Opti cal Ndowot we
CharactUamosliPhg@edilr
at hSeneMoé e taiVv el

Ar man Yousef.

A thesis submitted i n par
requirements of Nottingham
degree ofPhDobosophgt

Sept e2ntb2edr



The copyright in this work is held by thi
for private st-uadmmemci dpler swsen &g fc mtonA niyn fr @
containeddwt¢d memt thhoeul d be fully refere
uni versity, degree | evel and pagination.
more substantial copy is required, shoul ¢



Abstract

Proteins, eclsentli @d macmaodm n al l i ving
var ibauws ogi cal functions, including enzy.
regul ation of cellul ar processusdmraslUenidne r s
f ol dainndg ,p-pod e @@naicni omuci al for revealing

di sease patmoweyxd.helicnpéremsmitgwens of fer det
into protein behaviour, such as conf or me
which were previously difHoweaVver tocornwaryt
sinmgdleecul e t echntkngoueesc,utleen cFiPeas® nainc gl ener

(smFRET) and cryogeni cEM)Il,e chtarvoen nnoitcarbol sec ol

SMFRET necessitates chemical modi ficatio
rapid protein dynamics i n nrnyEeM ri snatnihveer esn
nomontinuous, capturing only dAtsatai c esmudpg

these met houdtsi miat wl fyecl egkled yunheg kiheeti c r

proteins

This thesis employs polpassndoanl-bbhaeoboiveet ®NS
structures tonltakle! liedtwd witjugaghll mg t he osci
frekecknowsuapbasmxres ted Ahel il glgtht passi
t he DNHs focuses the -2d®legr baosf kebwni aso
which arerektnactive tonpdex chpamges ni rsttrhuec:
changes aveaeriankedstion ,tHhHeéirsefarppaotoiawxcdr iem

observe confor mataippreal pohd gdhaesWeiwmtptpil v ietdy

this approach to study ferritin, a ubiq
organi sms. Ferritin plays a <critical ro
essenti al for mai ntasoppgortiirmqqn ddwenrealsit a

functi on.

This thesis wihbhhmodareistcioh ébreg ttrruacptpu rnagl dyna
ferritin (protein Wwetl @t iowietrhoni rcoonr-ec o raen)d
ti me. N omaarbil tyghreentiéoraodmrnogc e s s i nf er rsiitnign ea se
converahedier ont.s nffuur t her more, the | inear r
transmission through the DNH and the si ze
the disassembly oul esi nign eacfieddQuirt @ me snuobl hes
i ndicated that the protein disassembly ¢



di sassembling cooperatively, emphasising

in the process.

This dbdmensthenfaed somedi cal amsamdtredehrps ,oac
to study individual proteins in their na

reali .me Our resul ts enhance t he under st a

di sassembl y kpirmecteiscss aofd itrhoen r el ease, whi
drug delivery carriers and the devel opmer
Moreover, the versatile nature of optical

approach t@a iwnwuestriaggnages of otadeal uparbd tee i
undersobameimg structur e, dynami cs, and in

the potential applications in biomedical
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Chapter 1: l ntroducti on

l1Chapterntilroducti on

Singbleecul e techniques have revoltuitmeni se

analysis mbl eodi es dudhese capabilities h
|l abs to commerci al applications, as evid
Technol ogies (Oxford, UK), Tl lumina I|Inc.
UK) , whi ch noeohmdlfegi etsheasse dE®mmergaioavli ng |
i mportancmoloefculiengtlechni ques i s highlight
research publications in this field, ref
scientifiOQurresdadi csh.i cal data exFrguoted f
1.1) shows a significant growth in the s
1990 to June 2025. This trend reflects t
sinmgdleecuhiequeschand approaches. I n this
i mportancmoloeculiengtleechni ques and highligh
i ntroduce the concept of optical t weezer
Il i mi tati onsw palnads nexrpil o roep thiocal t weezers a
chapter will conclude with an outline of

250000

200000

150000

100000

Number of academic literature

50000

PP P D o D P
05 o S S P
& & F Y
F P P g S

Years

Fi gal@&rowing interests of researchers in the
2025 this data is retSciieewnécdepf(r o mpa ss ev@®drbohl kaofo

and wusi ngnotlreecudiengdm@imec dil(esi @RI i ngl e protei:r

OR single cell).
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Chapter 1: l ntroducti on

1. Why sw=mofglkecule studies?

The scientific study of chemical react.
established for over a century. Physica
measurement, with 1 molée 0leglg8Pradli evaull)eos ap |

Standard expeni megntts se analyte concentr s
(nM) to millimol6.r02(XHAMVH . 0 2B mio!l & c(nlh)e s

Ensembl e approaches are effectively bein

of these. meowewe esommlrecmd es ( DNA, RNA,
enzymes) and surface reactions (e.g., on
which are essenti al i n modern science, er

underl ying fRYsTihceasleapmea thwrelesout mol ecul ar

making detailed physical (i2npsights inacce:

Singmbleecul e-cend gnemgluaea ement s provide far
t han ensembl e ( 3meda)¥$ heg mecnatns hi ghl i ght bi
heterogeneities armd ngmbeebabei tephocgseses
the heterogeneity of a biological system
refers to fluctuatoiuarss oifn atnhée ngti atied u@ad In
due to conformational c¢changes, transient
Techniques such as FRET and optical twee
t he det eecttiinben coofnifrocdilangesaand mol ecul ar

heterogeneity, on the other hand, descri
in a populati on, where each mol ecule ret
variations i-nr asreglotdicegnaclpoisd ns or stru
| eading to distinct functional behaviour

AFM are particularly effective-4) hhidset ect
detailed analyticadetadoirmatamd gquoesamctiufcy i
species that would be obscured3.,Fa)gtume no
1.2a illustrates how measur ement technic
bodies to individual cperl d gor easnsdi osni nhga se ardo
understanding of bi ol ogi cal functi-ons, e
mo | e c ulCeurireameadll.ybsii sl ®giimpatleasmtd st h eF icguusrpe o f
1. Waere the study of i ndiinvtiod ua | g ureon teictud te
opening the door to the s{(bjyyvome gteategi

18



Chapter 1: l ntroducti on

showhi gahre: f-iretd measurements of singl e
single well ss;ie$sdcaoamp,t uwi dg i nvolves <cap
sampl etso pre®mird measur ement sf;i ead ndd ntehaisruadr,e n
are pur suneud tiinp imeh i seidrud lee measur ements ar e

(5)

LARGE-SCALE BIOLOGY

Mass
organism

tissue

| organelles

gt L
molecules |::>

\ near-field measurement .

wide-field capturing

wide-field
measurement

Number

SINGLE-MOLECULE SCIENCE

Fi gueeThe evolution of measur ement techni que
examining single cel(S)hhaend nigracth ainsal ttsiad imloll ¢ < tu
confor madli enuwll ar shape athue sttoumblreeulcdhrange
i mpacting bi om@Inesadeets ieg ndeydn ams iwmwvgy. i or emdenr . c c
Reprinted withbSpeE€rompodpghdohnowi | ey & Sons, I

1. Proteins-damenshorael dynamic mol ecul es

The previous section hi gnmholliegchutl eed skteuyd yf e

i mportance. This section focuses speci fi
dynamicnsgl @ef meil ecul es, particularly ©prot
bi ol ogi cal systems, proteins are necessa
transcription, DNA r €j@8)i cTahteiorn, d yamsnadmi N Ab
whi ch i ncludevs t h ntbe nanotl iecmusd es, conf or me
i nvol vement i n signalling cascad®s..10)s c

19



Chapter 1: l ntroducti on

Protein dynamics research is essenti al l
mi ght | ead to somearsewsr dd&ege rAd rzdatéillving r d is

The specific sequemaoetefl n anmoinh dounal oyc eist si n

di mensi onal shape butPraodtsei mg sexivielmiat | dy
fluctuati ng caomofnogr nchit fi foenrse notver ti me, I nf
factors | i ke pH, salt conc(eliiRtdAadt t be, atodi
l evel, proteins undergo rapi d structur
nanoseconds. Thade monadlomde ovi lwrhatmi cm | b o
side chaRking @rr&a)p sMdr e substanti al conforr
as those involving | oops or helices, can

However-scalaeg gmo v eanse ntthsq s es ulcent ween subunit

require several (slek,olned)s or even | onger

The constant thermal fluctuations within
necessary for its dynamic motionxplTdhi s cc
a vast array of conformational. sTthet easbidurl

to change these conformations overA vario
mul ti di mensi onal energy map i lrmalsd auwltars
conf ormations and the energy barriers th
t hgm gdr 8b)Thi s energy | andscape, whi ch i
pressure, and temperature condi tito@aisn pr c
dynamfilés 1 Tchoemph &@txur e of these dynamics ir

ti meframes, amplitudes (1.&)dgdilereat ieorss vua
are crucial for understanding rare mol ec
and pathway | i kelihoods, highlighting the

on fum@MZkt8) on

Some of t he I mportant approaches -that

di mensi onal st r dlcetvuerle sr ensiotatyr thiaagm t@ egnrxa p h
NMR spec(R03xmgEy CGrecytor on (Mad.k)Tohsec aipnyf or mat i
these appnoadaehésund in the Protein Dat a

for scientists, of fering a compreehz)nsi ve
Over the past 50 years, the PDB has expa
thaf, OporCfosérné¢tr ®MBSB8 L2 e s &t b cAuugr2=p .(
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Chaptretrr ddudti on

a
Local flexibility Collective motions
Bond Methyl Loop Larger domain
vibration rotation motion motions
Side-chain rotamers
fs ps ns Hs ms s
NMR relaxation
X-ray diffraction ] ;
Hydrogen-deuterium
exchange
Fluorescence
Ultraviolet and visible spectroscopy
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Molecular-dynamics simulations
A \,\Q — Unfolded W
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Folding L\
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] state ﬁ
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Sunses aggregates fibrils
' o
Intramolecular contacts Intermolecular contacts
Fi ga3 € me scale involved in protea) nThe ndhuri ats

of dynamic processexspeirmnmmpnboaeinechndqguéde ca
variations withiRrepeadh €pipafongehme 200 7(b)Spri ng:
A schematic energy | andscape for -lpirloe esuwr ff @d
where pr ot efirnsem-emiagtg yetnitooiogply unf ol ded- st at es
energy states. This funnel represents the pr
through intramolecular contacts or misfolds
Emropy is depicted as the width of the funne
mi ni mal energy and entropy, VYy.Repst  nt(R2Baf F omi
Copyr2i0dgdiptr i Magteur e

21



Chapter 1: l ntroducti on

Il mhe | ast few decades, a variety of expe
been developed to characterise the dynam
of the data about the dynamiays orfy ptraltiea g
(1, $)maalnig l-reayX scatt €ridngu¢lSAXIS) magnetic re
spectr@©©3@apryd mass (2pg Neves et hpy es s, t he
met hods di scussed above are ensembl e mea:
mol ecul eshit on(b2 dsrynthehdwdJverwi nge wi | |

concentrat e-molnectuhlee ssitnrgalteegi es t hat ar e

address issues that these ensemble appr o
Techniques | i keoadtc ompmy (cZ,6A)ckbcneb i miead wi th o
magnetic(2Wweztteircsh f al l under t het haat ego

examines a molecule's extension under me
pr o(b2é® a v e en abnheeads uprreence nste o(f3,0b)codhpé reé¢ © Qg i @ S
| ands(clpasnd detail ed data on3d.2)He welvaest i ¢
attachment techniques and external force
with the naturdlei mgvem@omiseqokenpl v, reseeé
seeking alternative methods to study pr
focusing on lbiagletd ared hodsi dhalve been aprg
i ndi vidu®Dlptprcaimeseoa@dihe qgues of fer advant a

spectroscopy, including the ability to s
versatility in ex@BaEhhimenvalsatpiplliitcyat i e n s
di verse approac-baseti metdfshdd)@mhaeégoeomae opt

t wegzedrach providing a distinct perspectdi
range of studies have explored single pr

specific methods fordtthet mersitruglyy dri kien | fa

abbelee approaches.

1. 3Labelling and tpertdhteeriimgs tfuwdi essi ngl e
Labelling certain bi omol ecul es i s neces
el i mination of ( P.6pA eviinsiibhltea onfaerpkbeorc eori s at

the target protein of inte(é&8§dl mduadadigt it d
aiding the |l ocalisation and tracking of

facilitates t he obser vatgiesn amfd daylndaomisc
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measurement of interactions p®8.8Welear e rarte
many other | abelling method8dauvhnl gbées, t
fuse a fluorescent protein t pr dtheei ng emre
I mmunof | u(o3 %,sdc@hniceemt u $ceoshijeusgat ed wi th f 1 ui

to attach to the protein of interest.

Alternatively, tethering iIs another wusef

l i ke p(rdoll)eti mesr i moyo,bi it he ai mon o f-moplreoctuelien s

studies, iIis a crucial technique that si mg
mani pul ation of external forces. This a
i nvestigate a pr oiteed ,n'fsolntkicrhgg nd ycrad mipa 0,p ea
ot her mo4.B¥ulksegnet hod has been further d
system enablingsatcioovm!| et pi ontmeibm $ (i 4.2)r for
Recent advanceneencthsniigueet eeuisegngl edi es
met hods for autocatalytic covale@#4,3)xethe

Il solating transmembrane prdd4d)eamd msawr i
mi crobead motion wi t(hd4,5h cvgil reg DtNhAe nbil veecrud

available tools and met hods.

1. 4 abfed ee -mri mtgdien st udi es

Opt ibasled -psionglien approachesfindsdt |fyl ucoa nepsrc
based methods and conventional optical
t etim@ts®Researchers have consistently sougtl
proteins and biomolecules withdd,t4Ehies ne
motivation stems from the desire to expl
tdir natur al conf (4. ®an-miokwe @anilde dtyen@ahln icgu e s
require | abell-galbgledy kmi awho cpweif Hhio@gan advi t h
pl asmprniical ( 3wereenswn t o be superior to
By using thabeil in@ ctheadhgg,es i n protein beha
e

art facts are avoided.

Mass phot ommetrrfye saomet ercng SWOATS dseochpabél
free -bhpsedatechni ques, but they cannot s
the ©proteiinn ofedilmitteirneesni t ati on ari ses Db

primarily measure the mass and rteifamcon ve
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size and aggregation but | acking the sel
protein strusPlaemomnec bDYHBAGCHY alwseoe zreefser
to as optical nanotweezers i n tthiisnst bheeir:
extended periods undeHe peh wei owiogi chi r scto
backgaondnwer tdhepthiacalcfsboivbelwed s mogpci c al

nanot weezers based en plasmonic nanoaper |

1. %Hi st ory ando bpatcikcgar poput nndg

The f i rbsetansigmolda ent force optical tweeze
Arthur Ashkin's groundbreaking wor k I n
mani pul ation and characteris@iq1pma8)ifn'isandi
groundbreaking invention earned him the
app
accel erat imansrpchfer eat exy r a(dsi,7a)tfioolnl opvre & s sbuyr

i cations i n bi ol ogi cal systems. Hi ¢

| evi todt itornansparerfh,9psastsi nsgphehes groundw
t weeB3eon.after, dielectric particles and
these (@@®2yaeMi g hibni oal sagemlri, etdo tnmhaenm pul at e v
and b d6c3tBeyr itahe end of this decade, the b

t weezers reveal ed their potential, l ead

mani pul ati on6.4nd surgery

1.5PLincipals of optical trapping

When a tightly focused electrdmagnibuti bl
i Il um nmaretsi cl e, it creates two key force
force. These forces aremanuepuphdarttinoogl & sh ei
traditional opttdaalaltyweeszera petrums.baltnve
which assumes that the particle has a mi.]
el ectromai@h®Emcic phetdn in the ing¢ri,dent be
i nverscgdryt iponal to Iits wavelengt h:

/H‘]/EP 1-1
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P a
t h
Mi

a l

eQkenotes Planckepresestant handvavel eng

di @6 5%.066)

e scattering force is the result of phe
6)On the other hand, the gradient forc
tensityi sgrfadrieedtoppidises radi al particl ¢

ap and forming t heea@mr @p tmie c & la (ti6WbenebI6E)r S i

the Mie regime, where particles are s
y cepxtpilas n t he (féoR)icesr & nivioll wetdr ates a |t
dex particle positioned at the focus of
I rays refract through ( 6.8)RPays iacfl edisf f
nsities, such a& aalBtam dt be pEaretritc I[feo rwpeao

specting momentum & émeenr vtahtei omi. g hTehre ifn

c e&fidrs magni &ph d& ()(6i8.)eThese forces combir
mpodsenthe sc&tPt,eralniggnfeodr cwei,t h the i nci
adi e &t Pafroirscien,g from the beam's intensit
s centre of6.8%8) ghest intensity

rticles in the Rayl eighng egi gnei, f iccharmtalc
an the incident wavelength, experience

e rdpemsecattering force originates froil
ong the direction of darmtei omalildentortaide
the particle's radius rel abexereessehde

as.:

w h

el

Pa
po
gr

pe P O 1-2
7]

erepr esheentrsadi us oFfi st htehep awd v ell en gatnhd o 1

ectr ormdineettii acn

rticles in the Rayleigh regime experie
wer of particle size and islidepyeaddnth
adient of the intensity of the electrol
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Fi ga4dEBhe morddl abifactiagpaeawtible high refract
within an(@®@®)tical trap

l1.5L2mitations of conventional optical t

Singéam gradient forceigpitfificaadnttiweezmmp ac
scientific fields. However, they have 1in

particles in the Rayl(&6i99gh regi me and bi ol

I n order to successfulbgamr rampt iac ap arttwecel;

hmogeneous fluid environment, it i's requ
thermally induce$t oBkreoswni amagmorn e fosmmrrs t o |
spherical particle experiencesqaosprtieitdc arlo Vv e

powecotwmt er Br oovmrirainnamoes e@lny wi th the f ol
partic(l58)svhsilzet he viscoushseda®y spgal teisc Il ¢
size decreases, the gradient fforfcer ddeejcom
however, its magnitude is | imi(ttéd to t he

26



Chapter 1: l ntroducti on

For bi omol ecul es, which are nearly two
di ffraction | imit, the required optical
heiang |ckcadadmd ed v|ITps ef fectively trap suct
It i's necessary to move beyond the trad
particles to induce significant changes

i nteasit
1.6l asmonic optical tweezers

Effortebiectsapditze sr etduuctelde nanoscale th
ne-arel d optical technigues have opened ne
bi ol ogy, nanoel ec(t7tZoma ncgs ,t haensde ptheoct homii ccasl
surface plasmon engineering stands out f
73.,Su4r)f ace plasmons (SPs) are electromag
urface of a conductorofThaesd awav 3 acanmm n
SPPs) at -dgledreart rmet alnt er faces or | ocali

onfined geometriFeg dlriélbd )8Baoparht bct ean(

atur e, decaying exponenhiisal pryo mevatyy faonn

—+

he electromagnetic field n@eawmaitnite deat f ¢
radiathiogmh i ntensitiy ftih@bkllJaescabopeeirewasd
of SPs all ows for nanosedleetfromaginred, cgéd
for nanoscal e trapping, t hus driving r
mani pul ati ¢b1t @6hni ques

Using conductive metals such as silver
effectively manipul(at.e) Aldidght onal Isymal & d va

nanofabrication have |l ed to more sophist
and nanoapertures, I mMp7r70)Niam@ aimt ammiag ©al|
(7,8) bowv,9p and cYBiQhidg uleadc )pr oduc e extren
concentrated field gradients that wil/ a

sub00 nm( R ge
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a b Electric field

Electron

Gold film

Figas®chematic of (aPPsuafmdackeSPsasmon pol arit

along a gold fil m. SPPs ar e eloehcetrreameavgEisstcita o
confined to the interface betweenllthesgoatdi &
of |l ocalised surface plasmons (LSPs) in a go
a nanoparticle oscillates in resonance with

el ectric fields aReptrdienmneah opar(thiC®dpiyas gihfta@ & .1
Springer Nature Limited.

NanoapertuiFe gsaédefu)c,t uirnecsl udi n g DINoHE)ibdg @er @ an o
16f) , have recently been usg8o6foBhedslengl e
apertur esmoasrtel ycrbeyatmidi | @ ntghicak iftiAlemudr bu
wavelength apertdudembmadledet abmbghmti & r ¢
prdaicleSsPs. Thi s ciomtte meist y hfei éli @ hgt &H) ent
This significant field gradient, existing
i deal for trapping very small paratsiedl| es
optica(56g,08k,r82)
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Figuad:8canning electron microscopy (SHEM) i mag
c embossed n-&dnaaoathowl@te@ort eds ensadn.o b(l a)cRe p(rn annt cecdu b
wi tpher mi ssi(o/m8Qd pymi ght 2013 Amer i(dbBowtGhee mi c
nanostr uBRéepwieple ethi ss i @.&)ofpryamght 2013 IAmer i c
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I n this thesis, we use optical nanot we ez
DNHtru¢tter 8290 study the behaviour of sin
chose the optical nanot weezer approach b

without modi f i-fcraedd omwvVv earn d e X taebred e d period
integaafiongdic system, we can monitor t

solutions on the dynamics of proteins su

I n the field of plasmonicheawgiewgraci oned
to ohmi&5)lwhdixsh can asfacd béadkadiyoami of t
studi ed. To address tdouch adsebetarcon sa
promising as they hawienflroaw eadb soomr ¢ 8.8 oxmni hIn
However, the fabritchaaitam dfniitk ead € mMgeisii @ants!

and their field enhancement is | ower «c¢omj
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be addressed through the efficient desig
worked on fabricatingthhdegletifticneeduotpu

efficient trapping. This can be a future

1. Ferritinds structure and application

l ron is essential for numerous cellul ar
i ntracelplrwlt ein responsible for iron stor
expression has been observed(8.M)erarlibt icrel |
cruckakpceng ular i1 ron balance by serving
cruci al bi omol ecul es involvliedniinsviaeduoiurs:é
di verse functions, i ncluding DNA synthe
ni trogenanfdi xtahe oproduction of haemopr ot e
h

aemo g(l8o8hi8n9 )

Ferritin cont ftierunt @ g otno budtfrerd mgr,t as obs
|l oh@grm i ron storage, such as in macrophai
(8%Ferritin also plays a cruci al rol e in
alongside its stor®@deUndedr rpheasel 6gihncal
tension, iron readily cycl es beest.weFeen] i tcsa
be oxidised to Fej , which subsequently I
hydroxide and oxyhy)XXroxi de pol ymers

Ferritin is a | arge, spher-L2alhmpi ot @ii @ me
with a protei 80magBi ®é&r @¥.d)unds 49 nm t hi cl

shell encloses a ferric oxide (Fej ) cor e
along with varying amounts of phosphate.
around 20 kDa, wheéchromteonet awwi sbecific
protein i nterfaces. The ferritin sheldl

fourfold, that fFFagilk @t(ax,2 )9 Bhni |ter aannsipnoarlt f

predominantly wusfeort hirreed oupdt abhannpl ant a
0

emp | y both thrdafn@léd.9a4hd pbanfe)] dbot h cfF
cruci al for iron uptake and oxidation, i
Research on theSymbkar hasi defnrensit tabhed t
threefold channels, with the amino acids

uptake and the subsequent r el gas3e 905f) oxi
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\ e . . . v - ¥ D\ B 4 j\ . 4
Iyl 4 - Q 19 0 . (S ! w ' « y-) g,
; ..._‘V_ 1 ‘ 'h&""\f' g / .\I‘\’_‘ I \Zx v
s A >l . s A D)\ L
. o1 i Qp et 1 & . %, - ‘ # =
FONE S St

Fi gar hrckiemensi onal struct (POBol2AMI®D)sbospl apl
view of (ahamrnelusftallree oHanrelese, which consi st
related subunits for ming-faolndarcrhoaw nped rse , c(obmp c

fwor subunits.

Ferritin's potenti al for a delivery vehi
function and divef$96)YBi ndii ngarsgpoe cli d a cian d
receptor 1 (TfR1), a mol et ulmecuenlelrsa,bk ps es
selective delivery df9.6dThgsi honecaoaer bys
encapsul ate a variety of drugs, including
therapeutic value <can, t herefore, be enh
anti bodi es-ema@inn eeevre nf erref aten'for owtnhrans ad
Targeted delivery can then be triggered
enzymes, or externalt asrtgiemy l9®X)iwiitthy mi ni mi

1. 8Thesis OQOutline

I n this thesis, we stadadfedsitrhgel & efhervri iotuirn
an optical nanotweezer setup. We expl or e
iron |l oading on the dynamics of single f¢

dynamics and kinetics.
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I n Chapterde2,a weonmrreevhiens-based enwil eglud & |
techniques used to study protein AATami c s

andass photometry, opmolcadulteveplzasmqgnianda

Chapter 3 cont ainms etxlpermenemd cddl ageywiagn of
the various techniques used for fabri ce
dielectrpcedwompailicg), resonancdeesy,ii cagnsal o unrt e
optical t weezer soeveps THhies mtihaptfémi dl s
protein sampl e pmrdadp a&meotnhad d s asned ther ch
proteins, such as chromatog.Taplsy ctheaphreirq:
explains our data analysis methods.

Chapteredt texgl dirf f er encefsern mi ttihiee @nryihtaimo Icis
the DNH trap. After distinguishing betwee
effect of iron | oading on single ferriti
ki netdi dsy neamimi ¢cs of the ferritin channel s

sinmgdleecul e | evel for the first ti me.

Chapter 5 examines the behaviour of ferri
( AA) at di fferent contkat datsiasse.mbly Ri
dynamics of f emoil eicnl at | ¢ehel sanghpel 2, S
undergoes stepwise disassembly through i
dwel ling time of the subunitbddius aplyapther
al empl oys mass photometry as an orthogon
pat hway of ferritin to give a comprehens

Ssingdleecul e | evel

Chapter 6 c¢consd mmdieensg tkheey trheessuilst,s and prov

future wor k.

32



Chapter 2: Optical Char-MlctecubkbkatiLewnwebf P

Chapter 2: Optical Char
abi nboleteale

2.1 ntroducti on

|l Chapterwel i ntroduce the dynami c natur e

significance of studying individual pr ot
I's cruci al because it alnlcawonss mechanay
I nteractions at a fundament al | e4.&)1l,n whi
this chapter, welwiclul er ¢eicbwi sguegl| é or st

particular focus on opti cFaRIETa gm0 tnad keé¢ & .

F°rster Resonance Energy Transfer), or of
over force spectroscopy ‘techniques. The
resolution, thetamel dypyatmbc senbds etrhivee vcraapgal bci
to investigate interactions and conf or m:
forces that mi ght alte¢3.3h@ptpircoatle ianp psr onaa
enable the study of proteins i anl utahbd ier

understanding of t heir physiological r ol
compl ex bi ol ogi cal processes. Il n this C

techniques ermplodydd icrhasriancglee i gnatl ieacmu.l eTh
SMEET, snohglkel e Raman spectroscopy (SERS
Mi croscopy (i SCAT) and its derivative, m
optical t weezer s, t h e -mwohl i escpuel rei nagp pgr-aol al cehr, y
mol eculoenipl sooppmi cal tweezers (optical nan
of fers wunique advantages for probing t h
i ndi vidual protein molecules. We wil!/ cor
t hese opthiecsal c canptprriobauct e t o our compr ehen

function and their potenti al applicati on:
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2. 251 nnmbkeeé€slteesoneannecregy transfer (smFRET)

Since fluorescence spect rsasigdpey mod s cfuil res
(100hpas become widely wused in a variety
sci gnldfel )smafttt er (4 0QMiaensophdb@ d)y@ainads mol ecul a
bi ol(olgdy4)Thi s met hod i s basedsiognaldsenthdty
targef{ 18 miL0TSh)e process entail s tehxec iatbesso r |
the fluord@Phwohmaofi ebsmctr oni &lagr ceuxncd t stda tse
(105)The mol ecule then rel ax®ls, twhitcdhe dmaM
it to release a phot ofmi gathrd@ Jr, eltOUSIOrt atbd yt, h & |
is ®hidded emission because the energy o
the energy of the photonadgexdhton st hadbsfolrbe@
emi s, 3sinehmudi ng s mFREITwWn smethheondwled dubengtk ed
that iIis mostly wused for Wi2om®0gcul ar str

smFRET is an advanced techniqgue albduialt diveg
emegy transfer between adidpaniggionderd acnn i @a0c
t heir el ec(tzry oAl thosugh eBRET doesn't prec

di st ances, it serves as a valuabl e spe
efficiemerygyoftransfer between two fluoro
di stance bet)weemFRERemexperi ments have thr
First, bi omos$ peai feisc nleabelsliitemg with donoi
within Ffhcehiech distapproxi mat eslhyotwbess t

mol ecul ar separation at whHifeltl® &Sregy ntdr, a
l ow mol ar o aursculeasl $lsyadtmdoraiozs) ensure the pres
one molecule in theO6blsierdataosmabl umé s e
(ranging from Y.sl ptroeflerfrendt calsittoebri sehante:
(S/(NDOBHhe mol ecul es of idntser ensctt arerolr a @qe
fluorophores in smFRET investigations tt
i nter mol eculSarabilret drd aotriopmores under hig
for smFNRE Tplhesess high mol aesadrsoe pguant
yielaex@inbi t minimal "blinking." These cha
i nvestigations of dynamnel enolle€e 0lbatOl@y en
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For smFRET, fl uor s maoorkrgeasn i &r emod eerceaurl a&lsl ys u ¢
dyes (<wilt hnnt)ommon options including Cy?Z
excitation, ~570 nme@emirsegiiom), arbdb 0Cye5 c( f
emi s sliOo6n,)a 8 wel | as Substitutes ELE@H) ATTC
Al t hough fl uor eswcaemttunprddtes ncsamnhbe empl
addi ti onal I mpl ementati on 1c0h6a l1llleONges due

Fluorescence Fluorescence process and FRET

process

@

FRET

5, = e e I "I
51
Fluorescence
i B i — e
S, See—,—— S, Sheee—— —
Donor Donor Acceptor

Fig2t:El uorescence and FRET processesOmre il/

the | eft, the diagram shows a fluorophore's
process. On the right, it depicts ttehde dRURET op
its proximity to the acceptor molecule. This
acceptor, causing it to relax and emit 1|ight

fluoresceRer ipmtdeld $C.oopBF 0 1 @Rkt aut hor s.

There are two common approaches to study
Refl ection FIl uor e(s4ate,n@det h(oTclaR F )miicmmaogsicnogp y
studying moleculesFtpgaté@a)le Wwheekwnsdilf RE&E:
i s used for mol ecul es t(MWMd&éth darae qiummd kzi Ipirs

hi gh numerical aperture oblfieg@i &H)I23dn be

Mol ecul es freely diffusehentcontfbealobsec

making it possibl-smotecatgquevenmangver nbgbi
a few even{(d6pBE¥tB8pewmhlr s stbecnopnodr a l resol
i ndi vidual mol ecul es are onlyheaeetenfeda
excitation vol ume, a process( ilh3A,tlThylpsi c a

makes it possible to take hourlylX4)ture:
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TIRF enables the simultaneous visualisat:|
|l abell ed mol ecul es wit Kilrl 23T hsiisn gleec hfnii eqlude
the observation of dynamic "motion pict
e me s |l i ke photobleaching over ti me int e
resolution of TIRF is often |Iimited to a
technical advancements such as faster o
enhancedqgdasati on methods, and advanced

ti me a(nlallby)si s

Analysing smFRET experi mefttdl6n kceoincfaol clayl i
setiumpdi vi duadr enod exeaut teedfd sftisu'or escentceg t ha
riskove the badkgmro®rad heiTpmanefffeirci enci es
then caleatht bdcrodnpi dad hi a,t oyhmiaenh hel ps i
subpopudatteromeisnne transfer aedfftyhske sehci bst i @
pat t(elrlilbh lMFasatdimant age of reduced backgrou

selective excitation(Fofg@ma&lbécul es near t |

Numerous proteins are anticipatedist)o exh
maki egn shitable for FRET measur gmelmt)s du
With a focused | aser beam in a confocal

under-dfifé @by dsgtni can §dlludtBiyordef ocusing t he
attaching the protein to a bigger freel
mol ecule's typical diffusing period in tl
(18,114 ,Blyl8y)siprhopt snnaplveatiiaodbde, pboweé o can

monitor acceptor and donor photon arriva

capturing the photons released (dy9gach mi

SMFRET finds versatile apgfglliZdagctoo omaiti inompa l
dynarmild®n channe( 12¥y)Tamied 3 receptor s, al
(122dynamics of Epider mal Gr owslhi frFdiict @ r
(123)@ms well as the gtlr2udcitnu rteh iosf sDENgAR iraonnd ¢

we concentrate on the dynamitd alceluaceiaduri n
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a

Fluorescent mojecule

Quarlz slide - -

Counts

Microfluidic -~ e
chamber —

b /" Objective
Glass .

coverslip

Excitation

FRET

Emission

Time (ms)

b Donor window Acceptor window

Prism
¢ 0> Bormea e

- Y Excitation

Quartz slide s : Index-matching oil -
Microfluidic .

chamber =
Glass
coverslip SRS

P o
Udil bl & |

T

ptor Donor

FRET |ntensity Intensity

Evanescent field
Objective

Emission l ‘

Accey

Time (sec)

Figee&chematic of smMFRETowf vtbalt wmi appsoagd e
Laser focuses on freely diffusing molecul es
through the same objective. Right panel: Con
donor (green) and oeEsreeagtsors u(echreldg s deedbegecpt or
intermedi ate FRET, a,wh i dleghhlger ed e FREBMiems d b & |

|l evel s (dashed | ines) are regarded as real
i nt ensitotny yd mamad nd cyc esputbgpropul ati ons wer e el i mi
Il i n(ebs). TI RF mi croscope: | ncpirdiesnm iilmdtsow ift tdleieg h t

asampl e atridicapaxan dglees wnalhecnulaesvery thin r
sur fTeheeé uor ss gemrmade i s camlelr ac h RdTPYIWRF aFRET dat a:
of mmobidloin®edand alces,ptohowion @ cRRRET -cehfafninceile n c
signal observation. Donor s hodienh csamdgeasu | ph o f
trajeRepriaeased with(lR&EQYmMiyssighthe 220@RtAhor (s) ,
exclusi vé&priogeseNBbure Switzerland AG.
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di sease and drug design: I ntrinsically
prot(eliln%, 1.7hel X))y satil ity of SsmMFRET make
unravelling the strucbehaVvVioaompbéxthesse |

2.2SYudying I DPs with smFRET

The high resol uti on of SMFRET has rece
intrinsically | DPs, characteric®28.by2%) |
| DPs play crudicall rfalhes i omsbiaoldo@re assao
di seases | ikEelOoAllzB@empreerréds t o tr adiatyi onal
crystallography and NMR, SMFRET offers

because it can capture tlsadirmu¢didr)ersse and

For examptl dRu®Wenrd. s mFRETf ttlod isdhtolw Tahuatpr ot e

structurally, adopting more stretched <cc

crowdndgunder circ-bmguadcpbasét HFegaretio

2. 3amFRIhTasal shreen tweedtbdyggregadh®®s

Wi ckramadsi(eddeleypl oyed SsmFRET spectroscopy
g

aggregation with cytopl asmic pol yphosphsz
i nitiating &mapio |aygpghroesgpahtaitoens ' roletiiom, alt
showtimegyi r i mpact olhhi mlbnec@vamemg ftcawsmonorn
I nteractions involving | DPs exhibit dive

ead heol DPsa adefgtairdidg adef i nedostthet uerpéeen

compl et e( 1d3RY)erddror e, t o unpmreagtsaiamdi rnthersa
applying compl ement-moglye dwlcehnmgtulesd &,0 su ml
dynamMMDPgi mul,ataino nbse ( L3¢ aude tn k(all3c40 mb d n
SmMFRET and MDtoisnubay i ®pseci fic amino aci
structural deynatiens. i hepnkssyhnomeelde itnh,att F
amino acid interactions give rise to bot
(n@amy l-bociodmponent) regi on, and etxgramidreal r
domai n.
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a
Native Tau Liquid droplet Amyloid fibrils
m
QGP LLPS M Flbrlihzalson
X A
PG /"L\;’,—\
2 0.09.
%
EUUG
Eﬂﬂ‘\
o
FRET efficiency MFRnEzTne;ﬂ;l:n:; v
b
Anti-mGIuR2 ab g 3 |
Biotinylated £d 2007
secondary ab & ) - 0 . r T . r . T
Vi B 087 L i 4 uM Glu
PEG-biotin N\ Neutravidin % 0'4-bJWW%L
N\, v o s L 02479 il
kst —— PEG 0.0 . r . y . . .
0 2 4 6 8 10 12 14
Time (s)
Figude Studying | DPg ajJusiUsgng mBERERET techni
intermol eaotlramohedul ar changes in ##heguTau p

phase separ Rteipan n{ € A BEEBOYNCND 1 .(bpur face

i mmosidl mGl uR2 proteins were tagged with dono
t o mocnanfoar mati onal changes via smFRET in tt
intensity traces (top) and corresponding FRE
indicatimg ctbhahges in the pRepreiimt edscivoontf o rprea
frdnB&ppyr2i0dibt, Springer Nature Limited

2.2SRudying membrane proteins with smFRE"

Aboutt hoinred of <cellul ar proteins are membr
targets for (ARar md@dewt iacrael sn e ceensesragryy, ti oo n
bal ance, signal t¢(a28duLBT§iom,aatnidvictait@ad yda
fol ding, and any failure t-pofoldmufateiqoe:
cause severe genetic(l271,nke®Bgerse ] i uprdeyst i
the variables affecting membrane protein
bi ol ogy and medicine, providing infor ma
i nvol vi ngpmetirdil®g )Usi ng s mFRETmbirmngt ud:
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proteins is esstepidalbi tagwh ioc hipurioht eeni nmednst
structur al change happelnzsymFREITdeprolvii seso
ti me,mel agbke resolution of dynamic pr oce

of conformational changes and interacti ol
protEBonsexampl e, receptor ppotboéeioump, epdar t
receptors), play a vital role in cellulzs

portidmu(@isf38)The diverse conformations of

structure determinati on, have inspired
structur(@l3ghByl ogyng s mFeRETal3rvaV etk hs h
activation mkeehgbhhsmammafuah group I mG

that tie ndi ggndomai ns Db(eLtBAledeneter an it teiso n €
activated, and transientamnat agtmbtde aftiet T
hi dden Mar kdchw wacmmasleyds irsa paMd gd wn(aimpe =8 b} 4

Transporters, a significant c¢class of mem
the movement of mol ecul es within cell m
nutnrti espt ake, waste rempVvVa9pmeER&ETspgoakst
i n studying diverse transport prot-eins,

bi nding cassett élB8BaABCFO)Ytranspantersusing
Wanegt (44 0demonstr-htedi npatndbPaedi mgcldemtai
(NBD) dimerisation, shiftiwowgenheonfansmpo
which persisted for over 20 seconds wundei
SMFRET approaocolges hndespitve,bbdiave dr awbacl
fluoroplhaobedsdnfroamgl t er the dyhamlcESA®RYI dnton
conditions, background noi se, and photop
in the tesAt2,Cdseintts desviedhopanewn dlsame | | i ng
strategi es t hat mi ni mi se perturbations
fluorophores wi t h i mproved photostabili-
enhanced data analysis @aplgygsiidalmsyv drhiadbia
which aim to refine the accuracy and r el
bi ol ogic@l0O@pontexts
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. Bingtetein Raman spectroscopy

man spectroscopy is an analiynhekastitecht
at tferrisntg predicted(bhy4AlTZBMmepal ncnpll® 28
il ght scattering, also referred to as Ra
e most common is Stoked nRamaftta® ophoton

om the iamol eemt emeghtexcfirtcend tamed gri cswersd
unstable virtuéal4e, PAAED) stasansrieemete gyl 6 ¢
mohleecypecal |y falling back to the grou
me wavelength as tdeads nRayleasmitgH igrhtel a
wever very rarely an electron in the vi

the release oyhaenpédoda odi offelt ewerwawvel g

I §Adled8) The ot hneon dcecsusr rceonntc-8t 0lsed hBa mar

erenot res |l @l ready present in an excited
oton and subsequent(lly4Tahalsl irreg utld st hen g1
a photon wohhamgrthae erneineemgty | i ght, al th
cus on StokegliRa@Bont hs csacddtetrarnigng types
gr 4 a.

el astic scattering is key to Raman spe
arawtngt48mpd | samp lee tliSAEach mol ecul e h &
brati onal energy states mat chi ng i ts

ngerprints in(tlhd,Tdhée@)et earrien gn opwa tnaenryn sd i

Raman s pecqturecss cwiptihc ttheecrhnenibei @35 Dd)ver

cludi-hagméhyple)x ohesSeonkeanRaman schi3)erin
d Fouri RambanasgdHdbi6hdirhiengt ypes covered 1in
those with potenti al use in the conte
ot eins, which would allow forofobeh th
ot ein.
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a b

Excited state

Virtual state

energy

Vibrational states

N — — 1 v

i S

- Ground state
Rayleigh Stock Anti-stock

b

MM TERS tip
m%/) . Raman
- Proteln scattered light
= Sample
= . N \
5 < - !
= Ligand Objective ]
il lens r—
0 Excitation
.&\ laser
> t\_ Protein-ligand
Nanoparticle surface
= | Raman shift >
Figwkde | I lustrations of Ra ma(nal a o la @ih &dg ii anrg , S

depicting Rayl ei gh,-StSd ok s Ra&RRmama Re aatdtn ¢ aendnigw
permi ss{bh7opmr Aghho28616ROby)amacSibeci demnonstr a
SERS principle as incident |Iight (green) ind
Raman si grReglr o(drue(@)d5(8fCr aBny). (.)0 A cartoon repre
prodéigmnd detecti omhl@ynwg®8BERS$ nsh drwes StElRR&Et spect
binding to a proeltiegamn,d fcoormmpilnegx .a Tphriost ebiinndi ng
in the protein, altering amino acid orientat
spectr al tchbanggst hbat Replrd »n t(feldi(Qffa tdnm G2.) 0

I 11 usafr aanTdAR$ setup displaying surface pl asn
which enhances the electromagneti ®RefpiréInd ede s
fr¢gmeO¢ BY. 4.0

Due to the inherently weak nature of i nel
protein studies was | mpreanchtainccaeld uRnatmaln t h
spectroscopy (SSERSYrf avhe cphilapdiiom@ r 4 s pnanc
SERS can enhance the R2Imdenashlginmgs ebdy tao f L
for single molecule/protein studies whi cl
nanopa(rte2cAcededi ti onally, SERS can be used
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proteins, &sgRlkdest Waketedai higand binds t
signal shifts, 1iMd3%)ating this interacti

Sinced nthhe ductS BORS, sever al onsdtuucdtieeds ohnave®i
mol ecul es with good Raman si(dm®Bdwe vseurc,h a
few focus on single protein information
achieved ,wihhesfllAg§Pe haemogl obinwmehecul
silver (A®&Additcliess onl yl Owiytelmgitsn ¢ he prast ei5n
have been conducitnecdhuedsionngg g SE&Si on st at e ¢
the porphyrin(#t©6igl vweeri nnga nschpopawnt i cl es modi
and iodide ions have been uselhnbdsasaibstr a
i nsulin, acidic B®&A,166@00dgl SEIRES amudsltyadz)
used to detectmoBXRXA udte tlreevedi rhbgyl d i nki ng |
which binds to BSA and facil(iltéédgeagi gsel dt
nanostructures t o hanopulgihf ypltahsemoShE RS esfifgencat |
scaffold was incorporated to capture str
si{tées6)

Despite the potential of SERS for single

wi despread usrei nfemrt ssuddmeexpgegni fi cant [

reproducibility in experiments, (pr@maril"
Even a slight vamnamedhmeédfe jsuzte adff a@w@no
significantly nacletnderm@@ PAed dsitgmalal ¢éyhadi ffe
preparation and even insariuateinameoondi pubd
(15BYrther mor e, substrate fragility, cCos
i mpl ementati onsiomfgl 6 ER® U d(cdeds8&) Mor eover, 1
enhancement factor is insufficient to st
the enhancement | imit has already been r .
to be observed p(r1oG*0) i nuaslilnygg SERMYY I e m
typically relies on random adsorption t

inefficient atnicdmemodwmithl®! |y very

As SERS arose as a new type of Raman s pe
armseter med -€elrElR&éSn cfeodd Rampan spectroscopy
force microscop(Fi QRFEIM)Yhei Z&an SEIRSgroup fir
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i n 2vhC& silverside AFM tip was used to o
dye brilbli@mi2Bdeaygytes in this techniqgue
observe the signal of -maliddulamiBigowiedlsayrll yh |
to SERS, despite having been shown to de
TERS has been used to study only a few p
proteins cytochromke74£)asandelhlaemsegldlei n nt e
haemognl cabnd human serum al bumi n( t705 ,flo7r6m h

TERS has sever al advantages over SERS su
AFM tip and gHewéeebeskEnmitaviops of nanof

previouslhyolsdt itrue as wel |l as the increas
| i mietpsr oduci bil ity f qrn58ilrhgel a ehaltd cviell ey 9 t«
single protein studies in the field witt
l'imitadiomnsn ahe case of proteins, due t
compl ex mol ecn$ eantwiyg drefh@amrma tnigon s, ori e
adsorption interactions that wi || affect

addressed, tehred uTSEER SO ff OSERSSi ngl e pr ot ei n

scarce.

2.4 SCANhd mass photometry

I nterferometric ¢ SLJATrevY inma gthimer o snctoepryf e [ ¢
caused between a reference | ighsampkeked a
(177, 178)

The firstbasneckrmetrlktad ewas ,damon Hie dABd si
to study micr o6tLudbBal leowiynog kitlchises StCeMang

of ficially coined in 2009 in hipiddbhi bayete
which introduced novel concep( $8Mheaste pr o

| eadi mpo ovi ng-tabéesesigaal o by detecting

i ncreased exposure time or | aserhepnoewer .
was waeabd eliminate residual scattering
reflections wi{(hBO)the optical setup

The main appfChaARei desi hedagpamlrut i ofnr eend |
natur e t o i mage bi cmlsogmicat ¢ tlpirBgidle88is)pisd s
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nanodomains and exciton migratiam ivin voon
(182,Al 830), it magihda@&@™n shroevci sely detect
mol ecul es,( 1a8mMd 1Widlu a1gs t a StCAdisse ad tswd ibeese,n
in single protein sensing and tracking,

fibri(na@gecnar ci noemlf 1P &n immuarrotgil gpédbru | b v igraanr

serum &11B&deimal | heat s hMectkh gomrooctaeli cno clcu s5 |
(1&&t)d M égdaB8d)The det eic3CHoanv d ianistos boefen pus
machine | earning, wi th diengqlse slucvh mcl epcr

(21kDa) , SkiE. praotleé ihru mlamoe8n n(t9e rklDeau)k i me i n g
(188)

Alt ho88&RA&as proven efffreecet isvengdse g rloalkedln s
its widespread use is stildl l i mited by i
onl y nanfoenvenh r ®eisz € amred witrees ng met hods to d
signalrom the sample and backgmoourse ma@its e
that | imits this approach to investigati:|
the factors that affect this ratito owi,l | [

antdhe scat-sectngnco®ksh)e sampl e

A notabl @ SCAfBs emmtassf phot ometry (original
scattering mass spectrometry), which 1is &
of measur i ng stsheo fmoilnedciuvl iFadrg @hra& @8\ em!| e s (
mol ecul es in solution settle on a micr osc
| ocal contrast shift resulting from this
with part{(toe)hfmohuimews for the accurate
mol ecul ar weight as proteins have been f
speci fianmedlruancet ( v ENaissd epxh ot ometry has al
determine tlkendtasbsi @f-povoatraionu si mtreort aed tni
single molecule | evedhr emlrihnhaamadne dt ntegi@ombh
antibpadg)as wel | asorteceptgpe CDL6a Fand p
i mmunog!l ob Wl1li9n3 )Tghaemmtad a cmks 8 g maa s ur e-me nt o]
domain GTPalseondyandmipn d bil ayer has al so

mass photometry termedlO@vyilTdmisc waas sdomleo th
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di fferent background remoiacilffappiromgcdinttofr
bil agen)

Mass photometry has also been used to wu
dynamics incl udilmMd oploilgyomeerriissaatti(iidodn5 aemrd ag
exampl e, the polymeri satliverd o fameatdiiredtiarc ,n
endocytosis was studied using mass photoc
understand the dynamics and r gdlll5aMaosrsy mi
photometry cabi amsbedeltaear mhibwadamglpy 3ed
monomer s aenxdc hdaonngaeidn di fhernseudfr at hes i HQV ant
yielding mass distributions with major b
monomer / di(fieg @rr @ bli9dbs) t al so examined int
pr ot &i and human/ bovi ng 1i9m3nmuhneo gHloVb u Inihn bgi at
with the HIV (elnQv7ied md eh yomasdyesmdi peapéer @xir
(198he oligomerisation and hhawe a@a thieoenn
guanti fied using 19M®lssso, phwet ometengt | y den
di sassembly of single ferritin molecules
2 using opteircsalanmda mmatswwe @gzhhot ometry as com
appresitihch we will QGhaptu&ss) in detail in

Mass photometry i s,antoe¢ twe ¢ Intohddgeuteetclka gomo b li
rangi n3j0 fk an t(o2 OAOd)MiDtai onal | vy, al t hough tF

photometry has been nowiedt h oh dlef umpa X iomu2nd
mass accuracy, the resol ut(il®&m®)Tihe siemp ancctl €
photon shot noi se, starnmaptlieo npsuroift ys, p erceileast ii\
the mass range of(i1&@Dpartockéssétufaonew

be adversely affected by samples that hawv
a small mass wiaaoAtm®md)heirntlearmasttati on i s s
as mass photometry works best when the s
measur ement sur face. Experi ments can be
within 100 pM to 100 nMn wand¢eaofn Mp f ioma |
bi omol(elcud )elsese concentrationall ens $ ssmiaka
techni que for studying we ak bi omol ecul

concentanrree gwinrse d . Despite thesaeasl ismiotwat i
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i tself to be-mal eculsatitlee hsi qyéeé et hat ca.

i nformation on various proteins.

a b
® | Dimer
; . -
> { < > =
® =
Tr & B Monomer 2
36
) 7 d
: ; | o \!/ylyRenected Light 20
Incident Light | Scattered Light o
I
-0.01 ; ok
e 43 @Q
S >
5 &5
8 NS
0.01

Figaslkellustrations of the ptanckPpilmrsi pledi ofd

phot omet-mgl eSuhgledentification without | abe
of reflected and scattered |l ight aegludds ng f
water interface over time. (b) Mass distribu

di meric states us Rapgfrrm@En® é3Jopphyorti ogiihate r2p0u2t0h or s .
Publ i shetChly V&rl ag GmbH & Co.

2. Vptical tweezers

Opticalkrswaee versatile tools used to pr
applying force oparttoircibeesl ¢ odenedcwvi domat el
optical components are cru@iaalt.i fdo re st alayde

this technique in this chaptaees®oagrdhghs i
better wunpgreortsetianndstructures and dynamics.

| €hapt emwe introduced this technique and i
et (2102 ,H20x *), we will discuss its applicat
mol ecule d8mel yersatility of this method
demonstrated through the optical trappi |
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atom804, 2m )cronmianrdns pBO6}| @& wel | as
(208, 200 b,s2haftPéricedl 3, 224y @E2DbI e nns
this appprecdaaedi,e ntherest must first be att
polystyrene ool ®icul aa bhedds kanwdga@sb() as

So far, several mol ecul ar petniddleesntmaveshb
optical t wWkteazregh eseeli bPpesd aahi bogedy i nterac
study -stegeptori ataersinbdlea s | e l evel. Spec
anal ybBedbinding specificity and unbindir
anti bod91HP® saypretphtetdiecs twi th phosphoryl a
Ser 235, inclughongphot Wi adoeudb | &n d monopho
Bechet HMu’s)ed engi meaareepd abviiatiinn ( STV) | i nk
of chaperones i n thbhé& mabbitnedsien g oplrdbstheg gp a(tM
this technique, they reveal-tdkehat aSecBfl
preventing stable core Ulelmade €atc @ebtind led .a |
al(.21Bt)i l i sed a chemical crosslinking te
coval ent di sul fdylst eh onred sit eisnododevsd mtghy t h e
tethering method offers advant aeged iagred di
i nteract iMyman,t i sSMycchAaatsd DDDigg are sensitive
and buffer conditions, | imitind®1t8he ki nd

The initial compmpelmeresinvd ostduchy using op
ri bonucleas@19) l&N=age RNase H unfolds at

has a weaker state unfolding at about L

observation of an intermediate folding st
folding pathwaytthat obtaidi Wit h(d1her e
Optical tweezers were also used to detern

to their folded aerd (R0 eécemi Tedtelse GShfa
energy of T4 cloynssoi zsytnse ,0 fwhtiwoh subdomai ns.
smal |l er subdomain revealed a free energ
kcal / mol obtained by chemically denatur.

cooperative unfolding.

Optical atwegeraesal |l y effective in trappi

10mein size. However, they face | imitat.i
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small er than 100 nm due to Brownian mot i
generatingughrbogces to overcome inertia
need for tethering in optical t weezers €

protein and mol(&RuUl)e being studied

Dielectric
bead

monomer

i i Objective

Fi ge6:&chenoaft iicmmobi |l i sing a opotniben@ebrziecr sp rsoett eui
where a protein monomer i s attached -to die
streptavidin interactiongd,healbleawisn gf ofro rscteusdy

folding anBepni et(e®QfoB¥M.3. 0
2. 6Whi s p agrail fngo diyeosri ngl e gmord wicrugd e

Whi spering galilseorayh intoath® Iss enngdl aea gl e it telaca th o n

useesonance frequency measurements to de
proteins with highi mreindgarntiivfiytiyng nandrewar
i nter.acWhens |l ight i's directed lamgtia@assa di
mi cr o srpehseareant wavelrapgpthh kBedommd(r2c2udl)at es
This creates optical resonance, known as
constructive interference between the mi
waves extendandsoemgth faneled, slightly bey
(224PDi el ectric WGM skeaskiggst:r & a)k,e-togfinhiaesrs rne
detection of multiple proft22mBke eQ efnadtnorc
WGMs reflrecstosnnanbhe’' s sharpness, indicatir
specific HirgegruEeneghgest I(n terms of WGM geon
sever al c | as sansd i-thhcrheuadsi inogn atlwos i{ 2 RaSg d Mi ¢
mi cr o(d2 Z2k)e ctowmmmon 2D shapes(228)i mrof obp|
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(229 )Mi cr(©©d»Q@ )i es @ RBANd emsi c ( @ Ba@heoitdhse popu
3D geomet hiaebee emhiscuccessfully wusedsfor W
I I 1l ustRiag 2rdg b inigmgett he properties of mi cr

concentration of the | igh(t2203n) the surfac:

These sensors enable the determination
applications through ieenvsienmgmlostienwgalbdes udemec
with WGM sensors requires significantly
(238h)en WGM is paired with plhaspeootnesct inaelt
met hod for detelCc2i®8BJFg) single proteins

Exiting WG Ms trigger pl asmon resonance
nanorods, enhancing detection seWseni vit)
a molecule entersitdadypltaemagi tathiods pbh,

subsequently shifts in WGM6s opt(i2c3a8l) r es

Thi s facilita¢ esi mglleabmbdbl ecul e sensing

physi ol ogical solutions (Wi gr éicB®Mhsecond
i nclueetsahllee phenomena | i ke theg 20@Pe 2 4dnd
as shdéwmng 2rba For i nestt @&1ddRe)t ekcitned pol ymer a
i nteractions | inked t emoelnezcyunhaet ilce vaeclt iuvsiitn

nanorodsy recwomlaemd | t o whi spering Tghaelyl ery
showed that, at various exeilpgeswatemr ¢ he & e

signal and the enzymatic activity of thr.

WGM sensors typimadod gl opes altet iworndh rntangir
to seconds, constrained by factor2s25)i ke
However, -Iforcekgiunegn ctyechni ques aligning the
WGM' s resonant frequency can enhance thi s
of up to 1. (24Blln itsercmndef the advantage
not ewby that the resonator not only func
and is robust i n various Kkinds of -envir
guality facolbumacidddegmal |

While the sensitivity dmd-Sneidadbgpatrioachop

attracted interest in the sensing field
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resolfThede chall enges i nclude enhancing
optimize sensor perfor mancteq irmpmrucv el gt be c
tmoise ratio, and extending the | ifespan
and photodetectors. Additionally, effort:
substances for simultaneoiumpramwilrygitshe fdae
capability of WGMmeskekesol(&€ 2i36Tvoe Ifeul $iyn qulta
potenti#dlreef sleaBéelhg techniques in a var.i

mu s t be over come.

Gold Molecule Sample
Nanorods Chamber

closed open

gl ot
Gold Nanorod ) ?‘f?gi—.\fé‘é}

c === = —=
Prism v
\
N

Probe laser
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o
c
S
‘=
w
z
@
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£
=
e
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i
o

Open
Closed

Transmitted Power (a.u.)

Photodstector

Wavelength (fm)

Figerél l ustration of WGM sens(oar)s A oWwWGM isnegn se
featuring a glass microsphere witRepmpdiastmedi
with permiS&ppprigbm 20271 CB¥NCNDY(e)y ENmazwymeati c
activity at the golpdh onsapnhoorgoldy cteirpat es hkoiwina swei t(h
(PDB: 2xeb6) and closed (PDB: 2ybe) conform

activation. Ri ght panel : Eé¢mrltamec emented datdi s
nanotriopds. Rep(2d40¢Copfyromht 2028BYTHe @Hhut hor
Transmission spectrum wavelength shifts reve
nanorod tip, illustratedndeg. tdiegrealz yamag Isi tcwd
t o wavel egmegrtahn sbhei fdet(er mi ned. Adwii dattioan af | par
maxi mu)dmng coupling percentage (S) are cruci

Reprint(ed OfGoopny r i ghut ROrBlY (AQ@ ) .
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2. Pl asmonic optical tweezer approach

The interaction between | ightfraed-snamgde
mol ecul e opti(r&Thededapplti oati on of met al
specifical | x cneohbsl =i agmeidfgil sasmpl i fying opti
(24BHi s i s explained by the plasmon pol ar
el ectromagnetic fields are coupl(edda o th
248R)esearchers promeeed biemml 3h7 nt mgt oa la
could produce enough opti(ca49)pbtenpi ahet
work demonstrated that nanoparticles coul
sur flarcker conditions such as speci fic S
geometric featur ¢é ®dofc htareg eanediaad c esnt te raudcte iudn me
| osad ievanes(c2edmdt, 2fbibeelsces fi el ds, which dec
from the surface, produce strong gradien:
trapping. The | ocalised sur frafcien eprheanrstmoars
trapping potedtnigalt hdee pttrha p psinreegbho b axles s a
(249, 250)

Okamet q 215tlWo vy eadrnst rloadtuecre,d a pl asmonic op
They used an opaqguwebanveetlaelnlgitch faiplemm twirteh, aa
l ight to transmi tdetchardoeu glha ttehre, atpheer tfuireel.d
progress by effectively -itmaipgpaemtg Ita ngr pe
buil ding upon t hese(250uyf8TahiRsb Bparl 0o gerxepsesr i pna

way for precise nanoparticéaeomtsecapgegi.ng an:

To under PtOdhnoddadh owb j ect , we must first e X
principles behind this technoilodycedubaacdtk
action (SIBA) effect.

2. 7TFuindameheati es of plasmonic forces

There are two primary tnyipce st roafp po pntgi:c aglr afc
and scat t(ercMegdif ecaesed in Chapter 1, t he
momentum exchange bet ween Il i ght and obj
propagation path. I n contsr afsrtom tthhee gfriaedli
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intensity gradient, i's cruci al for for mi
for(2ed 9, 254)

The Lorentz force, whichQi andepghamaealiit con
the first ¢E¢bacecweriuse ttlhhe forces gener a
objzxz84)

"o & 1
Whevies the total "cesrtéeért tdemsi chaage per
Usingnhloemogeneous Maxwell ' s equdt2i5odns, t
M - {00 0 Q pr i®® & ® -10 1 o 22

I n a static el etcitimeoeragggned ifco (fd &4 )ds dihwen
ae | Yvie QY 2-3

whe'Mes Maxwel |l 08i sttrlkees surtietnsmar, Qdal &inad t he
angdare the relative permittivity damd per
bolLISBNAPPI el ds, pl asmonic structures of
usi m@ ™Maxwell stress tensor (MST) appr

el ectromagnetic fo(rx>=0)acting on the part.

To make computations simpler for objects
a dipolar approxi:m@ad6éddn might be utilise:

B € B2ADPzn% 2-4

Whebe | % s the induced |&ispalhee npoonheanrti,s aabni d
el ectrOic fciomlsd dered through the mutual i

the surrounding media,sabebutyingnsar an e

The plasmoni c tr aepxienrgt epdo toem 1 a0 adaataetdi ewaeg vy
calculated by (26dgrating the force:

x . 2-5
Y L2 400
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The potenti al wel | mu s t be deep enough t
usualrloyl®dTK whégies the Boltzmainyn tcloensdal@asaol
temperature). This requires higher | ight
which is influenced by particle size and

2. 7S21 hduced b&¢Btraappong(fundament al

The <cruci al aspect of S IhBA ptarratpipcilneg iitss €
participateev eyt taHhea etrrianpgpitrhge opti cal tr a
subavel eng?2b5fdlee SI BA effect tepioonalnlcey's

sensitivity to variati(orn2s,. 2i5mbn)t har tl iocwll arr

initial research focused on the diffract
aperture in an indefin(i2a50)ciddgrichoaBet her, €
I's extremely Ilittle |Iight transmission v

waveleng(B56 Howiegletr, the high optical tr:
t hat a specific design obodthel in@gmtoapeahn
t hrougWwawaelsaabbgt h hol e, rai sed doubt on h
t hrough a nmealadilliimc, ai r eadbupl es i nto SPP mo
wall s, effectively eanl amaueplgi nd eb dhtoween AS

on opposing sidesahdfgattiiechblVe resuhtsti ve
i ncreased optica(l7.2t)iSams imiagssiyon i st goalucin
nanohole increases the aiféectithe tefanagami:i
(51)The SIBA force, which points in the d
the photon momentum whenever it drops as
to | ower the incidentrrleasspeorndi nttoe nas iptoyt etnot

ordepT(®fL, KR$ Bega@ri@@ur i ngenheirgghy events, t
sysadmubestrapping potential dept(i.3) 0 ma

This resultsransansisnoneasgdal proporti ol
i ndeXx1l, Toh)sequent !l y, the nanohole struc
trapping by employing the strong fourth
describes | ight subwaseml esgbh &apeobtghes a
transmitted power scales with the fourth

the thirdsapowetypdependence of Rayl eigh
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trappi ng Tefef iacdivéamndtyaeg eSIoBA confi gurati on
optical trapping (POT) approaches i1 s th;
(51,.257)

(=]
o

(kgD

Particle

—~ ]energy Particle

energy

Potential energy
(kg TD
Potential energy

A 4

Time (a.u.)

Fige8&el hduced Back Action (SIBA) efoffeat on
dielectric part-bakedi pl as mamioapterapre(a) At
positioned within the aperture witht molder at
aperithuhheeglher gy evenWhethhea ipner tti2c!| & dijoehgei ns t o
time t3, thenphbaneprti kecdaptetdr oKedmhet IBé BRralf toir
Reprinted with5@éepwmiisghopn2Nbaftiumn eS pLriimigteerd .

2. 7TABer tbarsapd itcappi nsign pif @taes inng pl asmoni c
optical tweezers

Aper-hbased nanostructures have emerged as

t weezer s, enabling precisebjmad@tippaBa&at 268)

Nanoaperture st rnucclteucruelse  fdoert e stiingm e havi

effectiveness by natur al(l81l)IAill miot i ntgh eb aacpk

surrounded by a continuous metal thiel m, f
structTuhree i nherent simplicity of an apert
channel without i ntr odu(c8.1Wgbr addi orfaonngael
nanostructures bhyapvasmbeeinc emph otywelezer s. f
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aper{adb6&s2b68axi a(l 2mnP,e2bt@ipee sa g Er6tlysrpel si gt
resonate@mesect angul ae6apaveuvumessn used in

Still, most appflisiporigploes ni nepbetedetd as
apertures | i kFei gDANAHS 9s4t, r5usc2t 8udr ) e2s6 4(
a MR lens APD “ b
I z
Ve w1 g
// s
10X MO P S
B PDMS chamber N
€ BSA solution
sample pep
100X OI MO

}l;‘ll —il

HWP ODF laser

c
c W15
£
@
(&]
c
s [0
[ =
()]
>
% W5
c
g
=
0

FigaeabPouble f®ONBholueture used in theddptical
enhancemerftagd moédelss rati on of a trapping expeé
passhrough an optical-wdeesiptiwnteilltHdwP) ( ORkR)MY, I
(BE) and are guided by mirrors (NMRN.e -THe 0&XX ¢
oil i mmer sion), illuminating the sample. The
detected by an ava.l aRegirei ¢pdd ppydri iogdhetA h2@PIDY a n
Chemi cal( bocAneteynl argement of the red rectan
mi crofl uidic chamber, the setup of the oil [
mi croscopAn oM citmavagee of the DNH sample pl ac
on t he .(bcoyt tloar al intensity eDN&mictehmeant2 5 | nmeg
whenpoharofathen633 nm beam is perpendicul ar
of the holes (left) and whenriets o paerealkhlo¢les
Reprint(dhpygmi ght 201EC BMedAQt hor (s)
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smoni c nanoapertures exhibit highly ¢
metric design, irradiatigwaveled ngtphar @
i fatdiehectric propeand emoropholhoegiccaavli tf
., TEhenahostdacagtdhee gap hced ziet yofar e cri
i fyi-ragd-hieakrd ché&gBadg¢Weremn st wesmanalstr uc:
brought closer toget hefri eilnd doifmmeystn
adoaedto the couplinduoff aclee pélasmbomnisg
LSPs, pl ay key rdl7ébgLBERs pawilyel § omep
i cal mani pul ation and other applicati:
| ds due to their (Banadstl7nG o uhterepw®o f
ostructure, when exposed tofdduwyhtl i qalkt
h more i ntemsadliy yt hhma rc rao sfcbofipheg dorb§ eact i v
hows the i mplementation of pl asmoni c
erally, in the plasmoni ci ®oIlpltu mwmintalit e da p |
aser via a 100x or 60x miscorlolsecaotpeed obbyj
ective and me a sbuarseedd uasvianggan&hfeBDp h c OO
, 56, ZB8) field enhancement i's geometr
tionedLBRBrhotspots will be excited whe
ht t o t hedsgeg 2n &@heoncoanvsi ttritadise. sf itehlad enhan
und DNH structures is shaped with hot
h gr aditermtp pfinrgc @ hfeordi el  &t6r,.i26 70bj ect s

n a biomolecul e, Il i ke a prdo.t8hiann, iwist h
roundi~ngls 3(ivwatienrt roduced bemnamremold,e i
rts annfl eencécah the region with enh
cess significantly boosts |light trans
dqFingg@r ea0C& Yy itnhgi s pl asmoni c nandtamege zer
GobBbpaeg®lovi ne ser umwalabhumgidor o(dB$rA)mi ¢ s
nm. The change i n the ttFigfis@di0xagi orl |ait
t he unfBSIAdiem@dfofr mshe he unfolding of B
i n @aipdoawnetr . I n a subsequent study witd.l
led hi2lbeOx)ami ned the i nteraction between

ted polysatgraemelepau (Rl gl@vdeFuy t her mor e

Yi reg (é89g. conducted a thorough investigat,
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effects on pr otiegi@r dcOocn)f.o rTnhaetyi ocnor(r el at ed

wi tthper ot ei whsbapgeé at ede ftroacittisve i ndex. TF
facilitates precise monitoring of ther ma
with exceptional time resolution. For ex

cal ehiiunmdi ng protein whiaeh k®&a7iamtdeorlreoccqud taer
the ther mal unftorladji€icgtgodrnyd Oc §f ol di ng

i [ év

: e~ Q) a

e > o 11 /

E v % MWWM»MWM

S —» vacant = 1.0

£ 0 20 40 60 8 100 é) > PS parie
Time (s) 0.9 9 @Slreptavidin

200 400 600 800
Time (s)

=Data filtered at 1 kHz [l PDF at 10 Hz
c apo-CaM — Data filtered at 10 Hz [ PDFx10 at 10 Hz

Fi g@2teUsi ng DNHsfStrr uscithuglee pr ofte) nTisch pmidmeg er |
BSAamol ecul e and monitorinBepti$nmtosehi{ooprynraitg hotn a |
2012American CHdeémi cTada cnRdoienigge tbhyet ween strept av
bi oddant ed ppayttty stehnegd lee c e vVFRe@gr i mtiedh per mi ssi
from69)Copyright 201 9A m@p t{cig@aall n vSedsdtieegtayt f @mfg t C
temperatureuomnotdi mddwolsiienc g llAed olpad weadl et oml Yi ng
(268)

One i mportant factor influencing the qua
such as proteins, is the trapping stiffn
reported on the modelling of trapping st

( DNH) Gt vapm. t hat t her mal fluctuati ons and

58



Chapter 2: Optical Char-Mlctetekali on of P

of a particle in an optical trap, t his &k
over dampeceqluarf2g5edn)i n

QI co Y 7 2-6

Where x(t) reprneaerstpiorsdrh etohpea riqteu, &t ibom un
denotes the stiffinestshe fSt dilkee D pali(i)a g Isc dt ehfaef|
whiteByesusg.this equatUs)n,, whiiech iinse deornisv
exponenti al decay fit of thepastmihsnessta

foll ows:

oI 2-7

Addi tiionnanlalnyoohol e struct ur ecsauvsel Id reafgf ef cotrsc

nanospheres trappedatkhensghebdWhdapegretbfect

the Stokes drag coefficient is estimated
. ¢+ 2-8

i opl TLi o p

P Pc 00 Cugd po0
The i mpactan$ to consider in this regard
objective | ens, mol ecul e sid&g,Y)lmegseal .pow

(26d&)monstrated a key correlation between
mol ecul ar weight proteins such as Glycog
notably greater trapping stiffness when ¢
(Ca-lr kDa) .

2. 71 At egrati ngf fpd mtsErigenrngd leet ek bni ques

Combining the plasmoni cmonled hwlde wineéthh adid i 4

more flexibility than just depending on
use our ftelmdeasnced fl uorescent effect, in v
are improved by plasmonic nanostructures

fluorophores, resul ting(2m0)mve eused fefct phv
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nanostractoceseage fluorescence brightnes
through the | (@%iRL7 &) wo Onle c & dsns rtfaat & @ mc eodf

fl uor ascencee potential for background sig
to metallic ssuer,f adete X@a2l7aFdhd rreessspeadn t hi s ¢ h:
i ntroducing an O0iamowaaitdem»e aplod sslhd minc nano
(Fi glr.el Tdh)i.s design enhances fluorescence
el ectromagnetic fi eleaculreosu,ndwhihlee frhiunoirneiss
bi nding and background noise by <confinir
region near the nanostructure. This prec
near the plasmonic hotedpati ngo ntnrtieb-uteg ethe
target mdlee csuluedsy. examined diverse bi omol

analysis of cellular protein Annexin 5b :

Pl asmonic technol ogyoisiadat édenamdpan/eBt) ®etdr u
Pl asmonic "hotspots"” concentrate and ©bo
enabling the damnealkyieni(RfIBmsdudettiaady.8)

showed that plasmodhitco estfedy sDMWArkey uempl
nanopoirels,caomtroll ed the transl| ocsattatoen of
nanopor e, all owing for precise manipul a:
met hod with SERS to obtain vibrational
nucl eoti de croanploisnd i pot emtdiFalg @0 NdAL bs)e gu e n ¢
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Raman intensity, a.u.

Raman shift, cm’

J e ollle 0 o

B3
§ o 707 @7 7
§ Omosio - C .- :

Time >

DNA seguence

FigdlIHd ntegrating plasmonic approacha$ Wheh o
schematic shows a dienetramgagpl!l amtameamat wieé¢é hi hha
gold film (yell ow) on a glass substrate (gr
mol ecul e solution (light blue). SEM and conf
with a S5Renmr ipnht epde.rwhitsogw dhCopyright 2013, Spt
Li mi(tbegd Usi ng a plasmonic nanopore device for
gobdructure on a membrane with a nanopore, s
a |l aser beam onto hot spots near the nanopor
transmembrane potential, with tfhoer de.s eSwist colp
the | aser on and off mo-@relsa DNAd sRamavn s€¢ a wth e
identifiessedqeemauel eap/rBigha peydr ifghotm 2015 Amer i
Soci(@Q yBN\\C ©. 0

2. 8oncl gasndnfut ubaseifdnmd lgeghcdul e approaches

Exi stimplsxicudleeresearch methods will ©be
|l ess invasive tests to comprehend the dyr
syst(esmsl n thi emphagsoemedowe t he most curr e
field -mbl scmlgé emet hods and their signifi
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di agnostics to basic biol ofwgnb eaMbpsrtdo asci hnegsl
l i ke smRAWETCh provide pmpoetantdydamacs,

changes, and i ntermol ecmdlaecuilnet Hlo@&ed& le o n s
phot obl eaching or blinking of fluorescen
bei ng (4.)iescd nt defcrael e snsoi Imegcluel le appr oach
emerged as power ful t echn(i gaSe)sh-gpibeere c st edy
assays based on nanopl as memiscesd, dreareacph

techniques, 1 SCAT,e amaw masess ipthlog otmeda mkys atr
optical i magi ng( ah)DemPiChieca bgi-faractea barplpr oac
it requires a relatively |l ong integratior

Mass phwthomét iy badfedsohigBCATecision in

but also has | imitations in capturing r a
i mpr ovement in these approaches. For exe
approach, a major dr aua atck dmmihce altd snsg, gweh

the dynamics and behavioyr7.9pTo taedrpesost e
dielectric nanostructures are promising
infrared and visible(Radeosyer | i kbesihbco

these structures i1 s complicated, and t he
pl asmonic ones. This challenge can be a
nanostructures, swimgcthheinv od @ d meptanogpieanmtd ens
maxi mi se performance.

Addi tionally, empl oyimpgeacwlmp |l emehnagyes

comprehensive understanding of wvarious a
reliability. For 1 nst anngclee, pirno eae i(rded,@ )nZth oiu
used SERS-19i nhlm apgubure at the tip of a (¢
di stinguished between the oxygenated an:
revealing t he compact (T) and el ongat e
nanot wee=®fefrscitwevet udyi ng the oxygenati on
capturing the transition from the T state
of fered more precise insights into the t
usiDiNH iopal nanotweezers, whi (2 6@BrNoovtiadbel dy , e
SMFRET experiments wer e not feasi bl e d
haemogl obin'"cG2&h®Bmeo ,grionup€hapter 5 of thi
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sinmgdleecul e appaowmehebe tbr agmaent ati on of
subunits during disassembly at pH 2, whi

6 3
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ChapthMert h3Joool og

3. ntroduction

I n this chapter, Il wi | moa uptrbortneei nt hsea mmpel tehs
pl asmonic optical t weezers. This includ
simulation ofs fitdled chhrmmarcdeemerstati on of p
used in these processes. Addi tionall vy,

empl oyed i nSoimeast s hesi $.he approach pres
publ i shed (i5nd pdéHber ences

3. Nardabricati on

Nanofabrication is thenanghseceae edi 0O obh) .st 1
These structures underpin -fthhec tdieovredlo psnges
across diverse fields such as | iefrgyscie
technol ogy, aMan cmfaammiecdaudcdieasege of techni c
are primari |l ydaown"i derdd p "t @p a2uBg2cAbdospa n

me t ds involve the patterning and =etch
nan

str tures from smaller uni t s ,-asosfetnebnl yt h

0O < © =T

0
stur es, wipi Iteeclhatcthw-mrse ctiopaeintna t o bui |
c
e

pro sses thaphenp@dd8®dat(e natur al

Amon di f-d ewmannto ftadop i cati on techniques,
ron beamEBILi)2 4 gfr agplhsye d i o 2 85)a m (

i thdQ6 )aapmbeyn o1 mpr i nt (28 E)hegtraphy bea

— «Q

el ec
phot
l it h

high resolution and precision. Focused

o O

gr apdhtyablsi sveeéd for-bappdlteabtnhohsgiess

versatil e processing capabilit-i educeidncl

deposi ti-assi anddi enching.

I'n thilwidhteshsenanof abr itclllauits ed tdechngqmes
incl e8bmigl B.
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3. 2EWLechberaoimt hogr aphy

Duri nRghDiyi 1 st | esaedeBBlanfdor f abrTocasttianrgt ,n
I usieldi con navhmosthivect infdeuscedt er est of ma
researchers for a wide range of future a
devi ces, and bi(2®8,S289%)aapp linis ceateisansng ma
nanostructures becaulsdee vietl oipesdalbamdamrtat i o

and it is compatible with(mm®@errn semicon:

Silicon nanostructures can be made throu
vapour depo(sd2%l)mol € CvIDagr be(@2m le)lpmnd aa&ty c lif iM
met Wods which reactive ionuetgdhiameseéRI E)
met hods all ow one to control the size, S
with high precision, which is very i mpol
appli ¢28090R289 0ARR®Rg t hese approaches, el ec
highly versatile and precise (8HRND2HBY t

i nvol ves a focused beam of el ectrons, w
shhstrate of silicon coated with resi st.
devel oped to reveal underlying silicon,

further to develop(2B8)desired nanostrucH

Of more i mportancé orEBIL si € alpiadphlly twalodegr

resol uti ons ndowmet whiac f emvakes it the 1| e
devel opment technique in(2&4) hi ¢ehe oébl h
sections, we wi | | di scwgs ngBLlmyt &chiDn irgeusee
fabricate silicon dielectric sampR2@4) The
each of which will be elaborated upon in
It is worth noting that some of tt htilse wo

Uni versity of Nottingham using the NanoB:«
Nottingham Trent University, we perfor mec
a system installed on a scanning electr
gemmeén on for nanolithography. Additional "
masks, we used the Edwards E306 ther mal |
t he Department of Physics at the Univers

t her madr a&tviaon machine at MTIF at Nottingh

6 5
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3. 2.Pl.alsemahanced chemical vapour depositi
fil ms

Among the -vialrmodep o $ii ni o+ nthanltreidqg e mi xlad
deposition (PECVD) ied,onppearotfi ¢ leamloy ti mwi tc

i ndus294)The PECVD process involves acti:
pl asma for depositing a film and thereby
processes. 't 1 s ther elfnosr eo vieors ts uubssetfrual t efs
tolerate higho9oS@Fmpempatoecreasas involves intr
into the applied electric field of a rea
Subsequentl vy, t he reactmava eamgdc ions three ssel
Ssubstrate, | eading to fi(2MOY)PEA@VD pnovihd
controlled film composition and thicknes:-

such as photol umi(RRdsgen dtdhaasp s, i d e&htei eergaui p
the PECVD proc®8igampboudespshe G@ori al D25

machi ne.

The first step is to thoroughly clean t he
and high film qualitguedtial isi msihngvefit
water to remove particulate contaminant s
residues. After cleaning, nitrogen gas i

S
preventing water spouseodefesci sdudsrithagt
n

cont avhirreentsur face i s esqgarmat iSdly ffad rms p rwad d
uni form thickness and fewer defects. The
chamber of the Cori al PECWD tnhaec ha naemb efro |t
base pressure to remove any residual gas
The deposition process commences by intr
into the chamber, toget her ewi,t hwhai ccha rhreiley

mai ntain plRisgnat)és2ab)irhet pl asma i s gener a
di ssociation by the radio frequency (RF)
way that | eads to silicon depositing on
|l ayer. Very high cantsobhndf thet chambegaypr

as wel | as the RF power and substrate te

6 6
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desired film profertdiager Thke tthesulrteiandy 4d

and characterisatieheasrpar saomiplelse sil i

ﬁ anode

i UL
,L ,L ,L plasma

U A A A A cathode

Gas1 /

(e.g. NHs) heater

Gas 2
(e.g. SiHa4)

4

1

vacuum pump

FigB8re Schematic of PECVD r eRegroirntied 4Qreorasi t
Copyright 2021(CC BY 4.0.). Licensee MDPI , B

I n this thesis, the deposiotni g acsfs amd rnmgh
a Corial D250 reactor i s described as fol
cl eaned. The substrate was then | oaded
evacuated to the desired bwase pnesedueed
flow rate of 500 sccm. The substrate tem
pressure was adjusted to 1,000 mTorr. RF
pl as ma. Under these conditiorys,90t men/dne ma

This met hod enSiurleady ear ;unhiofwervnera, t he spec

factors such as precursor gas purity, re
system calibration. For assensestirnyg (tAhcec utrhi
EP4) was wused, a technique that measures

or transmits through the sample (PO9G@Eterr
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3. 2.EIl.ct e schosatt i ng

Befexposure to t heEBU,ecan oinmpboeratna nuts i sntge p
i 8l ecrtersviosatt i fger e are two types of el ectr
Positive electron resist becomes soluble
to the el ectron baeraena,s alol obwei nrge ntoheogsds t Ne
becomes insoluble in the developer soluti
We used PMMA A4 950K, which is a positiv
coated onto the sakKedoonn sarhlatc eplaatde t dte n:
As we intended to use it as an -BCesS090n I
was -s@amed and then baked at 100AC for 1

3. 2.Wr.i3ti ng t heElpectttreornn sb eva na

This usEr8kk for maskless patterning of dev
EBL functi owri taess rma nda fraebcrti cati on techni qi
beamased secrantnheng el e ¢ tSBHMns yifsiz@7dl £ ¢ copreer ¢ 0 IT
the di fftrsacdfi oomptliiaoml l'ithography by wusir
energy €2&4)xrons

The system employs a 30 kV or 80 kV (de
source to generate electrons t heetl exrta oxu
rets)y susing an e( 2&4.rdBl@iast iccolcuoninunonf f er s pi
the beam's position, enabling direct wri
Beam current regulation is achieved vVvia
bam's s@pPd37)si ze

Resolution in EBL is not just | imited by

domi nant factor is the interact(i2®)bet we
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Fi
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el
cCo

SO

Th
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cCu
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Co
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Forward scattering
Secondary electrons
(small angle)
Dose
Forward
scattering

/ Backscattering

Cd -~

Substrate | Backscattering [ Y
(large angle) -3 -2 -1 0

X (um)

| ol
1. 2¢ 3

gBRe EIl esctartareri ng and dose d(ia)trFbuwaod a
ckscattering of the electron beam within
stribution of the electron beam dose witt
cld t ering pReegpmdamenread wi (t 229Q@0eprymii sgghit 8 2V0f2e0D m
C .

posure of the resist primarily arises
ectrons produced upon electron inciden
omci dent electrons is mini mal at the h
condary electrons is significantly mor

posedFri g@2qnsd P(8)

ot her factor i nfl utengt ey siezs®,| utwvhoaoah i e
stance the beam travelGS2%&)Eargerexpbepr
ansl|l ate to fewer exposed spots, thereb
I ti nd 2@r8gichees spr oxi mity effect i s anothe
ectron scattering results pianttarhi ghere
mpared to its edges. However, this ef/
ftwag &)

e beam dos&l/ cgdantriefpiredeint s the quanti
which the ¢ a@BBifis)eer si sd debxspaoeskeydh € ai | or i ng
rrent and exposure ti me284oMatcéri ieavle pgrhe)
the sample al(s209dnsufieccent hdodesgi el

atures, preventing compl entge dreevneol voapl me o
nversely, an excessive dose can destro
comes accidentally exposed alongside t
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i's essenti al for each new sampeaturcensi d
(284, 294)

Fi gBBiel |l ustrates the steps involved in t
EBL technique. The process begins with t
PECVD, foll owed by spin coabteianny eoxfp oPsMiMAe ,c

samples are developed in I PA. The next s
chromium or aluminium. I n our case, We US
a chromium mask. Foll owi ng t hitshe-afhfef tsarm
process. -Afftfestepme thédtsamples proceed tc

3.2.0r.y4 etching of sampl es

Dry etching technigues, such as Reactive
Pl asma (1 CP) RIE, are esseeamttiialalf ora nneask iri
(300RIE i s known for its ability to etch
i's cruci al for creating ¢t raesgddteaiil nretde gfrea

(VLSI ) (ch54r,c3u0mhs s met hod uastees rpd acstmav et oi C
selectively etch the target materials, gi
This precision makes RIE particularly sui
transfer and control |Io8@t)the etch profil

I GRI E, an advanced form of RI E, provi de
i ndependent control of 30dmMhidensstyoanadby
i nductively coupl ed pl asma source al ong
applicqui ondgdrwiugghput processing and sup
| GRI'E is particularly helpful because of
reater etch rates and smoot-REE es$cimede

g

appropriat ecdmpl ipceotdeudcimagnostructures t ha
surface smoothness and etching depth, w h
Y

attern 3t0r3gnsf er

I n this work, we employed RIE to etch ol

2001 LEtDahyer . The process involves placin

i ntroducing etching gases (typically a n
power source to generate plasma. This pl &
are accwhedateéettetsesilicon substrate, ffaci
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etching parameters, we maintained a c¢hami
25 sccm, and an RF power of 100 W. The r
nm/ sec, whshooghiatly sl ower due to the

etches at a sl ower rat e.

a b c d
Si film deposition Depositing PMMA Eletitron-i)eam J'expcisure Development
e Depositing hard f g Dryetch-RIE h Hard mask (Cr)
mask (Cr) i (anisotropic) Etching

Fi gBr:2 Schematic r e fBésaenmotfatbird nc a(ddi)o hFigrrsotc, e st
substrate Basildiepgomritthidn bfyi | m ( b})c ofatreeds iosntt ol at:
silicon surface. (c) Electron beam |ithograp
exposed parts (d) DeVvel dfhme mptatdfe rtnteed raa siasst.

of chromium is deposited wuosfifngprtohceersmsa lr eenvoavpeos
|l eaving the chromium mask. (g) The sampl e un
the sil{(kRpnThayfirnal pattern after-vhamwd ormask
the silicon st fucetwrteo preatktee rarsss e(scsr ashse et c hi |
of silicon dimer sample with a gamobkéeczel of

trapping purposes.

71



Chapter 3: Met hodol ogy

3.2F@cused ion beam (FI B)

FI Bechnol ogy IS an exceptionally ver sa
modi ficati on, and cH&r8dbgRleB I syadtieom @dn sma
pri mary components: an ion source, an 1io0

and a scanning unit that enabPRBS5 Toasntr ol |

usedn source is galliumt &ndwabibrtytsohi
beam. However, ot her I on sources ar e a
characterisdadcappglpiBOdtiibemissaylail n(aGunyime s t

prevalent choice due to iamsdeifhtienea@acion

suitabl-eesokruthigh i magg(oAgu)atdhdlr mitd ilngwer
which can reduce damage to sensitive mat
sputtering and eetntalhiGmgn pgrho ¢cheidggshe sr,.es ol uti o
is particularly wuseful in applications r

sammleeg.Nawhi clitiesn e mpl oclycevd dmar quyl tapp !l i cat

high spatial resolution anMdBOM ni mal surf .
The interaction between the FIB and targ
such as ion implantation, which i ntroduce
milling, which removes material ®anshape
or patterns surfaces; and deposi({t3®dah) whi
These capabilities make FIB a valwuabl e 1
mat erials science, (b2853)bgy ,maaerdi alrshaeo

empl oyed f or t a snkasn osmiacchh i ansio ffipgr neicic msa goitnm @ c t u |
advanced spectroscopy. I n biology, It ai
and the devel opment of nanoé628bc804e83050p]

Theirst significantdau®ish e foe d&rlIBy t2e2Thho !l wi
initially devel oped for semiconductor [
anal ysi s and modi ficati©3a04d4oft smiatobki gt
expanded to other fields due to its high
FI' B into biophysics and materials scienc
mani pul ate materials at unparacmrdternd,d Irea

to numerous advancements in (d8d3A6)echnol o
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FI'B technology continues to evol ve, wi t |
capabilities being developed to i mprove ¢
FB systems can -chionve npsrioovn adle itmhageieng and ar
i ndi spensabl-edgeoltsesenarchtandgi ndustri al

3.2.RI.B for fabrication of DNH sampl es
The fabrtihfeNHi enrafcture in thA S8 werchnwas e

(268)This process includes the following

Chemical vapour Hepestsjtaodo(hmC¥Dl)iicon ni
deposited onto 550 Om thpré&sdwrsedcise miical
deposition OACPCMD) tahti s80process, silane (

were introduced i nt o the-prreesascuri e ne ncvhiarnoo
typically ranging from 100 to 300 mTorr
decomposition of thesefgamesheabkl bawnpegtes
from the ammonia, forming a uRiid®4aah.Si Nx
El ectron beahf teewrapdbemddiotniing the Si Nx | a
adhesion | ayer was oavepl ibeyd at ol 0tOh en ms urofl adc
process was carried out wusing electron be
600H system at a substrate temperature of
bet ween the gold filweandas hei uadieuinyfi og
with both silicon nitride and geelnder gbur i
el ectrons were directed at the titanium

e
vaporise and condense wafar tRiugiBdem.i f or n
Onc
by 10 mm chips using a Disco DAD321 dici

e the deposition was complete, the sil

edges for subsequent experiment al use.

FI B for mitlrluicn gkieeadl Isy, t he DNH structur

gold | ayer using a focused ion beam (FIE
Gallium source. The sample was placed in
face the ionkbergmdi wtahca wbr5 Mmmglurem t
34c). The DNH geometry comprised two circ
a cenotearet re spacing of 200 nm. A rectang

positioned to bridgertchesgapghleetFrwdBermprtolte
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with a beam current of 1 pA and an ion
carefully eptfiorm steldeescdifr@dl ¢ heamaekcd angl e,
milling. This meticulcswstednt molDNHf spamna
di ameters around 20 nm and no residual g

we-defi ned DNH sampl es.

FigB4dhows SEM i mages of the DNH structur

of this i magiaegt wasqual iethys of the gap, (
resi due, and measure the gap si ze. Despl
observed some variations in the gap siz
roughness and i nteearm anle RhB cehr rsdrrsu.c t Tuor ed ept
enhancement , we conducted optical field
essenti al to identify the DNH structures
capabl e of capturing.proteins for | onger
a b
E beam evaporation
LPCVD Tim Ay
SiNx |
— |

Fi gB8B4e Fabricati ormumsafngDaFH BBampd ietsi on of Si Nx
on ftlheedssshdsti ctat e. (b) El ectron beam evapor a
100 nm gol d(chonSdthemsatiiNx.r epresentation of t
mi croscopy (SEM) setup us OdNHtorrudtabrrds.atT hg
(Ga#®) dgilsagpeasi ted on the substcroat en,i twhidlee (tSh
i mage the resdi$EMnigmagesucofureNH gtructures f
FIB recipes menti ohetdi liAd aphigd (B5eotp ywiitghh ta 220Q@
The AuWaadBor 3.0

74


https://creativecommons.org/licenses/by/4.0/

Chapter 3: Met hodol ogy

3. 3imul ati onlsl ianngd mode

To analyse the impact of the DNH geometr
field distributionuswintghiGOMShGL DWUH tsitprhuycsti
employs finite element simulation. We us
to the |ine connecting the two holes. We
index (RI') of 1.333, pssedoohdadlb9 wat Au
Ti |l ayer, and a 30 nm Si Npolnhay«rmamomiagfua
geometry, we observed that It has a trap

measuring 20 nm, though5 tdnd Rdmslewde hea g ape
si ze dfr oDMNiBncalyleess account for the taperi ng
we i mplemsesntdedtannciat edFipgsrragmibdau ppteruptanm
wi shrefracR)ove 1i.m3d3e3x, (transitioning from
bottom to ~45 nm at the top of the Au | a\

As mentioned in the previous section fab
FI'B can give inconsisteRcgws iS58 tdhies pdapy i
electric field distribution for three st
nmgorresponding to #2, #3, and #6, respe:c
field enrheacthwmsesthe gap size increases. Co
size of the protein under study;l12wmimgh i
wd arget a DNH with a 20 nm gap size to cr

the protein to enter the hotspot. When t
connecting | ine of Fihgdbdevot hefresjsasi sho
enhancement in the DNH gap. This pol ari s

DNH from ot her structures.
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y-z plane, x=0
20 nm JI== N

y-z plane, x=0

y-z plane, x=0
20 nm |E!E0| b

Transmission (a.u.)

600 650 700 750 800 850 900 950 1000
Wavelength (nm)

Fi g85®i mul ated optical properties and field e
(&) Electric field distribution in DNH struc
corresponding to a, b, and c r efsipeelcdt idviesltyr.i bTt
in &Zzhe@lywne at x = 0, whi-y epltdare balti t 2z m=t pa (e o
The incidenstdl abe-agi shpbiprThe top and botto
equi talcefrat but tsheer iganocliiadnei nits |aal-d xginse.d (wd )t hSitrhwe
nor geadl itransmi ssion spectra of the DNH str uc
polsatriion as depAidatpaga e diSLppamrdlghtt. 20C&8BYhe Aut
4)0

It should be noted that the plasmonic op
S| BA appiwhg ch operatesesbhantevebpdfheenghnl
excitatwaorellenggagrh of 8H2arkmoifs tmearn StPlRe @
i n the transmigs®8bee n( asrpoeucntdr a7 0iOn nm) . Addi t
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to the findings$ (810 6GmMorththeerrz ackesmnaeaae i s
infrared spectrumreBPesphte pesngian, anhhe
DNH gap remains signirfaesamand oge ampd g udri eder
the robustness of SIBA trapping, ghrndiycat: i
confined field amplification within the

i mposing strict |Iimitations on the excit:

3.4Characterisation

I n this section, I wi || outline the char
bgi nning with the optical nanot weezer S
characterised t he trapping of single fo
parameters and experimental conditions.
charactemhiogat iusredmdtor proteins, such as
(SEC) and mass photometry ( MP).

3.40ptical nanotweezers setup for characi

I n this thesi s, we wutilised an optical t
crucimaoénemntm of this setup is the fluidic
optical t weezermanldt b @lled tiiVderms protei system
two main parts: the optical tweezer modul

will beddenhathe following sections.

3.4.Aptli cal setup

Al | optical components for the experimen
used was an 852 nm diode | aser, chosen foc
| aser was focused OIntRl ar eFIsworp | ;b juesd tnigv e
aperture (NA) of 0.85, provided by Ni kon
numer i cal aperture of the objective all g

di ameter of apnmp.r oX-whaksktlpgy, la 2devi ce t hat

polsatriion of | ight, was used to adjust the
DNH sample was carefully controlled to be
i ncident | aser power ofe@t2i vielW |beerf 0.r eThits
power density was <cruci al for mai ntai ni
experiment al measur ement s.
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The transmitted | ight through the DNH st
photodi ode (APDl12ZMmMA)avfan amchlomplhabdo.di ode
sensitive | ight detector that uses the
el ectrical current. When phot omsl estpaikres

within the semiconduern atre snadtera aHli.g hl hree de

causes these carriers to accelerate and

carriers and a | arger current. This ampl
signal. The voltage csapgnatedromi ndhea ABPDt
(uUuseB3 61, Nati onal I nstruments), operating
high sampling rate was essenti al for acc
signal. The recordealssydht as iwagse @ r malets s BW
program, designed specifically for this
A schematic il lustration of the entire

component, FiisgB@Beeplititedsysntem closely rese
sbwnFig2r ®a of2 Cphapveding a consistent b

anal ysi s.

3.4 .FHl.Ri dic system

The flow cells wtilised in this study a
repbet68)These flow cells we2epfiabréercatemmpl
Clear V4 resin at a 50 Om rocemsmdaarnedmtn siFloir
glue (Twinsil, Picodent, Germany) was app
which was covered with a glDaNsHs ssampdlee owa
separated from thesidaewert aplei dwei tthy ad otuhbilc

(ARcare92712, Adhesi ve Research, l nc. ), 1
3.5 OporA Iv2Zalve (Mux Distrib, EI werFl ow,
Apparatus, us) regul ated the flow rate a
trapping a protein, a buffer was introdt
OL/ mi n. Based on the internal di ameter o

buffer solution reached the f-l owecthiaomblrh
passed through FihgeB6fel ewr tgnit busérates o
consists of two parts: the microfluidic
SEM i mage of the sample placed in the fI
the protein buff dras aedesalsetdi o mMroeaghpes
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Syringe Pump

Diode Laser

Distribution 852 nm

Valve

Fi gB86:e Di agram of the optigasymiamgpe weemerdrraw
buffers tphorrotugvhalavel2and subsequentddyj usntjelcites

flow rates. The flow cell Rnoaunsoehso | ae f(uDsNeHd) siinl
| ayer of gold. A collimated | aser beam with
using a 601 air objective witThhea tmuammesrmictale d

captured by a 101 objective and detected by
di splays an SEM i mage -noni gao |DINH isltnm, u cttaukreen iwh
tilted 20A for betteNHAdaptadb.£€ppmonght LBE3g
Aut h(@eBy nu. 0

x Protein and buffer solution prepa

Bel ow are some recipes we used in this

proteins in buffers, as used in chapters

Protein Bommersialdfegeravaihabkeqguape- spl eer
ferritin (equine spleen, F4503) , along w
Si gfladrich (UK). nltrsapemmigo yeeMb aedietmedrt i . S
0. M bdleoritin in 0.1 M phosphate buffer
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Fétand®'Feff eFer the ferrous solution (2 m

was achieved Dby i ni $SiOaslollyu tpiroenp airri DT ga P2B

Subsequentl vy, ammonium iron (l1) sulphat
magnetically for approximately 10 minut e:
A control experi ment 3éwapsl ocyoinndgu cRBe db.u fHeerre

ferrouswassoluntdmpared as describeétt odtFeve. |
the solution was bubbled with compressed
chadngem green to yellow was observed fo
solutions evealh eaxpepdr ifmlment and were filter

pore size membrane before use.

Solutions with wWarlyM nhgy dptbclhe welisc aci d (|
product code 15697310) was added tbea phc
pH and generate solutions at different pt
a PB at pH 7.4 -dA€6d huf0f dr MatGl HICIl 2 bQ.f f Bl e

was used as a control to examine the eff

Ascor biBa fAcird LSAsl cuariboincc aci d (A5960) was d
at pH 7.4 to prepare solutions at three

mM). These solutions were freshly prepar ¢

3. 4. 0N or tr aglpe nfgersriinti n mol ecul es

DNH structure used in the optical nanot w
field, as illustrated by tFhiegG%ieeTHi i fsit &l
creates a sufficient graditdntn faomae ots@ at
(308)The intensity of light transmitted t
measuredi mp bgaln APD. The optical signa

i nfor mbtoiubk@ protein conformations and tF
influenced by the3GBIRmrceofi ndievimbu &lcupreot
specially e&dainqredd frhioor s ystem i ntroduces

their efédiectsowmhopmati on.

We successfull yfetrrrappefde abnaltthhmdpoosi ng si x
fabri catneadn odhhod kel e( DNH)# 69t r vacltlurcerse a(t#eld wi
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focused ion beam (FIB) parameterbl
anal ysed in dd&t giBlrigl hu<Lthrapttes ©he
structure, demonstrating t-lheidr-hefl foett hv e
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al | DNHs, itruarlewsd innogt sutsreudc i n t his work b
conditions (FSEM4AiemaWe sobhcner ved an increas
size from 24.4 nm to 35.6 nm after two

il l uminati o-B Houwuasions of 4

a |« I, :
Before use Distribution of gap sizes
#1 #4 #5
Not Taken Not Taken || Not Taken 35
3
£
o
©
925
15 P

Fi g38e Potenti al DNH geometry Chahn8EMaf mages
three DNH nanostructures (#2, # 3, and #6) ca
SEM i mages of DNHs #1, # 4 andi ¢#pbl ayxe JIOHNM i m
of al | six DNH structures following typical
experi ménthoufresr. 4 b) Boxpl ot depicting the di
structures before and nafst enmra rekxepde rwintehn tballa cuks e
the gap size measuremdmntaptfe@b.£PPhs i 2t #£IP23a
Aut h@EBsy % . 0

We analysed the dur at iloans elre tawede ns uaccct e svsaft
ferritiMm gpk@cel ¢éiustrates the waiting ti mes
various DNHs. The hi st oglryamaphedvsiwatthhaitn

mi nutes after the | ased te twuape@da emnngl
i nfluenced by sever al factor s, i ncluding
size of the protein being trapped, and

repul sion between the nemgagatievegl xyhahaged
surface can extend6téhe trapping durati on
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Count

LN R

5 10 15
Time (min)

FigB8%e Hi stogram showing the waiting time to
acti hAdaptded5.£ppwmri ght 208BYht. Aut hor s

3.4 .Blxpderi mental challenges and artifacts

mol ecul es using optical nanot weezers
Some challenges and artifacts were enco
t rpaipng experiments. A significant issue w

DNH structure, which often prkeive®itéd eff
il lustrates a scenari o where the ferritir
of f, Fhbwt3ti@én the proteinl oeaehvieona da fitnert hteu
the |l aser off, indicating thatant wasnoi
that protein adhesion to the DNH depends
charge, isoelectric point (pl), buffer sc
mi t iaggaattems s i ssue, some stueéi ® sAPe S
pol ymers such as PEG, wh(iXhO)can reduce pl

Anot her chall enge we en¢FounBiedr)e dwiwahsi nd au

DNH, where one protein was trapped, and
typicarkrleydg actcin gher | aser powers or wittl
mi cromol ar ranges) in the buffer. When d

the data from our analysis to maintain a
significarst ifnl ddhteuadatriams miFsisg Barek.s iTdhrea lS,E Ma
i mage in thé&igi3g®d phoels o6he sample cove
after use. These fluctuations made trappi

signatsapdeh@ddress the contamination pr
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the fluidic system and tubing are cl ean

solvents | i ke DI water and | PA. The sampl
These chall emgeismporpthaarsdes eoft caref ul expe
compl exities involved in nanoscale trappi
a 1 kHz b
20

0.8 ) protein stucked

< protein released

S 06 ﬁr’ 18 8

2 1s = 1s o

(@] = c

> — ? Q

0.4 = 1.6 &

C 0.8

S

o double trapping —=

g 07

S

>

0.6 55

d

2 18- |

]

(@]

S16W

B .

>

1s
1.4 —

FigBx@ Artifacts in single ferr(ia)i nPrtortaepipn nrge
after turning ofH stthreucltausreer. f(rbom Ptrhoet eDM r em

even after the laser is turned off. (c) Doub
after the first one. (d) Transmission signal
of oenomtad i on, resulting in an unstable signal
DNH structure after use in a contaminated ¢

Gausfihhered to 1 kHz.

3.4SRPze exclusion chromatography analysi

Si ze exclatsagrnaphy o(nSEC) was e nupe poeynedde ntto
di sassembl y of ferritin. A Superose 6 |

separation of mol ecul es based on their
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di sassembly prodbHctcondnhntdteonssaweoas cpmpa
commercially avail abl-Al dsrtiarhdarwli tphr ok rea wrs
wei ght s i ncludi2ny KDa,AliSnrigmnoa ( 6A358 86) , C
Anhydrase (A9 dkbah Ei79dmd), BovDan,e SSegnuam .
Al drich A8531), Al cohol BAel hdyrdi rcohg eA8a6s5e6 ) (, 1
amyl ase (2081 dDiach SAgen&l) i Ap ¢ 4MI3drk xah, $
A3660) , and Thyrogl&abdlriech (66024 PDat oSideg
mol ecul aot asblzy,s. alN standards except fer
concentration of 0.165 mg/ml for a relial

hi gher concentration of 1.65 mg/ ml was u:

For accurate peak identi fai atoiten natk npkn?2
stability under acidic conditions, was i
of 0.4 mg/ml. The mobile phase consisted

buffer (PB) with 50 mM so@d7u4n) chhdradmomad
100 mM -HClycbuaukfer at-Eppl @reThEPLEBETAYysStem
SEC experiments, with protein detection
280 nm.

3. 4SBnmdleeanabph ot o met arya [( YWKPI) s

Maspshot ometry ( MP) measurements were con:
(Refeyn) following the manufacturer's re
Mar kTM standard (Thermo Fisher Scientifi
T50 buffereadalpiHbrratdi omMhachi eved a high a

by a strong correlation coefficient (R]

Experi ments were performed on standard m
1.5H) cleaned with a rigomwausrpr(dtioveolt:i m
i sopropanol (five times), foll owed by dr

e | as tgoansekre t (‘:Gabsp ®Bebined the sample v

evaporation. Each meaasaurgment otbitnf el usfefda ra
(50 nM) introduced into a clean well forn
al | MP measur emédntl tbeufefde etrsh swpeurgenh gper.e2 2 | t e r
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Protein adsorption events were recorded
AcgaeaMP software (Refeyn). Subsequent dat
software (Refeyn) alongside OriginPro 20

3. PHata analysis

A key aspect of this thesis is the data a

signal sanahgsdatapeci fic to Chapters 4 al

Chapter 4: All data presented in this wor
raw data were -phbhser &dypmssishnfallaemroto t he
of f frequency (1g kithze ofri |3 fkHt) musunctio
functions (PDF) were calculated with th
trapping signals, we aligned the signals
(Fi guidcee).. Nor mal i srkidgpeRMSweanéuest ér mined by

standard deswicatnidon rafcea by its mean val ue

Chapter 5: In this study, MATLAB scriopts
dat a. Raw data we rpeh afsiel tGearupsdssi saanf wligdtvim az e
speci fafefd fcruequency (1 kHz or 5 kHz) by
Probability density functions (PDFs) wer
and filtered at 10 Hz. Nor m&l gs &g .)s 06t m
were calculated by divideergohHdetstaaandhayd
value. These values are statsesdormagliyace
di fferent time intervdlig.GrEhdes tOr.adcteS |seencgo

due to the short duration of each step.
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ChapitMornid o mDiymag atf Ite
Single Fer ruptdimmo ™Mo |
Loading

I n this chapter, we explore the use of p
the effects of iron | oading on single f
technique, w e succes-sainud |-lgedtori & p mesd | snidred
di st iedg ubdb esthween t hem, and monitored thei

| oadirretail meThe findings presented (h5edr)e hay

4. I ntroducti on

Ferritin $somaagét@madot eiom found in d,arge ¢
and the blood of many (nBaBim&) Bhi g nichtuda o e
protein plays a critical role in storing

humans, ferritin helps prégéhjl rodinsaaesecsi

calnead to anaemia, while excess iron may
resulting in neurodegen¢BaWhere idriccmre aise sl
into ferritin, the protein under gfoees conf

(apo) formomnodai hsng(rdhd,| dDFA)formonver si or
ferritin to function (8sl5aBHbwenmebuftae
dynami cs of t his transformati enmmol reemaien
techncgoesobserve t hese confmoodiaftyiomgl| t ht

properties of ferritin

Conventionally, i ron accumul ati on I n f e
measurements such as nuclear Hma8gdgmMeXayc r e
di ffr@xit8)oinr cul &r3 1@iacnhdr oii rsfnr a r( 8 0 9Tpheecster 0 s
met hods are effective for analysing | arge
have provided valuable i nsighB%8j)32d, 322
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they are restricted in detailing the dyn:
the interactions between i rfoenr maotldercfue rer i
characterisation techniques have gained
mol ecul ar mechani sms, dy nami ch ectheernoigceanle i
(3B325)

El ectron microscopy LEBMhnteghnir@auwemmj sbki bk

STEM) , have been used to study the cryst
vausoconformations of individual ferriti:
pat hwdg26 However, the requiremengr dwentas V.
studfgroteins in their native |liquid stat
process poses significant chall enges i n

transmission el ecltbEEM)n hnaisc rboesecno pegmpd GLyCe d |

al(.327 obsmirmer aliiosati on within individ
technique, however, requires encapsul at.
maintain a |iquid environment, whi ch can

damage the prd2&)oarncsivecpuouobe atomic for
AF M) has demondteratiead nt rexthi botse h-i gher
ferritin due (B8B@8)fes, méehal hcghe stiffness
restricts 1ts abilitynttso dretceacrf ari matri odno:
pr o t(e3i2n9s)

Despite the invasimoé ecat er € hafr atch @es e sait m ¢
have provided significant insights into
protein consicatti mgpgbami 24,1 dvébthi an outer
12 nm and an inner (8BAjMdtesre cdushsadnmhilse Sted
form two typebi ed dc lafaadinedhlosch f aci |l i tate t
exit of I o n(s3 3olr)Thmeee letd cdu Ilcehsannel s pl ay a ¢

transport and contain t h%i sf eoxiodiiusdeads gt oa cR
O0rOH 33F0u)rt hermore, the acidic residues
negatively charged environment, 3faoccnis it af

and the formationh9adf33Mmorganic crystals

Recent advancements insimolUlezwuil ams dygmad mi

predictions have provided deeper i nsi ght

8 8
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apterodindMonhe Dynamic of Single Ferri:t

dy
S i
f e
Ho

Th
i n
We
on
ch
st

namics of met al i on accumul ation and t
de (chAd)hke mechai wohs ngf aamelit shd toindom ewi t h
rritin cage have been explored througt
wever, MD studies are generally | imite:t

I's study presents the first direct ob
di vi dual , -aunndmdhdeid foiied napno | ecul es wi t hin
used -tauiclutstohmr act er iospattniaoanb t sweeteuzpe rtso be
dabul e naDMH(030e8 ,(309, 3T3N3 ,a3s4d)it spussed in
aptensentrates | ight i nto nanoscal e hc
rong electric field gradient that trap:¢

away.thmpby, the nanoaperfuee dppeoacbnal

us
Ou

co

Si
mi
Co
ar
(3
ca
ob
re
t h

of

Wh

t h
di

to monitor the dynamics of thdg 3t0r9gpped
r findings de-mensttibahe exhiabithol a mor e

nf or mati on -fcernrpiatrierd. t o apo

gni ficantly, this wormke, r elpyrneagm rct st rtaltc &
neralisation within i ndi vidual ferriti
ntroll able | oadi ng earndt ared eetaesde iodns raomnd

e crucial for applications wnelfaegerdi ttion i
35 Additionall vy, t he -heddiowi mhmakestirtuc
ndi date for drug debnwver(y33aha&dd)sdbnt ai ma g
S

ervation of i1iron | oading in fer-sritin
| ated diseases but also potenti al aven
e structur al dynamadsnogfopensi doar dufod
i nnovative strategies in these areas.
. ptical nanotweezers distengutsh bet we
en a dielectric object, such as ferri

ansmitted i niNélncihtaywgelsr dwegh ttohe hEB hi gh
e protein compared to its surrounding
el ect (i3 8], BFDigRFL&) andkd i4l.l ustrate the ca
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devel oped setup to det-betrandndieayi agai K4

based on the transmitted optical signals

a0s — Raw data 1 MHz
= Filtered at 1 kHz

Cc < 50 0.2 mm apo-Ferritin
E ‘ == holo-Ferritin
5 0 5
[
% § 0.1
2 [ -50
100ms  apo-Ferritin holo-Ferritin apo  holo 0 50 100

AT (mV)

Fi gufl.esi nngpoleecul e dyhnamd cledodi tamo revyaalbéd by
Transmi ssion measured throughfetrhrejbtDbOhel)(uapod
hoferritin (b, r eldi) gsi odee pli 2c ts et choen desr-fyresitinasl e bs t r
(PDB: 2WO0Of)eramidt hm|l ocPDB: 6TRZ), with curved |

structural fluctuations witdemnondetrtaaeps f(rca
a and b, normalised to the prrodmadmilsdgiyor ovralea
panel: Boxplot showing the intergaeaaondltr aaeam
filtered at 1 kHz. (d) The probability densi

wasal cul atedsdadadmttaepiletracins Opamplo a, b
ferritin (panel b, red). All traces were di ¢
acqui sition oAcdcauprtreddd.£3otp yir i MHzt. 2 0(E8B Y hje. Aut hc

A single DNH structure -vaansd dhswedoi ton pr atf
within each experiment . FiNgatrbtb laylfd wlee edat
specifically obTheéeé nebdsesvad ONHHnHFBI. ssi on
trappifnegr rbB g g uidee] di spl ayed a greater ma
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compared td etrhRittgidwtbe( hoTbi s finding of a
signal -moflFrecuihgt buogpor tss previous hypoth
more rigid structure for t(h34 1h,0370@ )ftohrem bcec
of our knowledge, this work presents the
structur al rigidinylavethéorndavideafepr

Fi gdice further reveals the distinabhdon it
hodf erritin Bbsyeccomtpatrrianngs i ssi on signals r
the trappemgi oif na@lheliutei)n a(nrde dh)o.| oThe trans
apfoerritin exhibits a broadenr rHiitgsddce(but i o
l eft panel ), suggesting a |l ess stable st
confirmed by thiegetdc ghtwhpahelprefsents the

di stribution of the two filtered (1 kHz
interquartile range.
Figwuldde presents the probability density

transmission s iNg-had tbcoudbd thef dre and
indi vi dwealri apd eandt hml|l smol ecul esf.erNatta bnl \
resulted in a | arger change in transmissi

We propose t hg@tf or hfihebrtronccaeaasd@d attri bute

pol arisability caused by the presence of
Two potenti al mechani sms might explain t
in fieroitin | ikely increaséy imérpdotceéeing
tunnelling barrierns32W8i)Ashiens ttahbe ipsrhoetde ibny st

(34a3)direct correlation exists between a
Second, existing researerc e ubyegyteagedsnhaalpmo t
ferritinfemwnitthi nhobei ng apprdX7T mas L£AF452
documented i n vari ous studi es, t he si z
pol ar i(s3aB6l8) ty

The | arger size andneéeinhiadhd@ldricoihad ucmbi ecu
clearly identigiilogddn hyhet hoepthicghersi gnal ,
i ncreased pol arisabpgl/v@tayt.a Tladd et e 1pmpotoei
across a(ltlr aspipxe nyyest si-#6 )DNHf #D NHvhs tcrhu cweurree
shown i n.Vgdheanpotteers 3AWRP®O sve@gmadge f or ®he emp
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i ndicates the average APD signal when t he
changlegl (wer e det er mi nevdVousM Nt albé yf of mut
the six structuglé ¥@d vewrdad raa | g ematcormpar e (

ferritin.

Tabdle Change in the transmission signal- of si X
ferritiAdapbe@db£ppmri ght 20Z&8BYWhie. Aut hor s

DNH Protein Vo Vi Ql/To

“1 Apo 1621 1715 0. 0¢

Hol o 183¢€ 1895 0. 0:¢

#2 Apo 909 960 0.0¢

Hol o 874 1040 0. 1¢

43 Apo 644 695 0. 07

Hol o 653 724 0. 1¢

44 Apo 776 853 0. 0¢

Hol o 704 752 0. 0c¢

45 Apo 620 659 0. 0O¢

Hol o 755 825 0.0¢

46 Ap o 660 760 0.1°¢

Hol o 813 939 0. 1¢
Figuur®resents the normalised root mean s
density function (PDF) of the normalised
transmission signal when indivi duaglurfeer r i

4 .i2ndi cate that the differenaxred -fied dirtai pnpsi
are independent of potential geometri cal
stru¢B3BBes8PBOeEvious studies have shown th
of tpearl ehsarimona ¢ itnmr agp Iriesaudrt r el ati onship
mol ecul ar weight and the RMS of the trap
ferritin iIs expected to yield a higher
compared etroi apao. However, i n our exper.i
structures (#1, #2, #3, #5) repoertridtisng
(al ue <FiOg4wradd 1, Al s o, the binding of iro
i nterfadeartoifn hrorddouces i1its overall moti on

conformation and, consequently, a | ower |
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a m gpo-Ferritin = holo-Ferritin
v 0.04

=003 ek
oY |

#4
DNH Sample

bs |
|+ #4 #5
e 6
w 4
[a}
a2
0-0,02 0 002 -0. 0 005 0050 005 002 0 002005 0 005-02

Norm Voltage (a.u.)

Fi gd2€@haract er i snadlieocnuloe tsrianpgpiea ghldaHye ramii tcisn f ¢

(a) Normal i sed root mean square (NRMS) of t
trapping of-f émriitviimdu@Ehelrag)d iann d( rheodixo tho k&€ € nk &
DNH structures. (b) Probabsddand dternasn s myi sfsuin
traces r ecfoerdreidt ifror (-feedpuei)t iamm d( rheod)o t rapped i
structures. Al data were geqguierded oatGalu sMHza r
at 1 kHz. Statistically significant differer

Adapt eds.£ppwmright 20EZ88BYhyk. Aut hor s

We conadauctoed rolt expeowmentappi ng DNiHgn al f
structure is generally consistentWewhen

trapped thétwamesi Froragdiap @ wmodoheaulaesshort
fragemi( hut & ssnagmet hDeNH (Bitgdic&da Bot h t he RMS
the normalised chang®#/ Tn) texamishni tsesd oa Bi
similarity betweenFithdr &ywoThrappiomgi sven
dynamic char actperratseiinss torfa pipdeedn twictahi n t F
highlights the reproducibility of our me:
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¥
(9]

8 9 10 11 12 13 14 15 16 17 18 19 20
Time (s)

Voltage (V)

s & o

[->] (5] ~
Norm RMS

S o7

Bo0.65 " i

i Trapping o/ v, ATIT,

= 06 event

= a 629 689 0.095
9 10 1 12 13 14 15 16 17 18 19 20 b 618 678 0.095

Time (s)

Figdr@®&o trappohgloevmintisnn the saphe)DNHes i o

—

rapping event andsithrgd-fesmaipsasi wni i NI #@f (

—

rapping event and transmission signal recor
f the normalised RMS val-iesr iftoirn tthrea ptpweod, t
mpari son oft htehe r @ama mgies/gT icne t sviegema It h(e t wo ¢

—~ O O
o

rapping dwventidsinf apo

Figd4ethe power spectral density (PSD) g
f -aeoriti-heamnidt hml onder v aKiigpddae shawpi n
t h®DAi gnal over ti-merrwtth e&xhppediapgol ar
adp phéo ¢ o r-ii tgiddbe pr esents the PSD derived f
f theomaime signal to the frequkaercyi tdioma
xhibits significantilyyOhiHghdrd o@D Valgyee

di datrigreg conf ormati onal -ffelru(cidtitdteisens c

® o
—

=]

fluctuations are captured by the optical

are similar to the root mean square de:
si mul at i oRIMS. vHiil guheése rfroirt ianposuggest | ower
whil e | ower RMServrailtuiers ifrodi chaotleo a mor e r i

to the ferr3i5sHHydri te cor e

94



Chapter 4: Monitoringttme MDY emzmil@®@sofup®inn

a 50 apo-ferritin trapped holo-ferritin trapped
z apo-ferritin added  holo-ferritin added
I 0
a
<
-50
0.5s
4 g T ‘ T ‘ i
b 10 [ — baseline without proteins
N — baseline after adding apo-ferritin |
. 107 — baseline after adding holo-ferritin
B — apo-ferritin trapped ]
g 10°F — holo-ferritin trapped
a 102§ ;
O
104F 1
107 10° 10° 102 10° 104 10° 108
Frequency (Hz)

Figdsdloi sempancsons different freqguency doma
under varidushowesntiasiedbnsane before pifetreiniadd
and afterfaddi mnign howiot h no protein trapped.

coloured) and di gi Diaslpllya yfsi Ittheer epdo waetr 1s pkeHzt.r a(l
baselines and transmission traces from panel
where the transmisdgieomidgignalxhofbhbitsappedeapad
hoferritin. Baselines showornoslsiigghntilfyi chaing h edri
(50 Hz and 100 H#Hz)rafttier, gddisndltyoldaue to al.
recorded at a s aAdpalpitnedd 5ptpegnraofg hlt MNMHIZE The Al
BY ¥.0

't i s worth notimge twhearte amo rtkh en gs aome tthiise
group at Nanjing Nor mal Uni versity was cl
ferr(i3t2ZB9i ng ferrfigrimimace | aasspot hey demons
nanopores of comparable size can effecti
time and fraction distribution. Smal l er
current fluctuations causedhablempgetefnu
nanopores to study ferritin or single p
occurring within mi croseconds, whi ch pr

movement a(n3d5 k)i neti cs
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4.3 n Broom | oadingeamigiumeglso | &exo

The fi nHiigegrs@nd2eds.t abli sh a robust techni
bet ween indndi-iebmibi taipm mol ecul es based or
dynanHicgsdbturt her underl ines this ttoechni i
monitdrn meealgl obal conf or nfaerirointail n cdcuarnigreg
|l oading, describing the | ink between str.
pore channel s. This experiment i nvol ved

tr appefderampioti n AbbesuWwerasi FReroduced via

Fi gdbae depi crmhisnuthee t3rOansmi ssi-baertrace ODfa
within a DNH structure, al orFg gwiSddr. magni

TheBiegarel lusnrstiemt headi ng process. Fol |
apfoerritin, the solutidfhewnoeusepbhuotedowi t
rate of 4.5 OL/min within Fihgdimedieprdtud di
Sspecific time points: protein trapping,
from 0 to 4.5 OL/min), a point Fdfgaure th
45) , and time points after t e fporrotveairny'isi

dur atFii gmusbed ) .

Prior to the ferrous Kiod Jhbbd o n t-hern aipiong' s
trapping signal exhibits relatively stabl
i Ri gdlae Once thenfarrouvessalfutgheetameppi n
d),-umodhorm patterns emerge in the transm
(highlighted in purple) display reduced f
bet ween iron maadongdgndmcosafof the trap]

Theseffdn b3 p@am)pdpeat t erns in the signal al
of eight gat-fedl pocreasnne@lrst hirmeferritin, w
24 identical seadbohdt shahRheeltsti whschhare
pol ar side chains aspartate and gl utamat
i ron i on 3t3rlg BP@Ertto the i on cHenmmdlts'n u
dynamically wunstabrmaegniwhuideeh fdauwsteusatlh amg e

signals (blue segments).
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Figdbkesitu iron | oadifnegr riinttiorm.rae(tar)a piphwigs ta

cCo
w h
f o
pr
fe
de
cCu
t h
hi
p |
of
af
ac
Ad

Wh
pr

n
i

r

t
c

a

e

o

tinuous transmigdgeiromnttmadce apfpea 3sinndlhe
ch was then exposed to a ferrous sol ut
5 seconds caused the treansinm &isdatni nsg
tein was relessednd(b)absmpsaiyenat 28&c
ritin before the ferrous solution r1ect
sity function (PDF) of tsen,t rtalte roed td
ve represents the PRPDdEcdmadm mpamehi €£si ¢
faepoitin was exposed to the ferrous ¢
hlighted in purple, i demhiug46 edihbyPRBRMS
t on the right presents the PDFs of to*h
the entire trace (cyasmneodomnsd etdr acnusrmies)s. i
er fterer igapan was exmwdudd otno ftolme mioerer d une
ompanied by the PDF of the trace (red
pt ed5.£Lppwmright 20Z&8BYhYe. Qut hor s

n2*rien d s to all t he channel s' avail abl

tein more rigid and reducing the fIl U
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