

and selectivity.

4. 2 Experiments

Synthesis of nanoplasmon ruler

Reagents.30 nm citrate AUNPs were purchased from nanoComp&hRSCoV-2
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RBD, SARSCoV-2 Spike S1 subuniSARSCoV-2 Spike S2 subuniSARSCoV-2
nucleocapsid were purchased from RayBiotech. Redesi@RSCoV-2 RBD
aptamer were synthesized by Integrated DNA Technologies (IDT) with HPLC
purification. Phosphatbuffered salingPBS, pi=7.4, including 136.8 mM NaCl,
10.1 mM NaHPQ,, 2.7 mM KCI, 1.8 mM KHPQs, 0.55 mM MgCt) and viral
transport medium (VTM,2% FBS,100 g/mL Gentamicin, and 0.5 pg/mL

Amphotericin in a Hanks Balanced salt solution hasere used as detection buffer.

APTES functioned glass.The glass slide was first washed by Piranha solution
(H2SOQw:H202 = 3:1 v/v) for 10 minute and dried in the oven. Then, the slide was further
cleaned with plasma for 3 min under 100w power and immersed i(VAAPTES
solution overnighunder room temperature. After that, the glass slides were wash by

ethanol and DI water.

Pl asmon rul eMamospsleassbhamgr.ul er s were assembl

APTHSInctioned glass slide thromghW)PDMM .nb c

cmL)X xempO First, c i tarsasteembA ueNJP so nwetrtee scell &
through electrostatic interaom)owas Aoldded
into each sensor chamber and incubated ove

Aptamer functioned AunwNP3whendcHdueved bhef oDl
bet ween AuUNP and the thiol group on the o
targeti 8gRGauMmaRBD were firmM TrCEdPu cseod udy ohO

fully reduce-mbdi bxedi nédgobhi 6br 1h. Then,
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di |l ut eldO¥Xt owor ki ng conce~nftrreaet i Dbunp | beyx NBuucflfeears e

Hepes, pH 7.5, 100 nrdM KAAX )f oarn d5| hnei @t .e¢ A fitt dee 9

room temperatur e, the foMdea dgEt ©odmdif ewas P
aptamer solution was |l oaded into microfl ui:
that , streptavidin functioned AmNRENPRPOONm
for 1h at pH 11) was | oaded into sensor <ch

bi otin group on the other sodealcfr.the apta

COMSOL si mul ati on

El ectric filed di stgdadtuitam ns ianRdl destonaedrit ewifit AL
di fferent I nterparticle separations were ¢
electric field distribution near the surfa
external electric filed. -Tihel AudN®miamgilesus 3

the AUuUNP di mer with a radium of half the w

match | ayer of the same thickness, i n whic
The incident | ight was set panr alhleelditnoert hgea
sishowed the strong plasmon resonance. We al
when incident Il i ght was perpendicul ar t o

di stribut etghes uAuNoPundd mer provedof heheebi gt
to the scattering intensity change. We al s
scattering c¢cross ustelcdti otnh ec hsaingrei.f ildants cshhaor
small gap distance.
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Coarggea@ai ned discrete DiMdDI)e sulmaurd ady mami cs (

Il n DMD simul ations, temperatures were in t
used eight replica simulations with foll owi
0.300, 0.333, 0.367, and 0.40@al ywe semetl &ype

to compute thetdndtdi Buanorsohtemd0. 300.

Surface plasmon resonance analysis

Surface plasmon resonance (SPR) experi ment
bi osensor system to measuprteamehres .biTnhdei ncgh iapf f
was f unctSIAdBGe & WIBtDh a pMearnteatthtecfanol sol uti on
used to block the chip surface. After st al
concentr a$SAR@GR2 ospithe prot eijrecsd @ldutiinam wére
cells. The protein surface was regenerated
sampl eceqund!| rlerated with the running buffer
calcul ate the asksamrd at hen dres sceocrkcylitsaicnatg nt at

BI'A evaluation software (Version 3. 2, Bl Ac

LSPR detecti on

The prepared nanoplasmon ruler functioned
dadf keld microsetopses)( WNhkaeah WNas able-to perf
| apse irmacgr d. The back of t-heektdi mi wass ad |

condenser (NA=0.6, Ni kon) via |l ens oil. Be

130



used for plasmon ruler function was remove
samploadi ng miPDMSBF | ui di ¢ channel s perpendic
aut ombltyaded into the ¢chamugh wi Syrdmiyel /pmal

t hemi3® me a s(hiir gdReen t

Dark-field q
microscope .~ 10x Objective
" lens =

Syringe

um Copdenser —
s Lamp* 103

<
- T

Fi gd2Eexperi ment setup for LSPR detection.

Enzyimenked i mmuno(sEoLribSeAn)t assay

The ELI SA kit was purchasdd605).m Ehabplcata
beencpated with an &SARGbOWdY1lIBPBci Standar d:
samples are a«€de At pl ahe wmetlre and combin
anti body.i nfyhleant ead bdieottect i PARGNZ | PODREFD sprec i f
AvidtHionseradi sh Peroxidase (HRP) conjugate
pl ate well and incubated. Free components

added to ealcdsevewdl|l. | sSGSWtIREot? cSolnRBaD,n bi ot i nyl
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detection antHRoPo dcyo ng nudg aAvei dwinl | app-ear bl ue
substrate reaction iIis terminated by the ac
yell ow. The opitd crad a dernesd tyyp gacaDr)ophot omet ri

~

of 450 nm N 2 nm.
4. 3 Resdlstcausasndn

4. Pesign an DNA aptamer with a robust conf

Effective target detection by the plasmon
conformati on change before and after tar
DNA/ RNA aptamer does nédte nrde cde ssstaarnicley cuhnadnegr
antigen binding, we propose a ribosome swi:
and Aony a&dditreg ba competing short compl e me
reported aptamer i %% iTthreers ttatbd 15 & yorof3 & erdee
sequaeBokf ) i s stronger than the stability
( @on) bkuetr wehaan t hattarogfe tt boeo mglbiéeaxndefrng) . The
redesigned aptamer prefers the "off" state
in the presence of the hargegumoktectbet hde
1t sequteon ct hEBi gBBee ndl heg acionaerds edi scr et e mo
dynamics (DMD) was performed to estimate t
apteaeamin Aono and Aoffo stheadshowi egtbyet Im

where differesmnaor cod porsdiodg bteadgroups of | i
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and origi ARagddeer mihreald On O
of nmMB whil e the
== Linker

== Designed terminal
== Original aptamer

TGg
y

o@n  «=p
oo
Il
oo
2]

araaRn
11l

BO=OO=-0

=
-
A

ui
2o\
LAY
e
®
=

Bound state

Fi gd3kEsti mat ed

seconda fCy ¥2s tarputcat nuerre aotf

st att e nhda dd itsht ea nacvee

Aof f & -esntda tdei shtaamdmcteh eo fa v~elr2a g

|IBRRR
ELEET-T-E -T2

Unbound state

bSoAURNSd

u n b o u n dOriginalaptaener bases are marked in red. 10T bases as the linkers on

bot h 306 isamadkedhblueecamdldesigned terminals are marked in orange.
0.030
Q I Unbound state
0.025 - AT Il Bound state
J? ;
> y "
= 0.0204 &/ D
= it
a £
0.015 4
- Bound i
1 )
o. 0.0104
{/
0.005 -
Unbound
0.000 - T
0 50 100 150 200 250
Fi gdd4®he cgarsed discrete molecul ar dynami

probabil ity
at bound and

performedat Temperature of 0.3.
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d it setnrdi bdu tBhésanoncialy. stractusiof aptamer

unbound statee shown near the spmons. The simulation was



0.100
I Bound state
Unbound state
.075
- 0.075
=
c
o 0.050 -
[e]
[
o
0.025 -
0.000- . H”H”H”ﬂﬂnn .
0 50 100 150 200 250

End-to-end distance (A)

Figub&ap distance distributions of nanopl ¢

binding to the target.

We al so predictdacdsttrhdudamndibettavreeen AuNP di
designed aptamer after considering the ste

(Fi gdbs)e. The average gap ddos? aRRER kihmdigreg uips

4n m.
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Fig4déNManopl asmon rul er Dbi oSEhematioof plasnioh p as s e
rul er assembling process. The aptamer was
biotin at 30end. The whoeby-sep ent da APOESUTr e was
functioned glass subtract using a microfluidic devibark-file imageande | ect r i ¢

scanning el ect r of barcode chip wesecalsqpshowddS E M)

Il n order to assemble the nanoplasmon rul er,
on thed ocamed ean bi otin gr-bupaver whe dtherf emc
both sides to serve as a spacer to avoid s
functionali zed 1So bAwnNPsont htrhoeugehn dAuof t hi ol
groupodmetrhend of aptamer has high binding
aptamer can conjugate & umarta oAweNP AauMNd® d os ftf
final plasmon ruler structure. Every compor
by al githpsigned PDMS @meer ok tExiqdeird) meann e l
monol ayer of citrate AuNPs was first patter

of electrostatic attractive interactions b

135
















































