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Prologue

The field of nanotechnology is highly interdisciplinary. It is an area where physical
sciences, life sciences, medicine, engineering, and biotechnology overlap, creating demand for a
crossfunctional approach to study nanomaterials and their applicafibrsversatilityrequires a
range of experimental methqasstrumentationand collaborationpaking it a challenging but an

exciting field to study.

The manipulation of materials at the nanoscale gives rise to properties previously not
observed in theibulk counterpartsThesefeaturesarise from size, shape, surface properties and
compositionenabing novel optoelectronic propertiesmd photocatalytic activity. This versatility
has led to the development of many innovative applications, includingesars for disease
detection, nanoparticleased drug delivery systems, higarformance energy storage devices,

and environmental remediatiomethods

This dissertatiorencompasses two projects which initially seem unrelated but, in many
ways, coincidespecifically in the implementation of nanocrystals. One project investigates the
photoreduction capabilities of manganese (Il) dopgadmium sulfide quantum dots via a
heterogeneous approach where doped quantunwveotsipplied as thiffilm coatings ofreaction
vesselghat exhibited superior performance to the commonly studied undoped equivalbats.
other project utilied DNA-gold nanoparticle conjugates as high mass probes in Imaging Mass
Cytometry, a novel imaging technique for single cell analgisigloped by Fluidigm Inc. En
industrial collaborativevork address# challenge of detecting low abundant biomarkers, which
has been a limitation of imaging mass cytometAdditionally, it shed light on the sequence

specific uptake of DNAgold nanopartle conjugates.



Both projects harness the sidependent properties of nanocryst&isst, in quantum dots,
confinement effects alter the electronic structure in a way that favours the escape of electrons, a
desirable feature in photocatalytic applicas. In gold nanopatrticles, the interaction of light with
the surface electrons, not only creates an absorption profile that is absent in bulk, but it generates
fluorescent quenching capabilities which can be exploited in imaging applic@ecmnd, thse
optoelectronic properties allow for their study and evaluation in imaging and photocatalytic
applications, where changes in the absorption and emission of the nanomaterial can infer
information on their operation or degradatiorhird, surface modifidgon is an important
approach thatant ai | or the nanomaterial sd capabilities:s
differentsemiconductor, oa quantum dot improves its photoluminescence and robustness. DNA
functionalization adds a sequersggecific recognition factor to the nanoparticles and increases
their colloidal stability Surface modificationerms like core/shell, and DNA functionalizat are
not only limited to quantum dots and gold nanoparticles but can be applied to nanomaterials of
various sizes shapes and compositions and are a key aspect in this field. Although this work studies
the implementation of nanocrystals in two distinaas, the factors described above show the

common ground in the highly interdisciplinary field of nanomaterials.



Abstract

Nanocrystals, contrary to the bulk counterparts, can exhibitdgigendent optical,
electronic, magnetic, and catalytic propesti These materials can be tailored for specific
applications including sensing, bioimaging, drug delivery, optoelectronics, and catalysis. This
dissertation explores two types of hanocrystals, namelyl®@d8d quantum dots (QDs) and DNA
conjugated gold meoparticles (DNAAUNPs), as photocatalysts for reductive organic
transformations and high mass probes for the emerging Imaging Mass Cytometry bioanalytical

platform, respectively.

QDs are zeralimensional semiconductor nanocrystals with attractive priegeatising
from quantum confinement effects. The tunable absorption and emission profiles make QDs
desirable candidates in display technologies, lasing, and solar energy applications. On the other
hand, norradiative photophysical processes enhanced @antgm confinement in QDare
underutilised and often perceived as undesirable. One such pioéesgsger relaxationi can
produce hot electrons with high reducing power and can be amplified further by doping the
nanocrystal with Manganese (Il).a® one othis thesisexamineghe photoreduction capabilities
of Mn?*-doped CdS/ZnS core/sh&Ds (Mn:CdS/ZnS QB). The dope@Ds were implemented
asphotocatalyticcoatingson reaction vesseland gveral model organic reactions were evaldate
including the 6éelectron reduction of nitrobenzene to aniline that reached an overall internal
guantum efficiency of ~3%. The findings demonstrate seveldlincrease in the photoreduction
efficiency ofMn:CdS/ZnSover undoped CdS/ZnS QDs, and the film set up alfow&cile post
reaction workumnd a range o$olvent compatibility. Additionallysurface characterizations were
performed to probe the changes and address the reusability of the QDs. Lastly, the initial

implementation of QD coatings in flow reactors showsatcess.This work presers new
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opportunitiesand diversifies the toolbox of heterogeneptstocatalgts for prospective use in

organic reactions

Imaging Mass Cytometry (IM) is a multiparametric imaging technique that utilizes
metattagged antibodies as probes for investigating subcellular compenentass spectrometry
However, lowabundantcellular componentsan generate weak or no signals due tostnall
number of antibodiethatbindto them. In the second part of thiesis, DNAfunctionalized gold
nanoparticles eachcomprising>10 000 Au atoms were examinedas high mass probdsr
targeting low abundant microRNAhe interactiorbetween théNA strandson the AuNPs and
microRNA-210, a biomarker for preeclampsiand hypertensive diseasedeads to the
accumulation of DNAAUNPs in cellsas readily imaged with IMCThe results from IMC
corroborated with traditional fluorescerbased methodsut with an enhanced sensitivity of a
thousanefold. This workis thefirst demonstratiothat DNA-AUNP can serve as high mass probes

in IMC for detecting lowabundant nucleic acids
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analyzed with a timef-flight mass analyzer. (BOTTOM) Each ablated spot corresponds to one
image pixel and is generated by collecting the m/z signal over a 10 ms time window. Signals

corresponding to vaus ions from the same ablated spot are then overlaid to generate multiplexed
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Figure 4.4.Diagram of the RNAscopassay mode of operation. (Step 1) Tissues or cells are fixed
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Figure 5.3. Fluorophoretagged AuNP (red) with increag concentrations in cells media.
Fluorescence signal is observed at nanoparticle concentration of 1 nM. Little to no signal was
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Figure 5.6.IMC images of cells incubated with AuNProbe or AuNPScramble under normoxic

(a and c) and hypoxic (b and d) conditions: DNA (blgankeratin (green), and AuNP (red). Au
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signal (red) is shown in-k. Inset depicts representative outlines of nuclei (light blue) and cells
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Figure 5.7.Quantification of Au signals fra cells incubated with AuNScramble and AuNP
Probe under normoxic (grey) and hypoxic (white) conditions: Au signals in whole cells (a),

cytoplasm (b), and nuclei (c). Hypoxia was induced by incubating cells at 3% @xggén..102

FigurRepr&8semaagtisvef all signals from | MC for
signals of Au in red;67] dtne cegrachg s gpnaen kiemr ay e Inl av
bl ue. The cellular markers show neégéléiég.idOl e var
FigurAn&l wsis of | MC signals corresponding to

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

C) 6KRiééééeeeceeceéeéééééeceeceeeéeéééeececeeeeeelan

Figurdd@il0.onal | M&cirmangbelse o(fa ARmNdPble) (&n dnAu NP
nor moxic and hypoxic conditions, respectivel
growth media withNulcOlOeiOM sCosCHown i n &hushawd A

////////////

only the gold signal é6étéécékacetpecécscal ¢ 1Dar :

Figur eAdd.itl.onal | MC studi es-Safr amél les-Rarnadit el ln NP
under nor moxic (grey) and hypoxic e(gwhaitteed) acnod
guantified. Hypoxia was induced by iénéc.ubCati ng

Figure 5.12.A comparison of nanoparticle (type || DNAUNP, Scheme 1) uptake in normoxia
vs. hypoxia using confocal fluorescence microscopy. Panels a and b show merged signals of nuclei
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Part One: Manganestoped CdS/ZnS Core/shell Quantum Dot Films as
Photocatalysts for Organic Reactions



Chapter 171 Introduction to Quantum Dat®roperties, Applicationand

Synthesis

1. Quantumdots

Quantumdots (QDs) are a subclass of semiconductor nanocrysthlsy arezerc
dimensionalnanamaterials, with typical diametersf 1-10 nm, that exhibit strong quantum
confinement effects Quantum confinement produces a variety of properties in QDs that are not
present in the bulk material. These effects inchwakening of theband gap, tunable valence and
conduction band potentials, and efficient charge generation and migit®oonfinement also
generates discrete energy levels within the valence and conduction bands. Therefore, QDs possess
properties of both molecules abhdlk materialsand are used idisplay technologies, solar cells,
and bieimaging techniques. The most widely studied QDs axé4 Bemiconductors such &slS,

ZnS, CdSewhich can be produced with high quality and narrow size distributions via hotanject
methods’ Additionally, their implementation in QLED TVs shows that large scale production of

QDs for commercial applicathscan beestablished.

This chaptercontainsbackground information for part one of this dissertation. First, the
fundamentals of quantum confinement and the unique properties of QDs, with an emphasis on
Auger processes, are presentsdcond, the concepf doping and itsole on the photophysical
processes in QDs are introduced. Third, applications of QDs in heterogeneous photocatalysis and
their synthesis are presented. The chapter concludes with the motivation and outline of the

research.



1.1 Quantunctonfinement

The spatial arrangement of atoms in a molecule or bulk crystal gives rise to distinct
electronic stateshat govern the probabilities of optical transitio®n atom contains discrete
energy states occupied by electramisich upon excitation generate sharp absorption and emission
lines® andare typically determined bthe crystal structurend theidentity of the atom&® The
threedimensionallyrepeating unit cell creates a periodic potenivlich in turn gives rise to
energy ranges of allowed electronic stafies. bandsy. In a typical bulk semiconductor, the
electronic statesf the valence and conduction bands are separated by sgapindan energy
continuum where electronic stat@s notexist. When the dimensions of the material decrease to
the nanoscalequantum confinemergffects generatatomlike bard energiegFigure1.1), and
size tunable band gd§'° The desirable propertiesf QDs are explored for use itisplay

technologiest! bioimaging'? and photocatalysi$
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Figure 1.1 Widening of the band gap and discretization of band energy levels resulting from

guantum confinement effecReprinted with permission from reference 5.



The most important parameter for understanding the interaction of electromagnetic
radiation witha QD is the exciton Bohr radiusgjgi the physical distance between an excited
electron and the vacangye. hole)createduponabsorption of a phototf The Bohr radius varies
with materials and indicates the physical limit where the quantum confinement starts affecting the
electronic structure. The sizeQiDs restrictsthe spatiabeparatiorof theexcitedelectron and the
hole below the Bohr radiysn tum creating a strong confinement regitiéEquationl.1shows
the relationship between the band gap of QRdEwith the bulk band gap energ{Epui)), the
nanocrystaftadius in the strong confinement condition, &ulilombic interactiomf the electron

hole pairt®
Flr Fhomg DZ# 8 J._4 Equation 1.1

Thequantum confinemenieérm (second term on the right side in Eq. 1.1) is related tffibetive

mass of the electrehole pair (re), theparticleradiusR) , and the redukled Pl a
The coulombic interaction terng?/(R, dependn the dielectric constaiif) and particle radiys

with e being the elementary charge of the electimerefore, with decreasing particle sitlee

term describinghe coulombic interaction becomes less dominant in the overall contribution to

Eop, while the exciton energy term increases due to its dependeriéofi

In the absence oband mixing effectsthe discrete quantized statéis QDs can be
characterized bthe guantum number. and n*’ Angular momentum, represented Ibydefines
the motion of charge carriers (electrons or holes) istfemgconfinement regimehile quantum
number ndenoteghe number of the stat the specific symmetr{? Conwentionally, the energy
stateg1S,1P,1Detc.) are depictedvith momentum indicated by a letter (L¥0 S, L=1Y P, L=2

Y D) and n preceding.L® Figure1.2 showsthe experimentally observed quantum size effect



absorption aslescribed byeqgn. 1.1 Figurel.2A presentghe absorbancspectra of various QDs

with increasing radius from 1.2mto 33 nm. The smaller particles with radius 1.2 nm (gireee)

and 1.5 nm (bludgrace have absorption profiles with peaks correspondingh&individual
transitions (18L&, 1R1P:) in contrast to the 38m particle where only the first excitonic jgda
observed Figure1.2B shows the dependence of ttieeelowest transitions on particle radius. In

line with the quantum confinement effect, as the size of the QDs decreases the energy gap between
the optical transitions increases, in typroducinga blue shiftin the excitonicpeaks inthe

absorbancspectrum™2°
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Figure 1.2. (A) Absorptionspectra of CdS)Ds with increasing sizes. The energy of the first

excitonic peak increases with decreasing size. The largest particle, 33 nm (red), has an absorption
profile like the bulk material. (B) Dependence of the three lowest optical transitioslsS{1S
1R1P;, 1Dn1De) on nanoparticle radius. Reprinted with permission from reference 15. Copyright

2021 American Chemical Society.

1.2 Augerprocesssin undoped QDs

Uponabsorptiorof light, the excited electron undergoes rapid thermal relaxation to the conduction
band edge, which can radiatively recombine with the hole to yield photoluminescence.
Alternatively, Auger relaxation or Auger recombinatiean occur. lis a nonradiativgorocess

where the energy from threcombinatiorof the electrorhole pair (exciton)js not emitted as



photonbut istransferedto a third charge carrier (electron or holdserebyfurther exciting it to
elevatedenergy state§?!??Figure 1.3depictsthe absorption and emission processthe non
radiative threegparticle Auger relaxation. Augemergy transfer lifetimesange from 10s to 100s
picosecondsut can be as low as 150 éad commonly vary with size and shape of GBEhese
lifetimes are significantly shorter than emission lifetime&@ns), thusmaking the Auger process
an important and competitive decay pathw In bulk semiconductors, Auger relaxation has
low probability due to thermal and momentum conservation batfigt€onversely, nder the
guantum confiement regimgthe momentum conservation rules relthus enhancingduger

recombinatioratesin QDs.?°
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€ o,

éé H
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Figure 1.3. Absorptionand emission of a photon are the prominent processes occurring in the
semiconductor nanocryst#linetic energy transfer to an electron in the conduction band generates

a hot electron

Internal carriercarrier interactions in QDs facilitate processes such as -exdtion
stimulated emission and photon up conversion, which can be utilized for lasimgptogies and
solar energy harvesting applications respecti#éhf®However, in QDs, multexciton emission
is hindered by Auger relaxatioithis competitive and nomadiative procesgenerates electrons

with enough energy to escape the nanocrystal leading to the darkening of th@IQBsAuger



relaxationis generally detrimental for lasing and solar energy applicatibnsvever, Augr-
relaxation can yielthot electronsThese electrons hatgherreducing power thatihe onest the
conduction band edge andnbeinvaluable for photocatalyst§?’ Therefore, rathods tacontrol
the internal photophysical processesich promote Auger relaxatiom QDs including surface

passivation or dopin@re soughafter for specific applications.
1.3 Manganesell) - doped QDs

The incorporatiorof impuritiesin materialsto controltheir propertieds an important
aspect of many technologieSenerally, @ping changes the properties of semiconduttdng
creating defect states, altering enel@yels and byproviding nonradiaive pathwaysor charge
carrier interactions.Paranagneticdopants, such as Mf influence several processes in QDs
including photoluminescence and Auger relaxati@cause ogpin-carrier interactiond’ With
somerobust synthetic methodologies already establishecherous fundamental studies Mn-

doped nanocrystals of various sizes and shapesge been carried otft?®

Doping QDs with MA*ion introduces interband electronic states that directly affect the
radiative and nonradiative photophysical processes. Ligand field thismgribesthe Mr*
electronic structure in the CdS latti%eAs a substitutional impuritya Mn?* dopant replaces a
Cd?*ion inthetetrahedral geometry bonded to 4 sulfur atohe Mrf* ion (d°) has a ground state
consisting of five unpaired electromshalf-filled d orbitals. It has an orbital angular momentum
of 0, and hence exhibit singlet ground state withféld spin degeneragylenoted with the term
symbol®S. The first spirflip excited state of the Mifree ion is*G with an energy of ~ 3 eV
above the ground state. In tetrahedral ligand figtd ground statéA1) remains symmetric and

the 5fold degenerate 3d orbitaplitsinto t andesets. The lowest energy transitiorfTs Y °A;



(~2.1 eV) and hathe characteristic yellow@range luminescence peak in the spectra of doped
QDs2¥33 Figure 1.4 showsthe TanabeSugano diagramsplitting of thed® Mn?* in a tetrahedral
field: the lowest energy transitios depicted with the orange arrdWwigure 1.4) Typically, such
transitions are spin forbidden with low probabilities. However, the selattiescan be overcome

by spirorbit coupling at the Mt centre® 3> Mn-Mn exchange interactiorsvercome the spin

forbiddenas of the*T1Y A transitionas well3*

52(3']

A/B

Figure 1.4. TanabeSugano diagram for the’ @dnanganese (ll) ion in a tetrahedral ligand field

depicting the lowest energy spin forbidden excited states. Orange arrow indicaf€sytha,

observed in the emission spectrunReprinted with permission from refence 36.

In Mn?*-doped QDsthe generation of an excitdeads to aapidtransfer of the exciton
energy to the dopant in sutanosecond timeframé&&The exciteddopant can relax radiatively
emitting a photorat~2.1 eV, ortheenergycan be transferrgd a second electron in the conduction

bandvia the Auger process, thgenerating a hot electréfr®® Figure1.5A shows the radiative



pathway facilitated by the Miiand Figurel.5B shows the nonradiative pathway and the role of

Mn?*in the Auger procesand the resultant hot electron
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Figure 1.5.(A) Energy transfer from thannihilation of an exciton to M#ion which radiatively

relaxes to emit a photon. (B) Generation of a hot electron via Auger processadiative
recombination of an electron and hole transfers its energy t#a Whe longlived Mn?* excited

statethe transfers that energy to a second el ect
electron.

Typically, intraband cooling of hot carriersa subpicosecond to picosecond process
hinders the extraction of a hot electron from the semiconductor. Magimiing of the QDs
overcomes intraband cooling by facilitating extremely fast rates ofesqpihange interactions that
result in an overall uphill energy transféiKlimov et al. reported that energy transfer from the
absorption of a photon to tH&; state of the Mfi occurs in a 140 fs timeframe (Figure 1.5%A).
Similarly, the energy transfer frothe exited MA*ion to an electron in the conduction band occurs
on a 150 fs timeframe with a rate of 14 eV/ps (Figure 1.5B). Compared with the intraband cooling

rate of ~2 eV/ps, the rate of energy gain attributed to thdddititated Auger process is -féld
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higher?” Therefore, Madoped QDs have an increased probability of producistgetectrons

which have greateeduction power conduction band electrons. The existence of hot electrons in
Mn-doped QDs has been probed \gaectroelectrochemical studiesnd photonto-current
conversion devicesGamelinet al. showed that, under illuminationMn-doped QDs produce
significantly larger photocurrents (=57 A/W) than the undoped dots (~3 .KR\&dn et al
demonstrated the application ajlloidal doped QDs in water splitting and productionwhere

the doped QDsoutperforned their undoped counterpga because of the highly reducing hot
electrons! It can be expected that such photogenerated hot electrons are poised to enhance the

efficiencies of various lightiriven processes including photocatalysis and photoredox reactions.
1.4 Applications of semiconductor nanocrystals in heterogeneous photsicata

Photocatalysis involvethe harnessing of light energysing catalytic amounts of light
absorbing species such as metal complexes, organi¢ dgdsnorganic materials to drive
chemical reaction¥” 44 Heterogeneous phiocatalysis consists of a lightiven catalytic process
that occurs on the surfaceamateriaf® The semiconductor serves as a light harvesting material
that, upon absorption of a photon with energy greater than it gsm promotes an electron to
the conduction band leaving a positively charged vacancy in the valence band. The photoexcited
material is thermodynamically unstab®® The photogenerated charge carriers eventually
recombire radiativdy or nonradiativdy to restore the materi@ thermodynamic stability.
Therefore spatial charge separation of the electron and hole to surface sites for redox purposes is
crucial in photocatalytic applicatiorend requirescareful engineering ofhe size, shape, and

compositionof semiconductor$’
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Titanium dioxide is one of the most studied inorganic materials as a heterogenous
photocatalyst due to its stability, abundance, and nontoxicity. It has been widedyneméd in
environmental purificatio® H. production?® artificial photosynthesig? CO, reduction:! and
solar cells?2 However, implementation of Tifor organic transformation remains limited. First,
the wideband gap(3.2 eV) makes titanium dioxide incompatible for organic photocatalysis
because mosirganiccompoundsabsorb UV light as wefl**3 This issuemay be overcome by
doping theTiO2with metal ions and shifting the absorption profile to the visible retfi&econd,
the lifetime of the photogenerated charge carriers i Ti€3 in the 10100 ns range. Short
lifetimes decrease the probability of the diffusion of charge carriers to the surface of thel materia
in turn decreasing its redox capabilityird, the photoreduction capabilities of Ti@anoparticles
diminish significantly when immobilized on a substrzt&his limitation can hinder the scope of
application of TiQ nanoparticles as heterogeneous photocatalygtsle efforts have been made
to address thesehallenges the application of TiO. has remained irthe areas of water

decontaminatioprocesses.

In contrast, the unique optoelectronic properties of radtalcogenide semiconducting
QDs make them great candidates as light harvesters for photocatalytic appli¢afio@®s such
as CdS, ZnS, CdSe were studied for water splitting reactions ande@@tion®® Recently, the
research has shifted towards applying them to complex organic reactions, sigfessgectron
transfer reaction (SET), oxidative bond coupling@CS'S, GN), selective bond oxidation (N,
CHs), and functional group reductiorNO,, C=0).% An important trait of QDs is their tunable

band gap, which can be tailored to produce charge carriers with specific redox potéhtials.
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1.5 Photoredoxcatalysis

In conventional photoredoxatalysis, lightabsorbing species such as ruthenium and
iridium polypyridyl complexes function as an oxidant and reductant when irradiated with visible
light. Upon absorption of a photon, an electron fromtzhiponbonding orbital in the metal centre

is promoted to thé” orbital of the ligand. In ruthenium and iridium pedyridyl complexes, metal
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Figure 1.6.Simplified ground state and excited state of Ru(ifpwnd itselectronic structuras

an oxidant or reductariReprinted with permission from reference 57.

to ligand charge transfer occurs rapidly after excitation generating a singlet excited state.
Intersystem crossing produces a ldivgd triplet state (Figure 1.6Y.The resulting configuration

of the photocatalyst possesses a high energy electron indne a vacancy in the metal centre
and allows the photocatalyst to function as oxidant and reductants sieusdy under mild

conditions. It can donate a high energy electron froni tleé the ligand or accept an electron in
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the low energy orbital of the mef&*°Regardless ofvhether oxidation or reduction occurs first,

there is a strong thermodynamic driving force for the complex to return to the original oxidation
state. Thus, these organometallic complexes are capable of catalyzing redox neutral reactions.
Also, they exhillilong photeexited state lifetimes, absorption in the visible region, and powerful
redox potential§®®! Originally they were employed for generating radical intermediates to form
C-C bonds. Recently, more useful applications have emerged, inglagatoadditions, alpha

alkylation of aldehydes, and dehalogenation of alkyl halid&&?

The transitioametal complexes are versatile photoredox catalysts in redox neutral
reactions, and single electron transfer processes. However, the drawbacks of iridium and
ruthenium complexes include thdiigh costs, toxicity, and the need to tailor the ligands for
specific reactionss a process that introduces additional synthetic steps and increases the
probability of material loss. Importantly, transitiometal catalyzed photoredox reactions occur
underhomogenous conditions. The separation of the photocatalyst from the reaction mixture adds
postreaction workup steps. Nanomaterials such as CdS quantum dots, applied as a heterogeneous
system, can provide cesffective and practical alternatives to tridios-metal complexes in

photoredox catalysis.
1.6 CdSguantumdots fororganictransformation

QDs areeasily modifiablenanomaterialswith light-absorption capabilities over a wide
range of frequencieghat can overcome some of the limitations of ruthenium and iridium
complexes. Because of the high surface to volume ratio mdst atdms reside on the surface of
the QDs thereby increasing the interaction of the charge carriers with the molecules in the reaction

mixture. The large number of atoms in the QDs (~10 000 atoms) makes these nanocrystals a
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heterogenous catalyst where e&dD serves as mini reactor facilitating hundreds of redox events
simultaneously:®* Although bare QDs lack remarkable photocatalytic activity, passivating the
surface vith a ligand or a shell with a material that has a wider band gap can address ti#% issue.
A handful of examples of CdS and CdSe QDs for photoredox catalysis of organic reactions have
been demonstrated. Figure 1.7 shows various reactions where CdSe QDs replace
Ir(ppy)2(dtbbpy¥* or Ru(bpy}Cl.. All but reaction D (reductive dehalogenation) involve bond

formation. The results show thatngn CdSe QDs at a loading of ~ 0.005 mol% outperformed

Ir(ppy)2(dtbbpy¥* and Ru(bpyy*, but not Ir(ppy}.>®

A. 3-Alkylation® C. Amine Arylation®

Br 3.0nm CdSe QDs H
NiBry(dme) (9 mol%) Ny _sOH
/@’ 4 HalNy OH 2(dme) ( ) 9
E.C 8 DABCO (1.8 equiv)
¥ DMA, Blue LEDs, 44 h FsC
o g;}zﬁﬂ (CZ%Snsw;I]?)S CO,Me CO:Me 7, 58% yield
Hjj N j\z DABCO (1 equiv) 65/ 131 dr 2 64/ 1.5:1 dr D. Reductive Dehalogenation®
=1 Ewe TFS ((230 mol% )] | 3.0 nm CdSe QDs n
equiv, .
Dﬁa& Blue LEDs é @ BugN (5 equiv), HCOOH (5 equiv) © 8, 93% yield
17-25h '
CO,Bn COEEn Lo MeCN, Blue LEDs, 13 h om
e e
B. -Aminoalkylation® 3, 67%, 1.4:1 dr ? :
3.0nm CdSe QDs E. Decarboxylative Radical Addition to Styrened

(o] R azepane (20 mol%)
. N DABCO(1 equiv) é ; O 0\>J<:> 3.0 nm CdSe QDs
Ph/J\\H TFA (20 mol%) \ N N-G . en ~ Hantzsch ester (1.5 equw)
DMPU, Blue LEDs Ph E1 ]/ j< DIPEA (2.2 equiv)
25-68 h OMe Ph' Ph Y 1.5 equiv DCM, Blue LEDs, 2 h
5, 59% yield, 1.1:1 dr 6, 90% yield 9, 74% yield, 1:1 dr

Figure 1.7.Various photoredoxreactions catalyzed with CdSe QReprinted with permission

from reference 57.

Another work shows thahé interaction of molecules with the surface of QDs can be
exploited to promote stereoselectivity in organic reactions. Waissl used CdSeQDs as
photocatalysts and reusable scaffolds simultaneously for the-lam@deterantermolecular 2+2
cycloadditions. This reaction constructs tetwdstituted cyclobutanes which serve as starting
materials in medicinal chemistry. Figure 1.8 shows mvagon of reactants on the surface
facilitated by the carboxylic groups, exciton formation in the QDs, and the energy transfer to the
triplet state of the organic reactaf$’ The results showed great diastereoseldgtiand

regioselectivity and surpassed previous methods. Additionally, by controlling the size of the QDs
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they were ablenatchthe redox potentiadf theexcited electron in the QDs and maictvith the

triplet states of the organic molecul@fiese result are promising, however, the performance of

QDs can be further improved lgtroducingdopants to increase the reduction potential of the
electrons in QDs. This can be achieved via Auger relaxation process, as discussed in Section 1.3,

in Mn-doped CdS.

O
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Figure 1.8. A simplified schematic representation of sensitization of triplet state of the substrate
via triplettriplet energy transfer from the QDs. Interaction of functional groups of the precursors
with the surface of QDs provides an avenue of comrothe selectivity of the hetemmupled

producs. Reprinted with permission from reference 66.

1.7 Syntheticconsiderations

1.7.1Hot injectionmethods

A typical synthesis of colloidal QDs involv@gecting precursorgshatdecompose at high
temperaturesgo yield a burst of ucleationeventsfollowed by nanocrystajrowth® The hot
injection technique ensures rapid mixing of precursoiutionswhile preferentially binding

surfactantsattachto the surface of the nanocrystalsd provide control over extent cfizeand
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shapeof QDs Initially developed fothesynthesis of CdSe QDs, hot injection methods have been
adaptedfor various nananaterials and produce highly monodispersed partiéfes These
techniques facilitattheindependent control over nucleation and growth of Q&xding tchighly

monodispersed batches.

The size of the QDs is directly linked to the concentration of nuclei formed; the greater the
numbers of initial nuclei the smaller the fis&#eQD and vce versa. Surfactants and leclggined
primary amines provide stabilization during the haigmperature growth. Finally, nanocrystal
growth depends heavily on temperature; CdS QDs have a thrgsbeithtemperature of 268C,
below which the nanocrystal growth decreases drasti€alljne cevelopmerg of precursor
libraries and optimizatisonnucleation and growth conditionsueded to a rapigroductionof

spectrally pure new structures of semiconductor nanocrystals.
1.7.2Challenges witldoping

Not all impuritieswork as dopants. The concentration of dopants in the reaction mixture is
typically ten timesless than the host material. These conditions result in 1% omleggpant
concentrationn thesynthesized)Ds?3 Therefore, it is crucial to natnly find the right dopants,
but also to fully charactere the QDs and analyze the extent of doping. First, for succdsginlg
thedopantshould havéigoods o | ubi | i t y o i n 2 and @ have been effeativelyr i a |
incorporated in CdS and CdSe Qikile attempts of doping QDs with Ag and Au ions have
proven unsuccessflil. Second, the size of the dopaiaysa key role n the doping process.
Finally, the surfactants and precursonoleculesshould not inhibit the initial interaction of the
dopant with the surface of the growing nanocrystals. Failuwertsidetthe aforementioned factors
can lead to self purificatioprocesses in the host materiathich expel the dopanfrom the

nanocrystal, or result ialack of overall adsorption of dopant to the QDs during growérious
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methods can be used to characterize the extent of ddjiaguccessful incorporation of the #Mn
yields aredshifted emission peak (~581 nm) from the typiaitonicemission. Another powerful
technique iglectronparamagneticesonance spectroscofBPR) It probeghemagnetic ions and
shows the effect of local environment on the spinsl@étrons. It establigswhether the dopant
is fully incorporatedn the crystabr resideon the surface of the QD$Additionally, trace metal
ion analysis byinductively coupledplasmai optical missionspectroscopyICP-OES) is often

carried out to determine the concentration of dopant in the host material after digestion.
1.7.3Successivéonic layeradsorption andeaction (SILAR)

Surface passivation can improve the optoelectronic ptiepaf QDs Although gecursor
molecules and surface stabilizing ligands in the reaction mixture provide some surface
stabilization they cardetachduring washing angurificationof theQDsin turn exposingurface
defects such as vacancies and dangling bodd3hese defects result in the formation of trap
states that inhibit normal emission processes by providing alternative pathwagisewhal
relaxation?® which are detrimental for generations of charge carrigftsle surface passivation
with additional ligands such as oleylamine and tyilpdtosphine oxide might temporarily
eliminate surface trap states, a more robust passivation is necessary to allow for reusability of the

QDs.

Successivaonic layer adsorption andeaction SILAR) is a method that allows for the
growth of a shell on theanocrystal one monolayer at a tifdélternating anionic and cationic
precursorsadded toa solution containing the core QOsassivate the surface and eliminate trap
states Zinc sulfide (ZnS) is a great candidate for surface passivation due to its thermal and
chemical sability.”? It has a larger band gap (~3.66 eV) than the CdS core (3.ZeS)does not

participate in absorption and emission processes when irradiated with visible light and it confines
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the charge carries in the cdPeA precise control of the shell growth conditigields high quality
QDs. However,a thick ZnS shellcan dampen the quantum confinement effactd hinder the
extraction of hot electronginally, the shell thickness should not inhibit the escape of the hot
electrons generated from the Auger process in the Poevious studies reported thaslzell of

2.5 to5 monolayer? yieldsa welkpassivatd surface and an uninhibited Auger procéss

1.7.4 Motivation anautline

In Part | of this dissertation, we present the application of hot electrons generated via Mn
assisted Auger relaxation in doped QDs for photoreductive organic transforsngioie Mn-
doped QDs have been utilised in lasing and solar energy technolbgiesole as heterogeneous
photocatalysis remains largely unexplored. Chapter 2 summarizes the sycti@sisterization,
and implementation of M doped CdS/ZnS core/shell QDs as photocatalysts for jofeof
concept organic reactions. Chapter 3 prestm@snitial work on utilizing the QD photocatalyst
film in a flow reactor setup with the potential of increased efficiency and scaleup; it is concluded
with discussions on future directions and outlook. The work presented herein demonstrates the
potentialof doped QDs to rival undoped QDs and transition metal complexes in the field of organic

photoredox catalysis.
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Chapter 2 - Mn(ll)-doped CdS/Zn&ore/shellQuantumDot Films Photocatalyze

ReductiveOrganicTransformation$Vith aBoost inEfficiency From Enhanced

AugerProcesses

(This chapter is adapted from Brian Malile, Rana Sodhi, and Jennifer I. L. Civéater. Chem.
A 10, 25319 25328 (2022)Reproduced from Ref. 1 with permission from the Royal Society of
Chemistry)

(All experiments in this chapter were performed by BNalile, with the exception of XPS

which was performed by Dr. Rana Sodhi.)

2.1 Abstract

We investigated the reduction of organic compounds photocatalyz&thBydoped Cd&nS
quantum dot (Mn:Cd&nS QD) films. Theincorporation of MA* ion into the CdS nanocrystals

as a dopant promotes Auganossrelaxation a phenomenon that yield®t electronswith high
reducing power. Using Qboated vessels or substrates, we examined several model organic
reactions taestablish therersatility andsuperior performance &n:CdS/ZnSQDs over undoped

CdS QDsFirst, Mn:CdS/zZnS QDs exhibiteal 3.4fold increase in the photoreduction of methyl
viologencompared witlCdSQDs. Second, the viologen can subsequently be utilized as electron
shuttle in biphaic reactions, such as the photoreduction of rséiftmene dibromide, allowing for
flexible design where reactants were separate from the photocatélyists Mn:CdSZnS QDs
photacatalyzel the6-electron reduction of nitrobenzetteaniline with an ovetbinternal quantum
efficiency of ~3 %. Impressively, the photoreduction of nitrobenzene was complete in 15 min by
doped QDs vs >48 h for undoped @&n enhancement of >190ld. Moreover, we investigated

the recyclability of the Mn:CdS/ZnS film and detied changes in the surface species, indicating
some oxidation of the film upon its use as photocatalyst. Different from previous works, the QD
films and coatings facilitate the rapid separation of catalysts from solution and significantly reduce
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postreadion workups. Our work demonstrates a drastic improvement in the efficiency of CdS

QD-based photocatalysis that may find broad implications in photoredox reactions.
2.2 Introduction

Semiconducting nanocrystals with sizes smaller than the exciton Bobis r&diown as
quantum dots (QDs), are emerging catalysts for photoredox reattiimsse reactions are
traditionally performed using expensive iridium and ruthenium complexes. Contrary to molecular
catalysts, QDs exhibit desirable properties such as tunable reduction and oxidation potentials,
long-lived excited states, anddad absorption spectf& which can be achieved by controlling
the size and surface chemistry. Importantly, an individual QD can provide numerous reaction sites
and facilitate multielectron reduction proces$aad QD catalyst loadings down to 0.0001 mol%
have yielded promising turnover numberdrevious work on photocatalysis with QDs have
mainly focused on CdS fohydrogen productioh small molecule activatigh C-C band
coupling®® and functional group reductidh On the other hand, challenges for isitag stable
and efficient QDs for photocatalytic reactions remain; there is a need to optimize sacrificial agents,
shorten reaction times, and reduce surface recombination of charge ¢aBesisles size control,
the introduction of dopantstmQDs can lead to new or enhanced photophysical properties. For
example, MA*-doping in QDs lead to enhanced Auger pesesthat generate halectrons with

increased reductive power.

Auger crosgelaxation is a nonradiative event where the energy from the annihilation of
an exciton transfers to a second electron in the conduction(B&)dmaking it a hot electrof?
The probability of this process is enhanced in QDs compared with bulk material because quantum

confinement promotes the interaction between charge carriers and conservation rules on
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momentum are relaxed such tloaly energy needs to be conservé Auger crosgelaxation

is further enhanced in Mdoped QDs becaugbe Mn?* ion serves as an intermediate, highl
localized energy storage site. Mhas a longived excited state (~millisecond f6F1, the lowest
excited state in a tetrahedral weak ligand field) that increases the probability oftjhogenergy
transfer from Mf to a conduction band electrén'® Notably, in Mndoped QDs, hot electrons
having ~2.1 eV excess energy dam generated unddight intensity comparable to the solar
irradiation, where the exciteto-Mn energy transfer from the first photon absorption can be given

to an electron created by a second photon absorfti@spinexchange interactions between the
magnetic dopant (Mr) and host material (CdS) dramatically enhance the Auger process such that
the Mr?*-assisted energy transfer to conduction band electrons outcompetes the intraband cooling,
in turn increasing the number of hot carri€r¥ The properties of the hot electrons were
investigated photoelectrochemically and in salidte device studies. Injected electrons quenched
the Mrf* photoluminescence and thesultant hot electrons crossed blocking layers having empty
states higher in energy than the conduction band of the QD semiconth/é8iThe hot electrons

from Mn-doped QDs, are much higher in energy than those from plasmonic nanoparticles, even
approaching the vacuum leVéF° Therefore, harnessing hot electrons from-tiped QDs may
facilitate reactions previously unfeasible under mild conditions. On the other hand, the use of hot
electrons from Mrdoped QDs for chemical transformation has focused oar-sslhted
applicationé! such as water splittifg>and CQ reduction?* It has been found that Mtoped

QDs ehibited up to #old enhancements compared with undoped tt$l> productiort®, and

that electron transfer from Madoped QDs can occur at a long range yielding different selectivity

and product yield$® Motivated by an increasing interest in developing QDs as efficient
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heterogeneous catalg, we set out to investigate Moped QDs as photocatalysts for organic

transformations, which has not been repottedate

Herein, we investigateMn?*-doped CdS/ZnS core/shell QDs (denoted as MnZuSor
doped QDs) as photoredoatalysts for model organic reactions. We examined three reaatidns
compared the performance of doped QDs with the undoped (CdS) QDs: 1) photoreduction of
methyl viologen; 2) dehalogenation of mek@dibromol,2-diphenylethane; and 3)
photoreductiorof nitrobenzene to aniline. Different from existing works of-Qialyzed organic
transformations, we implemented the QDs as films and coatings directly on the reaction vessels.
The film setup permits the facile removal and recycling of the QD photodatfiys the reaction
mixture and their use in various types of solvents. In addition to demonstrating the superior
photocatalytic capabilities of Mn:Cd&S QDs, we show that the film setup enables efficient
postreaction workup without laborious purifigah to separate the catalysts, thereby overcoming
the drawback of colloidabased suspensions. Our work opens the door for the wider exploration
of Mn-doped QDs for use in synthetic and process chemistry where catadystl reaction

vessels may be of iatest.
2.3 Results and Discussion

2.3.1 Supported Mhoped CdS/ZnS QD film as photocatalysts

Figure 2.1lillustrates the QEcoated system (left), the photophysical processes that generate
the hot electrons upon light excitation (centre), and the reactixensined (right). Blue light
irradiation creates an exciton, the energy of which rapidly transfers to tHedvimesulting in the
T, excited staté’ Because of the lonlived excited MR* state, norradiative Auger cross

relaxation occurs with high probability when additional conduction electrons are present, leading
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to hot electron generatidA.The crosdinked QDs in a film further promotes the Auger process
due to the interparticle shuttling of the excited etwudr prior to radiative relaxatiofi. The
photogenerated electrons were exploited for three model readtigosg 2.1 right) toelucidate

the reducing capabilities of the doped vs undoped QDs.

blue Ilght\.

[

vB
ot Energy Transfer Auger —N'\//}—@N*— — — 2L
BESOrRton to Mn# Relaxation = \_/ = \_/

Figure 2.1.Mn?*-assisted Auger relaxation generates hot electrons that are be harvested for
photoreduction reactions. The electron and hole transfer to the organic substszterdicdl
donor (SD), respectively

To study heterogeneous photocatalytic reactions, we incorporated Mn:CdS/ZnS core/shell
QDs as films on glass to simplify the posaction recovery of photocatalysts by eliminating the
need to separate the QDs vialtiple rounds of centrifugation. The Mn:CdS/ZnS QDs were
synthesized by a previously establishedihjEction methotf and subsequently capped with 2
monolayers of ZnS shell and terminated with &*Zayer. The undoped CdS/ZnS QDs were
synthesized similarly without the Mn precurséfe installed a thin ZnS shell to passivsteface
trap state® while allowing carriers to tunnel through. Without ZnS shell, the energy transfer to
the Mrf*ion in the doped QDs was impeded by nonradiative recombination pathways of the trap
states. Figure.2 shows PL spectra of &ynthesized doped and undoped Cd& @QDs with
increasing number of monolayers of ZnS shell. The increase in PL of the QDs with increasing

number of ZnS layers suggests successful passivation.
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Doped QDs as synthesized Undoped QDs as synthesized
Doped QDs after 1 layer of ZnS —— Doped QDs after 1 layer of ZnS
——— Doped QDs after 2.5 layers of ZnS Doped QDs after 2.5 layers of ZnS

Photoluminescence
Photoluminescence

400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
Figure 2.2 Photoluminescence spectra of during thegivation of MA" doped CdS)Ds (A) and

undoped CdS QDs (B) with ZnS. Increasing number of layers of ZnS increases PL. Spectra

collected under 440 nm excitation and with a-4@é®long pass filter.

The purified QDs were immobilized on glass vessels (e.g., slidaals) via evapaation
assisted deposition and then crbsked with heptanediamine to yield mechanically stable films.
The molar ratio of Mn to Cd was determined to be 0.0171+0.0002:1 by Inductively Coupled
Plasma Optical Emission Spectroscopy {OBS, seé\ppendixA2). Figure2.3summarizes the
characterizations of Mn:CdS/ZnS QDs confirming the successful incorporation?f Mgure
2.3A shows the absorbance and photoluminescence (PL) spectra of the doped and undoped QDs.
The doped and undoped QDs have near iderglzsdrption spectra indicating similar nanocrystal
size, however, their PL properties @iffThe undoped QDs display the excitonic emission at 488
nm compared with the doped QDs which exhibit PL at 581 nm. The new PL at 581 nm with a
lifetime of 1.9 ms (Fiure 2.4) corresponds to th&r.Y A, transition of the MA" dopant in a
tetrahedral ligand field, which is lower in energy compared to theidreenergy transition
(*G Y8S) of Mr¢*due to the ligand field splitting of 3d orbitals itt@ndeterms3° The quenching
of the excitonic emission in doped QDs provides evidence of the incorporation®dinkdnthe

CdS lattice.The doping of MA* in the QDs wadurther confirmed by Electron Paramagnetic
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Resonance (EPR) spectroscopy (FiguBB). The presence of six strong lines corresponds to the
hyperfine nuclear coupling to Mh(I=5/2), andthe hyperfine splitting parameter A calculated
from the EPR spectrum (65.1 204 cml) is in line with Mrf* in bulk CdSin a tetrahedral
geometry’32 In contrast, a surface Mhion has a much higher hyperfine splitting param&ter.
Figure2.3C shows the powder-¥ay diffraction (PXRD) spectrum of the doped QDa¢ix
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Figure 2.3 Characterizations of MitCdS/ZnS QDs. (A) Absorbance (solid lines) and
photoluminescence spectra (dashed lines) of doped:Gus/ZnS (red) and undoped CdS/ZnS

(blue) QDs in toluene. (B) EPR spectrum of M@dS/ZnS with six linesesulting from energy
splitting due to MA*1=5/2. (C) PXRD ofdopedQDs (experimental in black, calculated in red,
and residual difference in blue). Phase analysis results in 55 wt% wurtzite and 45 wilérmilec
(D) TEM images of MA":CdS/ZnS QDs.
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symbols) and the fit from Rietveld refinement (red line) indicating 45 wt% zinc blende and 55
wt% wurtzite phase¥-*°The average QD size as imaged by TEM (Figu8®) is 5.6 + 0.6 nm.

The overall composition and size agree with the core/shell structure of the QDs, where the core
Mn:CdS(wurtzite) is 4.5 nm in diameter based on excitonic absorptiand the ZnS shell (zinc

blende) is theoretically 0.7 nm in thickness (8ppendix Al). The elongated structure observed

1000 -
3 Doped QDs

100 =

Counts

10 d———v—v—+——1—

) Time (ms)
Figure 2.4. “T1Y SA; transition of the MA" monitored at 580 nm showing the leliged PL

(blacklasalou bl e exponenti al =i t0. (Lrdeld)ymBlims.la nado p o n
in the TEM images were reported previously and suggested to result from the experimental
conditions during shell growth. Stacking faults, specifically during the addition eofzitic

precursor, lead to preferential elongation along the [002] direttin.
2.3.2 Photoreduction of viologens

We first investigated the photoreduction of methiglogen (MV?*) by the doped and
undoped QDs. QD films on glass slides were placed in a 50@&gMoussolution of methyl

viologen. We determined the amount of QDs in the film by redispersing the whokest QDs
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in toluene and measuring the solution absorbance. Methyl viologen is an electron acceptor and has
a reduction potential 60.446 V vs NHE, which is below the conduction band energy of the QDs
(see Figure2.5). A single electron reduction of MVIeads tothe singly charged radical M/

which absorbs at 396 and 605 nrhe appearance tie bluecolor inthe viologen solution comes

solely from the reduced speciesntrary to a previous study that employedthylene blug®

where adecrease in the absorbancan arise fromphotoreduction as well asxidative

decompositiorof the dye Figure 26A shows the evolution of abguiron spectra of the viologen
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Figure 2.5. Energy levels of the valence and conduction bands of C8 @Bck), the*T1Y °A;
transition of the high spin M# in atetrahedral geometty (red), the oxidation potentials of
sacrificial hole scavengéfé! (purple) and reduction potentials of violog&nblue), mesel, 1-

dibromo1,2-diphenylethar®44(green) and nitrobenzeftdbrown).
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upon irradiation at 440 nm in the presence of doped vs undoped QD films with Metbel as
sacrificial electron donoilhe absorption of the viologen radial does overlap with the incident
irradiation at 440 nm and thus has no effect on the absorbance of IQDgsterogenous
photocatalysis, the escape of charge carriers during the photoredox process deteriorates subsequent
absorption and emission events, hence thsgnce of a sacrificial agent is cruéfal’ Figure 268
summarizes the temporal concentration of ‘Mhased on the absorbance and molar absorption
coefficient at 396 nm for three trials. By considering the reaction as p§estdwder, we obtained

rate constants of 1.12x£0and 3.31x1ds? for doped and undoped QDs, respectively. This
corresponds ta 3.4fold enhancement on the rate of photoreduction of\y doped QDs vs

undoped QDs. We note that the excitation intensity we employed (85 nf\ies above the

threshold at which the PL intsity of Mr?* deviates from linear dependence on power (Figure

2.7).
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Figure 2.6. Reduction of methyl viologen (M%) to MV™* by QDs. (A) U\AVis spectral evolution

1.0 4

0.5 -

155 min
Methyl Viologen - Doped QDs

Absorbance
o
o
1

over time showing the formation of the charged radical trﬁmn the presence of dopedDs
(bottom) and undoped QDs (top) under 440 nm irradiation with methanol as sacrificial electron
donor. (B) Amount of MV @enerated over the course off®in irradiationwith doped (red) and
undoped (black) QDs. Error bars are stand@ndations (C) Namalized photoluminescence (PL)
intensity at 488 nm for the undoped QDs (black) and at 581 nm for the doped QDs (red) in the

presence of M¥ and methanols irradiation time
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At this irradiation intensity, each QD was excited by 7400 photons per second, with 1 exciton

produced per 0.36 ms (ség@pendix A). Thus, Mri* states were saturated and Auger cross

relaxation was feasibf® We determined an internal quantum efficiency (IQER.9 % for the

doped QDs for the photoreduction of MV Additionally, we monitored the changes in the PL

intensity of the doped and undoped QDs in the presence &f Figure 26C shows a small decay

in the PL of the undoped QDs (after an initial rise due to photoanggatompared with an

exponentialike decay (up to 75% attenuation) for theped QDs. The significant bleach in the

PL of the doped QDs in the presence of ¥¥brroborates the consumption of the photogenerated

electrons and the efficient transfer ot etectrondrom Mn:CdS/ZnS QDsOn the other hand, we

observed negligible decrease of PL of the undoped QDs and only a small PL decay for the doped
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Figure 2.7. Photoluminescence intensity of doped (red) and undoped (black) QDs versus

irradiation power at 440 nm. Deviation of PL intensity of the doped QDs from linear relationship

at higher power suggests saturation ofMitates and nonradiative Auger processes
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Figure 2.8 Normalized photoluminescence intensity at 488 nm and 581 nm for the undoped

(black) and doped QDs (red), respectively, in water.

QDs without MV 2* in water (Figure 2.8). Doped QDs still exhibited a small PL decay in the
absence of M¥" because water is a weak electron acceptor and has been shown to be reduced to
H. by the hot electrons of doped QBsThenegligiblechangen the PL of the undoped dots with

or without MV?* indicaks inefficient transfer ofphotoexcitedelectronsdue toshort exciton

lifetime even though energetically there is no barrier. Control experiments, including in the
absence of light or in the absence of QDs, showed no reaction of thie(Fyure 2.9). Besides

the direct photoreduction &V 2* by hot electrons in Mn:CdS/ZnS Qsther reactive pathways
involving MeOH are possibld ecause oxidation of met h@hh ol by
and JR&@OH,*4*°which can ale reduce M. The resultseverthelessiemonstrate the

enhanced photoreduction capability of Mn:CdS/ZnS, in line with previous réports
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Figure 2.9. Control experiments with M¥ in water show that both light and QDs are crucial for

reaction to take place: (A) Spectra of solution without irradiation; and (B) spectra of solution

without QDs upon blue light irradiation.

2.3.3 Photoreduction of medg2- dibroma1,2-diphenylethane

Viologens are electron transfer agents with stable radtixe states and tunable nitrogen
substituents. Various viologens, with octyl and heptyl substituents, undergo a change in solubility
upon a single electron reductiomcacan act as electron shuttles between aqueous and nonaqueous
phases® Hence, we next explored a biphasic system incorporating heptyl viologen as the electron
shuttle. The ability to separate the reactant from the photocatalyst, as in a biphasic system with a
well characterised electron shuttle, can overcome the detrinaets@aitption and accumulation of
reactants on the reactive sites of the QDs. We show the versatility of the QD films in biphasic
systems with the dehalogenation of mésadibromo1,2-diphenylethane (DDE)Figure 2.10
shows the reaction mechanism for thehalogenation reaction where the QDs replace the
conventional Ru photocatalysté®3 The catalytic cycle starts with the photoexcitation of QDs and
the reduction of heptyl viologen (HY) in the aqueous phase (step 1). Upon single electron

reduction, the hydrophobicity of the heptyl viologen increases leading to its{phasterto the
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Figure 2.1Q Debromination of DDE with doped QDs as photocatalyst in a biphasic system
(H20/EtOAC).
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ethyl acetate layer (step 2). Disproportionation (step 3) then produces a doubly reduced viologen
(HV® and H\?* from two singly reduced charged radicals (HV HV? eliminates the vicinal
bromides in a twelectron reduction route formirigans-stilbeneor cis-stilbene (step 4) and HV

is recycled back to the aqueous phase (step 5).

The biphasic dehalogenatioraction of DDE can be monitored via UXs spectroscopy.
Figure2.11A shows the UWis spectra of the organic layer from a sample containing doped QD
film (in the aqueous phase) irradiated at 395 nm (150 m¥y/éon 24 h, with and without
methanol (blue anded, respectively) versus that of a control in the dark (black). The vanishing

peak of the reactant at 260 nm and the evolution of a broad peak with a maximum at 294 nm
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Figure 2.11 (A) UV-Vis spectra of the organic layer of the dehalogenation reactioresdl,2-
dibroma1,2-diphenylethane (DDE) in a biphasic system@HEtOACc), with heptyl viologen as

an electron shuttle and methanol as a sacrificial agent under 395 nm irradiétfio(blue) and
without methanol (red). Control reaction without irradiation shown in black. Spectrum of pure
trans-stilbene shown illustrated with dashed lines. ¥ BNMR spectra for monitoring the reaction
progress. An wield shift in the doubletat 7.707.68 ppm to the doublets at 7-859 ppm shows

the conversion of DDE to stilbene. NMR spectra of reactions 6, 3, 2 and 1 listed in Table 1 are

shown as black, green, red, and blue trace in (B).
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indicates the formation of stilbene where the rdtlshthe product peak results from the expanded
conjugation upon dehalogenation. The broad peak width, compared to the reference spectrum of
puretrans stilbene (dashed line) suggests the presence of tgoonreras well Trans andcis-

stilbene exhibit absorption peaks at 294 nm and 276 nm, respectively. To isolate the product for
Nuclear Magnetic Resonanc8lNIR) spectroscopythe organic layer was simplseparated
washed with water, and dried. Figuitd 1B shows théH NMR spectra othe samples obtained

from the various conditions. Control experiments (black and green curves corresponding to no QD
film and in the dark, respectively) showed the signals of the starting material, including a singlet
at 6.4 ppm. The doublet arising frotme ortho hydrogens in the phenyl/aromatic rings of the

reactant is at 7.68 ppm and shiftsfigdd to 7.59 ppm for the product stilbene. Signals from the
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Figure 2.12 'H NMR spectra of the organic phase from the biphasic system for the reduction of

DDE (in dDMSO). Control experiment (brown, Entry 5) showed signals of DDE only, conferring
the importance of heptyl viologen (HY as the electron shuttle between the two phases. A low
concentration of H¥" at 3 mol% (green, Entry 4) yielded 17 % coni@msof DDE to stilbene
with doped QDs, compared with 100% at 20 mol% ofHV
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metaand thepara-protons in the aromatic rings of stilbene are in the range of7713ppm, and
the olefin protons show up as a singlet at 7.24 ppm and 6.63 ppm toartkeandcis-isomers,
respectively. Reactions catalyzed by the QDs shotedMR signals of both isomers. We
monitored the conversion efficiency of the reactianthe integrated intensities of the doublets of
the orthehydrogens (at 7.68 ppm for DDE and 9 fipm for stilbene). We achieved a conversion
of 32% by the doped QDs without methanol, compared with a complete conversion of DDE to
stilbene with 10/0l1% of methanol. The progress of the reaction monitoretHoMMR is in line
with the UV-Vis observatios andconfirmsthat MeOH serves as an efficient sacrificial electron
donor. Table2.11 summarizes various reaction conditions and % of convepsiotacatalyzedoy
doped or undoped QDs, where the conversion refers to the combined tt&hsofand cis-
stilbene A control experimentvithoutviologen (reaction 5) showed 0 % conversion (Figuie)

and lowering the amount of H¥from 20 to 3 mol% (reaction 4, Fige®.12) significantly reduced
Table 2.1.Summary of dehalogenation reaction of DDE: biphasic syste@/fHOAc) with H\Z*

as electron shuttle (Reactions);, monophasic reduction in EtOAc (without Ay Reactions 7
10). All reactions wererradiated for 24 h.

2+ opl2
Entry (Enl?sl) QDs (nQn?:I) (mQCI)DIOS/o) (r:'l_|c\)/l%) ’\/I(evtc?le/g)OI Con\f)ersion

1 4 Doped 0.49 0.012 20 10 100
2 4 Doped 0.49 0.012 20 0 32

3 (dark) 4 Doped 0.49 0.012 20 10 0
4 4 Doped 0.49 0.012 3 10 17
5 4 Doped 0.49 0.012 0 10 0
6 4 None 0 0 20 10 0
7 4 Doped 0.49 0.012 0 10 100
8 4 Undoped 0.49 0.012 0 10 70
9 12 Doped 0.49 0.004 0 25 70
10 12 Undoped 0.49 0.004 0 25 45

17 Includes cis and trans isomers
2 - % conversion determined by integrating doublets of products (7.61-7.59 ppm) and dividing by the sum of the
areas of doublets of products and reactants (7.70-7.68 ppm)
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the yield, indicating the important role of HV in shuttling the electrons between the two phases.
We observed varidé isomeric ratios between replicatens, whichmay arise fromrotational
conformers* of the radical intermediate in tistéepwise twoelectron reduction mechanisaswe

did not detect photoisomerizationtofins-stilbene under the irradiation conditioor changes to

the isolated product upon further irradiatiéior the reactiomphotacatalyzed by doped QD with

10% MeOH (reaction lat a scale of mL of 4 mM DDE), we determined an approximate yield

of 60% using the standard addition mettydH NMR spectroscopy.

Entry 7 JV\ VUL VA
Entry 8 /MUW ol

Entry 9 /
6{8 6{7 6?6 6?5

Figure 2.13 *H NMR spectra for monitoring the reduction of DDE in a monophasic system(in d

Entry

10
T T T T T T T T T T T T
7.8 7.7 7.6 7.5 7.4 7.3 7.2 71 7.0 6.9 6.4 ppm

DMSO). Reactions with doped (purple, Entry 7) and undoped QDs (green, Entry 8) at a catalyst
loading of 0.012 mol% where the doped Q®dibited enhanced activity with only signals of
stilbene detected. At a low catalyst loading (0.004 mol%), samples from both doped (red, Entry 9)

and undoped (blue, Entry 10) showed incomplete reactions.

The energy levels iRigure2.5show that the LUM®f DDE is lower than the conduction
band ofCdS QD Hence, the reaction can alsogi®tacatalyzed directly by excited electrons of
the QDs. Reactions-X0 in Table 1 examined the conversion of DDE to stilbene in a single phase

(i.e., EtOAc with MeOH) witlut the electron shuttle. We tested different reaction conditions to
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compare the photocatalytic activity of doped vs undoped QDs. An enhanced conversion again was
observed for Mn:CdS/ZnS vs CdS QDs, and 100 % conversion was achieved with 0.012 mol% of
dopeal QDs (based ofH NMR data,Figure 2.13. The results showed the consistent enhanced
performance of the doped QDs versus their undoped counterparts, in aqueous and nonaqueous

solvents, allowing for flexible reaction design and workups.

2.3.4 Reusabilitpf Mn-doped QD film
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Figure 2.14. (A) Percent conversion of DDE based'®hNMR data when coated vials were used
backto-back without any treatment. Each trial wash4f irradiation. Error bars are standard
deviations of 3 replicate¢B) X-ray photoelectron spectra of Cd &dMn:CdS/ZnS QD films
before andC) after the photoredox reaction of DDE. Experimental spectra shown in red and fitted

curves in other colors with each doublet corresponding teapih coupling of 3¢ and 3d..
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Next, we investigated the reusability of the QD films by carrying out Hedsack
reactions over 7 days, without any treatment. Fi@utdA shows that Mn:CdS/Zn8oated vials
yielded 100% conversion of DDE to stilbene in the first three runs (each 24 h);drowelecline
of conversion t@4%- 55% was observed when the film was reusédtdénes. We attribute the
decrease in performance to several factors, including some detachment of the QDs from the walls
of the vial and changes to the surface of the QDdaltlee redox activitie®® The latter has been
noted in the literature, where surface ligands can detach, or surface trap states related to
photogenerated electrons and holes can accumulate over time. The presence of trap states lead
nonradiative recombination of excitons aherefore negatively impasthe absorption, emission,
and Auger process£$®’ We carried out Xray photoelectron spectroscopy (XPS) on the films
before and after reaction to examine the changes to the QDs ZT2aslenmarizes the findings of
the XPS. Initially, the binding energy (B. E.) of Cdi&®rrepond to only CdS (40%eV); however
an additional species, likely CdsQvas detected at B. E. of 405.4%@¥(fter the dehalogenation
reaction(Figure 2.14B, C)The data is in line with the $3ignal where the fraction of sulfate
increased after reaction (from 8.9 % to 15.3Fgure 2.1% Previous work reportetthat surface

Table 2.2.Binding energies of Cd (3d) and S (2p) in¥oped CdS/ZnS core/shell films before
and after photoredox reaction compared with literature.

Before Reaction After Reaction Literature
Element/ B. E. (eV) Conc. Peak Element B. E. (eV) Conc. Peak B. E. (eV)
Transition (at %)? Assignment  /Transition (at %)  Assignment
Cd 3ds;, 405.06 100 Cdin CdS Cd 3ds, 405.09 84.6 Cd in CdS 405.0%
Cd 3d3 411.78 Cdin CdS Cd 3d3, 411.81 Cd in CdS 411.8%
Cd 3ds, 405.65 15.4 Cd in CdSO, 405.4%°
Cd 3ds, 412.67 Cd in CdSO, 412.2%°
S 2p3pe 161.50 87.8 S%in CdS S 2p3pe 161.56 80.2 SZ%in CdS 161.4%
S 2pye 162.68 S%in CdS S 2pye 162.74 SZin CdS 162.6%®
S 2pap 163.10 3.2 s S 2psp 162.83 45 S0 163.3%°
S 2p1e 164.28 s S 2pye 164.01 S0
S 2p3pe 168.21 8.9 S5 in SO,* S 2p3pe 168.40 15.3 S in SO,* 168.6°
S 2pye 169.39 S%in SO,* S 2pye 169.58 S5 in SO.*
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oxidation of the QDs leads to the conversion of sulfide to siifaiad sulfate ions can detach

from the QDs over time and expose a fresh layer of material susceptible to subsequent oxidation.
Table3 summarizes the atomic compositions of the samples before and after a catalytic run, which
provide information on the quality of the QD films. Some detachment of QDs is evident by the
increase in In3d signal (from the ITO substrate) after reaction. It suggests a more exposed
substrate, likely due to cracks or pin holes in the film after Tiserefore, additinal passivation

or repeated crodmking of the QDs films after a reaction trial may increase the durability of the
QD films. Other sacrificial electron donors such a%/S%?, triethylamine, and EDTA, may be
explored to increase the reusability of D films because they have higher redox potentials than
methanol and may provide faster electron regeneration in the QDrfienionic hole scavengers

such as &/SO> may be more compatible in aqueous media and yield more favourable

kinetics#8:6163\We note that although microscopic changeshenQD surface were detected after

Table 2.3. Atomic % composition obtained from XPS of crosslinked Mn:CdS/zZnS QD film before and
after reactionSignals of Indium come from the ITO substrates andah& come from MPTMS used to

anchor the QDs on the substrate. A significant increase in In 3d signal was observed post reaction,
suggesting the loss of QDs. Note that Mn signals overlapped with loss structures of other species and could

not be fitted or gantified.

Films Films
Before Reaction After Reaction
Element/ B. E. (eV) Atomic % Atomic %
Transition
Si 2p 102.21 0.45 0.15
P2p 132.47 0.1 0.05
S2p 161.98 9.5 7.25
C2 284.96 73.15 73.3
Cd 3d 405.13 3.6 3.3
O1s 532.01 7.95 12.55
Zn 2p3 1021.96 4.35 2
In 3d 450.95 0 1.05
N 1s 399.82 0.85 0.25
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1 run, the decrease in the reactivity was detected only after 3 runs (72 h of irradiation). Overall,
the model reactiorof stilbene productiorshows that doped QDs have superior photocatalytic
activity compared with undoped QDs and may servergggacements to transition metal
complexes. Furthermore, the facile thetep film fabrication process to incorporate supperted

QD catalysts in the reaction is desirable because ligand exchange of QDs to make them dispersible

in reaction solvents is noeeded and the reaction solution is readily separated from the QD film.
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Figure 2.15 X-ray photoelectron spectra of S 2p of Mn:CdS/ZnS QD films before (A) and after
(B) the photoredox reaction of DDE. Experimental spectra shown in red and fitted custiesrin

colors with each doublet corresponding to the gphbit coupling of 2p2 and 2p».

2.3.5 Photoreduction of nitrobenzene

Lastly, we applied theMn:CdS/zZnS QD films to the photocatatic reduction of
nitrobenzene to aniline timvestigate if the enhanced reduction from hot electrons ctidped
QDs is applicable broadly. The reduction of nitrobenzene to aniline isséesitkon and skproton
reaction that requires multiple electron transfer steps, via either the directrectipdithway*®°

Typical transition metal photocatalysts generate one exciton at a time, thus multielectron
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reductions need to be mediateid & cocatalyst or require additional intrinsic mechanisms that

accumulate charge cans®
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Figure 2.16 Photoeduction of nitrobenzene (258 nm) to aniline (237 nm 280 nm) monitored by
UV-Vis spectroscopy. (A & B) U\Absorptiorspectra of the reaction solutiphotacatalyzed by
doped (A) and undoped QDs (B) respectively. (C) Time dependence of absorbance afzgtrebe

at 258 nm for triplicate runs with doped (red) and undoped (black) QDs respectively. Error bars

represent standadeviations

Heterogeneous catalysts with large surface area could circumvent these drawbacks. We
carried out thephotoreduction ohitrobenzene in -propanol with ammonium formate as the
sacrificial electron donor anproton source, using reaction vials coated witle QDs.Figure
2.16A, B shows the U\absorptiorspectra of the reaction solutions over 30 min under irradiation
at 395 nm aghotaatalyzed by the doped QDs vs undoped QDs. The absorbance peak of
nitrobenzene is centered at 258 nm compared with thosdiokaati237 and 280 nm. The spectral
changes in Figur@.16A, B suggest the reduction of nitrobenzene to aniline. We monitored the
extent of the reaction frorthe absorbance peak of nitrobenzene at 258 nm, as summarized in
Figure 5C over three trials. Wéoserved a rapid decrease (77%) in the nitrobenzene absorption
within the first 10 min of the reactigrhotccatalyzed by the doped QDs. Conversely, the undoped

QDs produced a slow linear decay of 26% during the first 10 min and the resstiamed
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incompkete up to 48 h of irradiation. For doped QDs, #HeNMR shows a complete conversion

to aniline within 15 minutes (Figur217). We obtained an internal quantum efficiency (IQE) of

~3 % for the sixelectron process to form aniline (sAppendix Al where33 excitons were
needed to reduce one nitrobenzene molecule to aniline. If all electron transfer steps are $&quential
and similar in efficiencythe results suggest an impressive IQE®b3or each sp by the doped

QDs.

2-propanol

DMSO

Figure 2.17. *H NMR spectrum of post reaction solution depicting successful conversion of
nitrobenzene to aniline ifBMSO. Inset shows the ratio between integrated peaks.

The photoreduction of nitrobenzene at neutral pH serves as a direct investigation of the
reducirg power of the hot electrons from the ®WAuger relaxation process. Our reaction
condition at neutral pH is in contrast with previous work that employed undoped CdS QDs at an
acidic pH® where the reductiongtential of nitrobenzene-@.16 V vs NHE at pH 4) was

significantly below the energy of the CB of CdS. At neutral pH, the reduction potential of
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nitrobenzene is cal.19 V vs NHE, thus placing the LUMO of nitrobenzene close to the CB of
QD (see Figure.5. Photogenerated electrons at the band edge therefore may be insufficient in
reducing power compared with hot electrons from-ddped QDs. However, the undoped QDs
can drive this reaction at a moderate rate, suggestinghegiigible Auger relaxation inhe
undoped CdS that yields a small fraction of hot electripgably, recent works of Mit-doped

QDs showed that the rate of Auger process outpaces that of intraband &oSliagg the
exceptionally large uphill energy gain rates enabled by theex@inange Auger process leads to

a large population of neequilibrium hot electrons, which can undergo additi@mergytransfer

steps and upconversion to yield ejected electfo@herreactionpathwaysn our nitrobenzene
reduction mayinvolve H. generated by theoxidation of formate or -propanol by the
photogenerated holes. Interestingly, a previous study showed that undoped QDs preferentially
produced Hfrom formate whiledoped QDs generated more CO. Hence, the indirect reduction of
nitrobenzene by Hmay be more dominant in undoped QDs than doped QDs. Taken together these
differences, the significantly higher rate of photoreduction of nitrobenzene by the MASdS

QDs highlight the strong reducing power of the Augeediated hot electrons.
2.4 Conclusions

TheMn?*-doped QDs consistently showed an increased photocatalysis of organic reactions
compared with the undoped QDsvhich we attribute to enhanced Auger processes in
Mn:CdS/zZnS TheQD film coatingshows high versatility in various solvents, can be employed in
biphasic systems, is reusable, and reducesrpastion purificatiomeeds Improvements on the
recyclability may be achieved bpassivang thefilms between reaction intervals amarther
optimizing thesacrificial electron donors:uture directions include assemblitige QD film on

conductive substrates to yield a photoelectrochemical device, where seceledgtigns can be
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injected to undergo Auger relaxation with the excited\dtate, further boosting the helectron
generation and opening new opportunities in photoelectrochedrivah organic
transformations. Overall, Mdoped QDs showgreat promise & photocatalysts in organic
reactionsand may substantiallincrease the rate of photoreductions of challenging substrates
recently demonstrated to be photocatalyzed by undopedQI®S’ Importantly, Auger cross
relaxdion, which otherwise is a detrimental process in optoelectronic applications, prasents

promisingphenomenon imadvaning QD-based photocatalysis.

2.5 Experimental

Materials

Cadmium oxide (CdO), oleic acid, octadecene technical grade (ODE), sulfulé@amine,
manganese (Il) acetate tetrahydrate (Mn(QAc¥#.8), heptanediamine (HDA), 1-d@bromo1,2-
diphenylethane (DDE), anhydrous methanol, heptyl viologen ?{H\deuteratedlimethyl
sulfoxide (@D MS Q) , -dinfethyt4é&4 -dipyridinium ditriflate (MV?*) ,  -diheptyB4-4 O
bipyridinium dibromide (HVW"), mercaptopropyltrimethoxysilane (MPTMS) and ammonium

formate, and nitrobenzene were obtained from Sigma Aldrich.

Synthesis oinanganeseopedcadmiumsulfide guantumdots

In a typical synthesis of Mn:CdS QDs, three flasks separat#itaining 0.75 mmol of
CdO in 7.9 g of ODE, 0.25 mmol of sulfur in 3.3 g of ODE, and 0.04 mmol of manganese (ll)
acetate tetrahydrata 2.44 g of oleylamine were degassed for 30 minutes under nitrogen at 130
°C. The CdO solution was heated to 285°C, followed by the injection of the Mn oleylamine
solution!®57:6889The temperature of the solution was quickly brought back up to 285 °C and the

sulfur sdution was rapidly injected to start the nucleation of the QDs. The reaction was kept at
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265 °C for 3 minutes to allow for the growth of the particles. Then, the solution was cooled in a
water bath to room temperature. The synthesis of undoped CdS QDaxiasl out similarly
without Mn precursor in the oleylamine. The orange photoluminescence was observed for Mn:CdS
and blue photoluminescence for undoped CdS.QBbe particles were washed via flocculation

with ethanol and redispersing in toluene.

Growth of ZnSshell viasuccessivaonic layeradsorption andeaction (SILAR)

Both doped and undoped quantum dots were passivated with a ZnS shell using previously
estdlished methodS. QDs were resuspended in a 3:1 ODE/oleylamine mixture and degassed
for 30 min at 130 °C. A 0.4 M zinc oleate solution was prepared by dissolving zinc oleate in
octadecene at 200 . wah preparédfbydissolingeswdfur n sctadeceseo | u t |
at 130 . The temperature -p70t hef QDI cweé dithypyr
injection of aliquots of zinc oleate and sulfur solutions sequentially (~1 mL/minute) with 10 min
reaction time betwen injections. The zinc oleate and sulfur solutions were injected while warm to
prevent precipitation and each aliquot corresponded to the amount needed to deposit a monolayer
of atoms on the existing CdS. For example, a sample containing 2:8@d®QDswith 2.25 nm

radius required 3.15 mmol of Zn oleate and S for each monolayer growth. Each monolayer of ZnS

is theoretically 0.31 nm in thickness (|—Vé: where a =5.41 A, the unit cell length of zinc blefie

The procedure was repeated to install 2 monolayers of ZnS plus a Zn terminal layer (i.e.
collectively referred to as.2 monolayers of ZnS shell). The passivated QDs were washed and

redispersed in toluene
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OD film preparation

The glass vessels or cut microscope slides were cleaned with piranha solution (3:1
H2SQu/H202) for 20 minutes, rinsed with copious amounts of water, followed by silanization with
1 vol% mercaptopropyltrimethoxysilane (MPTMS) in anhydrous ethanol for 2 h. The substrates
were rinsed and anneal ed f Gautiord RPiranhéhsolution mush der n
be prepared and handled with extreme care. It is a strong oxidizing agent that reacts aggressively

with organic matter.

For in situ spectrophotometric experiments (i.e. photoreduction of MV), the QD film was
deposited on a MPTM8eated glass slide (0.5 x 1 cm) via the evaporaitmoluced seHassembly
processThe glass slide was suspended vertically-ml4vial containing 2 mL of ~300 uM QD
in toluene and placed in the oven at 60 f
uniformly deposited on the glass surface and one side was wiped clean. The sample was then
transferred to a glove box to crosslink the QDs with HDA, as previously establtshieel films
were I mmersed in 0.5 vol % HDA in ethanol at 8
unde nitrogen for 1 hout® A similar procedure was carried out for glass vials for DDE and

nitrobenzene reactions.

The amount of deposited QD was determined from the extinction coefficient and
absorbance of a toluene solution containing redissolved QDs from@ossiinked film. Sintar

procedure was used for determining moles of QDs in the coated vials.

Photoreduction ofnethyl viologen

A volume of 3 mL 500 puM methyl viologen in water was transferred to a cuvette with a

QD-functionalized glass strip (0.5 x 1 cm) inside. The systasthoroughly degassed and sealed.
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The cuvette was irradiated with blue light (440 nm, Lumencor SpectraX light engine)situl in
UV-visible absorption spectra (Perkin EImer Lambda 950) were acquiredhiat iBterval using

a custom setup. The reductiohmethyl viologen was confirmed by monitoring the development

of peaks at 396 nm and 605 nm, and the emergence of blue color in the solution. Experiments with
10% v/v methanol as a hole scavenger were conducted similarly. Control experiments in the

absene of light and in the absence of QDs were also performed with the same setup.

Photoluminescenoexperiments

Photoluminescence (PL) of QD deposited on the glass strips was measured for both doped
and undoped samples using a custoade setup comprisirglight source (Lumencor SpectraX)
and a spectrometer (Ocean Optics 2000+). PL lifetime measurements were obtained with a Cary

Eclipse fluorescence spectrometer with a pulsed Xe lamp.

Dehalogenatiomeaction

To a 4mL vial coated with QDs, an agueous solution of 2 mL heptyl viologen (500 uM)
containing 10 vol% methanol was added. Then 1 mL of 4 mMlibf@mo1,2-diphenylethane
(DDE) in ethyl acetate was added as the organic phase. The vial was sealedeahdralac 395
nm LED (SZ05-U6, Luxeonstar) irradiation for 24 h. The stirring was kept at 250 rpm to form a
small vortex between the two layers. After 24 h, the organic layer was separated. Subsequently,
the aqueous layer was extracted three times witmQ.portions of ethyl acetate. The ethyl acetate
solution was then air dried. Control experiments were carried out in the absence of QDs (i.e.,

uncoated vials), and in the absence of heptyl viologen or methanol.

The singlephase reaction, in the absenédeptyl viologen, was also performed. A QD

coated vial containing 3 mL of 4 mM DDE in ethyl acetate and methanol (10 vol%) was irradiated
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at 395 nm for 24h. UWis absorbance of as solution was acquired using Perkin ElImer Lambda
950 spectrophotometeand*H NMR of isolated sample innBMSO was measured using Bruker
Avance (300 MHz)Percent conversion of reactants to products was determined by taking the peak
area ratios of the doublets of product${7.59 ppm) to the sum of the products and reatstan

(7.70:7.68 ppm)All reactions of DDE were run inside the glove box.

Reduction ohitrobenzene

The reduction of nitrobenzene was carried out in a similar fashion as that of the DDE. In a
typical reaction, a QEoated vial containing 3 mL of nitrobemze (3.7 mM) and 100 mM
ammonium formate in-propanol was sealed and placed under@®5rradiation for 30 min with
stirring. UV absorption spectra of-&ssolution were measured at various time intervals, and NMR

spectra were collected inRMSO after he sample was dried and extracted with dichloromethane.

Physical characterizations

EPR measurement was carried out on a solution of Mn:CdS/ZnS QD dissolved in toluene
using a Bruker ECEMX X-band EPR spectrometer equipped with an ER4119HS cavity. EPR
data was collected at room temperature with the following acquisition settings: 9.367 GHz
microwave frequency, 2.15 mW microwave power, 4G modulation amplitude, a 100 kHz
modulation frequency, 5000 G sweep width, 0.01 ms time constant, 50 dB receivanda800s
total sweep time. The spectrum was corrected using DPPHiligdh&nyt2-picrylhydrazyl) as a

standard.

TEM images were acquired using Hitachi HT7700 with fdBermionic filament

operating at an emission current of 10 mA and accelerating vatdd® kV.
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X-ray photoelectron spectra of films on indium tin oxide substrates were measured by
Thermo Fisher Scientific ¥lpha XPS spectrometer (East Grinstead, UK) with a spot area of 400
em. A  mo n o ¢ hgiX-gay sourceovasAused t§ obtain aniahisurvey spectrum (pass
energy (PE) 200 eV) followed by low resolution spectra of the spectral regions of interest (PE
150 eV) from which composition was obtained, and higher resolution spectr@£/). Charge
compensation was applied usingthgg st e moé s /Arofimda igum &vith the spectra shifted
to place the main <€ peak at 285.0 eV. The peak fitting was performed on theremggiution
spectra by the supplied software (Avantage v. 5.9925), using the Smart Background (a modified

Shirley background) and a mix&hussiarLorentzian peak shape.

Powder XRD data was obtained with a AXRD Benchtop diffractometer (PROTO) with a
Cu Ky source. The spectrum was fitted with wurtzite and zinc blende by utilising the Rietveld

refinement*3*method and GSAS Il softwaré.

The concentration of Miidopant in CdS/ZnS core/shell QDs was determined via ICP
OES with a Thermo Scientifity iCAP PRO Series utilizing thexil detectoAnalest, University
of Toronto) QDs were digested in concentrated nitric acid at 60 °C over 48 hours. The solution

was then diluted with MQ water to 10 mL in a volumetric flask.

(TEM and XPS were performed at the Ontario Centre for theaCteaization of Advanced
Materials, Department of Chemical Engineering and Applied Chemistry, University of
Toronto.EPR data were acquired at Analest facility, Department of Chemistry at University of

Toronto.)
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2.7 Appendix
Al. Calculations

l. Internalguantumefficiency of methyl viologenreduction

Absorbance of film = 0.2
Film area = 1cm x 0.5 cm = 0.5 ém
Irradiation density at 440 nm: 85 mW/ém
Photons absorbed by 0.5 &fiim:
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I1l. Internal guantumefficiency of photoreduction ohitrobenzene taniline

Absorbance of film at 395 nm was ca. 0.25 (based on deposition condition and film used in MV
reaction). Absorbance by the film on the conceiaéwall would be affected by scattering, and
thus the IQE is an estimate.

Irradiation density at 395 nm: 150 mW/&m
Area of film: 1.87 crA
Photons absorbed in 15 min;

nfbu(;;)— P PTE N pAXH I T CE I
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Assuming total conversion of nitrobenzene to aniline (baséti MR):
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If sequential electron reduction with same efficiency:
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A2. ICP-OES

) Equati y=a+b*

LO 9 PI(Z)L:a . Raw.Average
O Weight No Weighting
H Intercept 7515.1586 + 4538.19158

>< 8 Slope 38219.73169 + 575.5160
Residual S f S 5.13545E8
N— 7 Pz:rsl;i's :J o 0.99943
R-S (CoD) 0.99887
*2\ Adj.qF:lieruare 0.99864
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Figure Al. Calibration cure for Mn, Cd, and Zn.

Table Al: Elemental analysis of QDs with IGPES.

Emission Concentration
Wavelength (nm) (ppm)
Mn 257.610 2.47 £0.03
259.573 2.43+0.01
260.569 2.37+£0.01
Cd 228.820 295.3+0.5
226.502 297.5+0.2
214.438 311.3+0.2
Zn 213.856 261.5+0.4
202.548 265.4 +0.1
206.200 253.4+0.3
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Chapter 37 DopedQD Coated Photocatalytic Flow Reactdtiallengesand

Future Directions.

Previougy, Mn:CdS/ZnSQD films provedeffective photocatalysts for reductive organic
transformationsThe QDfilms displayed compatibilityn various solverst, andaccelerated post
reaction workup byeliminating time-consumingseparationsteps.These attributes are highly
desirable in the fiel of flow chemistry. In this chapter, we showcase and discuss the potential of
dopedQD coated flow reactors, which mayovide alternativeools for organic transformations

and facilitate reactisotherwise not possible underild conditions.

3.1 Backgound toflow reactors

Batch processes are an example of thermal chemistry and have been utilized for decades
in the pharmaceutical industtyThey compriseconsecutive reactiorsnd separation steps with
the aim of obtaining high yields of a specific pharmaceutical while offering little regard to energy
usage, chemical waste, and overall reagent consunfptidhese processes have remained
relatively unchanged over the years. However, with legislations shifting toward sustairsatuility
reduction of carbon emissiotise overall profile of these batch processase si red t o be
as well.

Continuous flow processes have shown their potential for increasing sustainability and
efficiency. Already implemented in the petrochemiaatl food industries, flow processes have
resulted in an increased productivity and a decreased cost when compared with batch processes.
Currently, research in the implementation of continuous flow processes in the pharmaceutical
industry is growing rapidly. While flow reactors are unlikely to replace batch procastedy,
they can provide sustainable, ceéffiective, and timeefficient alternative methods for organic

transformations. In the small scale, continuous flow reactors offer precise heat treansfier
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mixing of reagents, better control of toxic and reactive substances, and highly efficient

photochemical or electrochemical methédsSpecifcally, the utilization of flow reactors in

visible-light photocatalysipresentsiew, green, and sustainable approaches to synthetic organic

chemists.

(A) Nonsensitized photochemistry
hv
A—» A" —
L .

e No photocatalyst @ Mostly UV light
e Substrate alone is excited by light

(B) Via EDA complex

hv
A+B —» AB* ——>
L o

e No photocatalyst e Visible light
e Individual substrates not excited by light

(c) Photoredox catalysis
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(D) Electronic band catalysis
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Figure 3.1: (A) Light driven photochemical reaction. (B) Photochemical formation of electron

donoracceptor

(EDA) complex.

(C) Photoredox catalysis.

(Bémiconductorassisted

Photoredox catalysis. (E) Typical schematics of flow reactors. (F) Effect of distance on th
irradiation intensity Reprinted with permissiomdm reference 3.

Figure 3.1 AD shows various types of photochemical reactions that have potential to be
implemented in a flow settupFigure 3.1A and 3.1B show samatics of norsensitized
photochemical reactions that can be driven via UV or visible light. Figure 3.1C and D show

photoredox catalysis typically facilitated by transition metal complexes and semiconductor
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materials respectively, as discussed in Chdptirespective of the sensitizers, a srsathle flow
reactor consists of tubing either wrapped around a light source or surrounded by strips of LED
lighting (Figure 3.E). Lastly, light intensity decreases exponentially with distance from the light
souce (Figure 3.E). Thus, noFhomogeneous irradiation can result in slow reactions or formation

of undesirable reaction intermediates. Conversely, a narrow flow reactor improves the photon flux
to the sensitizer and increases the efficiency of the reaéfion.

Various photoredoreactions with iridium complexes as sensitizers that activate the nickel
catalytic cycle have been adapted for flow conditibigure 3.2 depictsa decarboxylative
arylation reaction in the multigram scale. However, homogenous conditions result in wasteful
isolation, purification, and post reaction workup, specifically for the cataly$Replacing the
iridium photocatalyst with QDs supported thre walls of the flow reactors, simplifies the reaction
setup and post reaction processes. While semiconductor films have been investigated as coatings
in flow reactors for water treatment applicatidhs#heir use in photoredox catalysis of organic
transformations remains limitedHere, we present the implentation of the Mrdoped CdS/ZnS
core/shell QDs as photocatalysts in a flow reactor. Utilizing the nitrobenzene reduction as a model
reaction, we performed preliminary investigation on the feasibility of"NdilS/ZnS coating in a

photocatalytic flow reactoChallenges and future work are discussed.

Multi-Gram Flow Conditions

O\ Br Ir BPR
_ - —
' CFy 40°C, 45 min ! CFs

Boc Boc
420 nm LED
Vapourtec® 70% yield

13.2 g (11.7h)

1.5 equiv 60 mmol

Figure 3.2.Decarboxylative arylation adapted for flow conditicrisage adapted fromeference

9. License linkhttps://creativecommons.org/licensestimynd/4.0/legalcode
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3.2 Flowreactorcoated with Mrdopedquantumdots

3.2.1 Experimental

The inner wall of a Pasteur pipette, which sdra® the reaction chamber, wesated with
mercaptopropyltrimethoxysilane followed by coatmith Mn-doped QDwia evaporate@ssisted
deposition The quantum dot film was then crosslinkeith heptanediaminéas in Section 3)
and stored under inert conditioriBhe coatedreaction chamber was connecteaa plastic tubing
to a syringe filled with a solution of 0.5 mM nitrobenzene and 150amivhonium formate in 2
propanolunder inert conditionsThe flow system was equilibrateinder 395nm irradiation (SZ
05-U6, Luxeonstar LEDs) for 30 min before initializing the syringe pump to deliver at a rate of 2
mL/h. (unless otherwise specifiedpiliquots were collected and diluted for Usbsorption
measurementor backto-back reactias, the flow reactor, tubing and syringe were rinsed with

isopropanol, dried and placed in the glove box where they were assembled again.

3.22 Results andDiscussion

We developed a flow reactor to show the versatility of the QD films and their potential for
efficient, largescale photoredox reactiorfSgure 3.3 shows the setujVe investigatedthe
reduction of nitrobenzerte anilinein the flow systemThe reaction dation consisted of 0.5 mM
nitrobenzene and 150 mM ammonium formate 4or@anol. Flow rates of 10 to 2 mL/h were
tested under irradiation of 395 nmigH flow rates €.g.,10 mL/h) hindered theconversion of
nitrobenzene to aniline, while slower rateaeyed to be more effage with a rate of 2 mL/h
yielding the most reproducible conversidiigure 3.4A shows the UWis spectreof sequential
aliguotsof the reaction solution collected at a flow rate of 2 miChe peak at 258 nm corresponds

to the unreeted nitrobenzene. As the reaction mixture flowed through the reaction chamber, the
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nitrobenzene peaftecreasedand theabsorption feature aniline increasedWe monitored the
absorbance of aniline and nitrobenzene at 236 and 258 nm, respectivelg 3MBwlsummarizes

the average absorbance intensities of three trials at a flow rate of 2 Wighnitial volume (~2

mL) showed unreacted material because no equilibration with light was employed. As the solution
flowed through under constant irradiatjdhe presence of aniline was detected consistently in the
UV spectra. The flovsystem was used in batdback trials totalling 15 hours of irradiation and

30 mL of reaction solution with no observable drop in performance.

Figure 3.3.Mn-Doped CdS/ZnS coated pipette for use phatocatalytidlow reactorunder 395

nm illumination. Reaction mixture flogd at a rate of 2nL/h through the QEcoated reaction

chamber and collected in a 20 ml vial.
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Figure 3.4.(A) UV absaption spectra of aliquots collected from the reaction at a flow rate of 2
mL/h. (B) Average of three trials showing the peak intensities at 236 nm (grey squares) from
aniline and 258 nm (red circles) for nitrobenzene. Patats in the €2 mL range show unretao
material present in the connection tubing

However, further optimization is still necessafie 'H NMR spectra of the post reaction
solution do not show pure producEgure 3.5 shows the proton NMR spectrafithe products
obtained from the reactiomnder flow conditionsWhile aniline is present in the products, the
broad peak down fieldat ~7.2 ppm, suggests presence of other aromatics such as
phenylhydroxylamine and nitrobenzerdeanwhile theup-field signals could result from the
ligands of dedched QDs, such as oleylamine or the crosslinker heptane didinare.are several
factors that can contribute to the incomplete conversion of nitrobenzene to anilsetecirén
process, that mechanistically proceeds through multiple intermediatesfiexi nitrosobenzene,
phenylhydroxylamingwhich can accumulate in the reaction solution and decrease'¥idlde

first two reduction steps are fast while the final conversion of phenylhydroxylamine to aniline is
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slow. This limiting step leads to arceumulation of phenylhydroxylamine which can undergo
condensation to azoxybenzene and azobenzene and subsequently yield?arilmevarious
pathways that lead to the production of aniline can affect reproducibility and complicate the
optimization of flow reactors. Additionallyugace interactions between the reactant and catalyst,

together with diffusion limited proton transfalso need to be consideréd.

Nk UV

T T T T T

8.0 7.‘5 7!0 6.|5 6.0 5.|5 5.‘0 4.15 4.0 35 3.|0 25 2.|0 1.‘5 1.|0 0.‘5 ppm
Figure 35. 'H NMR spectrumof post reaction solutiorat a flow rate of 2 mL/hPeaks at 6.47

6.52 ppm(c), 6.556.58 ppm (b), and 6.98.03 ppm (a) depict the presence of aniline. The broad
peak downfield of aniline (~7.2 ppm) can be a combination of phenylhydroxylamine and
nitrosobenzene.

Despite the reproducible UV absorption results, the flow rate of /& might still be too
fast for the reaction to go to completion because the process is diffusion driven. Second, the
inefficiency in conversion may be attributed to the diameter of the flow reactor (~5 mm). In straight
flow reactor, the flow is laminar # limited mixing of reactants. Capillary tubing (wéhmuch
smaller diameter) can overcome the problem of mixing by shortening the distance between the
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reactants and photocatalysts. Additionatlye to the exponential attenuation of ligligtance, a
narrower tubing can potentially improve the conversiamore uniform irradiation. However, a
challenge with using capillesis the effective coating of the walls with QDs. Narrow capillaries
can be clogged by detached QDs or undesirable precipitategHeoreaction mixturelhe third

factor isthe presence of oxygen in the reaction soluti@ican be detrimental in the reduction of
nitrobenzene Oxygen molecules can easily react with any of the reaction intermediates and
generate nitrobenzene or otHaproducts. Therefore, a sealed reaction setup is crucial for an
efficient conversion. Addressing these issues may improve the photocatalytic flow system to yield
high efficiency and throughput.

There are several advantages of the flow system. It oarease the number of
photocatalytic cycles of the MRDoped QD because the flow of the reaction mixture provides fresh
sacrificial hole scavengén the QD film. Ths rapid replenishment of the vacancies left by the hot
electrons may inhibit detrimentalqaesses such as loss of ligands and photo oxidation of the QD
surface. Anilines are important intermediates in medicinal chemistry and are used to make a wide
variety of products such as polymers, agricultural chemicals, synthetic dyes, and additives for t
rubber industry. The mild and neutral conditions employed in the autonomous flow system are
attractive for a variety of fields and eliminate the conventional commercial production methods
that require pressurized hydrogen, expensive transition metdystgtand closed vessel§he
preliminarywork on theMn-doped QDcoatedflow reactorshows promising potentiand may
be expandedor use in other reactions includitige hydrogenation of nitriles and reductions of

alkyl or aryl azides.
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3.3 Challenges andnmitations ofdoped QDs aphotocatalysts

Despitethe superior performance of doped QDs to undoped QDs, some challenges remain. Successful
doping is one of the main sthetic challenges of QDs. Seltirification processes take place during crystal
growth and expel the dopants from QDs crystal structure. The dopants may end up on the surface of the
QDs or in the reaction solution. Thus, after synthesis, every batctpefl d@Ds needs to be characterized
extensively to determine size (TEM), dopant location (EPR), and dopant concentratisdEE}PSome

of these characterization methods can be costly. Also, -depth understanding of the photophysical
processes, specifily the generation and the fate of hot electrons during photoexcitation, needs to be
established foa broader implementation of QDs in photocatalytic applications. Lastly, the stability of the
photocatalyst is key. In the case of QDs, photodegrad&ion accumulated holes causexidation of

ligands which fall off and expose the material. Unrestricted oxidation severely diminishes the performance
of the QDs as catalysts. Thus, the determination of sacrificial agents which efficiently quench the
photogemerated holes is a key aspect in increasing the reusability of QDs. Additidredlyng thefilms

with the crosslinkebetween reactions can help increase their lifetime. Addressing these challenges will

significantly improve the chances of the lasgrle implementation of QDs in photocatalysis.

3.4 Futurdirections

Reviews by MacMillat®*° outline a plethora of weltharacterized photoredox reactions
catalyzed bytransition metal complexesomeof which we hypothesize that doped QDs can
potentially substitute. Figure 3.2 depicts three potential reactions where the QDs may replace the
Ru(py)zClz. Figure 3.3 andB show net reductive and net oxidative reactions respectively. In
these types of reactions sacrificial hole scavengers or electron sources are necessary. €igure 3.5

shows a redox neutral reaction which does not require additieagénts. Utilisation of QDs as
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films in redox neutral reactions can prove advantageous in simplifying the reaction setup, catalyst
recovery, and post reaction workup procedures.

Br e
Ph N Ph” ~Me

| MeCN, visible light
3 equiv. Me 74%

B(OH H
N (OH), 2.0 mol% Ru(bpy),Cl, N o
Ry »- R—
Z 2.0 equiv. i-PrNEt F

air, DMF, visible light

@)
Me  10equiv. ZZ>pigy O i
Se /©/ 0.5 mol% Ru(bpy);Cl, /@/S\Aopeu
Ph™ >S -
o] [e) MeCN, visible light Me 95%

Figure 3.6. (A) Reductive dehalogenation of phenacyl bromide. (B) Oxidative hydroxylation of
arylboronic acids. (CRadical addition of Sephenyl p-tolueneselenosulfonate talkyl vinyl

ethers Reprinted with permission from exencel3.

The formation of carboftatbon bonds is a crucial aspect of synthetic organic chemistry.
A prospectiveresearch direction is the implementation of doped QDs as sensitizers in traditional
crosscoupling reactions. Almost all cressupling reaction involve oxidative addition of a metal
centre followed by a transmetalation step and a reductive eliminatpd sPhotogenerated
electrons and holes in the doped QDs can potentially improve the oxidation and reduction of metal
centres and increase the efficiency of catalgycles. Figure 3.6 shows a proposed mechanism
where theconventionaliridium photocatalyst acts a sensitizer for the nickel catalytic cycle in a
crosscoupling reactionWe propose thatransitionmetal crossoupling reactions including
copper:® nickel” cobalt!® palladiunt® can be adapted with doped QDs as sensitizbeseQDs

can perform single electron transfer to either the nickel catalystlwteactanthieterogeneously
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Figure 3.7. Proposed mechanism for carboawrbon cross coupling reaction where photoredox
catalysis is used in tandem with the nickel catalytic cyRleplacing the photoredasycle of
iridium with doped QDs maincrease the efficiency of the reactioReprinted with permission

from reference 14.

Finally, flow reactors are emerging platforms in synthetic organic chemistry. With respect to
photocatalysis, flow reactors are highly desirable over batch proc€ssesf the limitations of
photochemical reactions in largescale batch processes is that light intensity decreases
exponentially with distancas described by Bed&iambert law. Utilizing a thin and long reactor

with light source distributed along its lengin therefore circumvent this issue. However, shifting

from well established batch reactions to flow processes remains a challenge due to the high number
of parameters that need to be optimized. These needs can be addressed by utilizing the high

throughpt experimentation (HTE) method, such as an@l plate, to investigate batch conditions
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under illuminatiorfor use in flow reactor$Figure 6.1 depicts the translation of batch reaction to
flow reaction via HTE. The microscale size of the reactions in-aéBbplace mimics the flow

reaction conditions.

Our initial work with immobilizedVin-dopedQDs as flow regtor coatings, instead of the
homogeneous transition metal complexes, shows that heterogeneous photocatalysts can potentially
simplify the adaptation of batch conditions to flow systems. We proposenthiaiple reaction
solutions can be set up in vialsdaconnected to an array of photocatakysated flow reactor
chambers. This array of Q€bated reaction chambers can investigatgerakeaction conditions
in parallel. The parallel flovgetup can provide a high throughjplatform for integratingdoped

QDsinstead ofridium and ruthenium complexés photoredox reactions, with a significant

Optimization Flow
R —_—

Platform Reactor

” E

35—

v

4 photoredox reactions; >2000 HTE reactions; more than 50 representative matched examples
rapid, simple and general optimization method microscale experiments as simulated flow reactions

applicable to any size of reactor coils

Figure 3.8. Translation of batch reaction to flow reactor via HTE. Reprinted with permission from

reference 10. License lirtktps://creativecomnms.org/licenses/byc-nd/4.0/legalcode

reductionin postreaction work upOnce the flow conditions of a specific reaction have effectively
been optimized, these arrays can be used in parallel to increase output. The adaptation of parallel

arrays of catigst-coated tubing is feasible because of the low cost, reusability, and facile assembly
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of the QD films. Work on increasing the stability of the QDs would further improve the reusability

of these arrays.
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Part Two:Sequenceapecific DNAGold Nanoparticles as High Mass
Probes in Imaging Mass Cytometry

(An industrial collaboration with Fluidigm Inc.)
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Chapter 471 Introduction to Biomarkers, MicroRNAs (miRNA), Localized
Surface Plasmon Resonance (LSPR),lamabing Mass Cytometry (IMC)

4.1 Biomarkers

Theimportanceof biomarkercannot be overstated. Generally, a biomaikanindicator
thatidentifies and descrilsdealth, disease, or disorder. In the early stages of medicine, biomarkers
were physical observables such as pulse, blood pressutdodyweight. The scope of what
defines a biomarker has rapidly expanded with scientific and technological advances. Today, the
term biomarker typically refers to specific biological entities such ageutdsor proteinsthat
can be reliably detected and quantifigdturn providing insight on the onset and progression of a
specific disease or disorderThe utilization of biomarkers as predictive means alléavsapid
diagnosis of disorderslelivery of specific information, anémple time for treatmestSome
common and welstudied biomarkers in blood serum include troponin (myocardial infraétion)
carcinoembryonic antigen (various cancgmdamino transferases (liver diseas@dditionally,

biomarkers can be detected not only in blood, but in urine, saliva, breath, and sweat.

The constant advancemeantechnologicabnd medical fields demands new, accurate, and
specific biomarkers, primarily for implementationprecisionmedicine. First, the ideal biomarker
needs to be easily detected. Second, it should be specific to the disease or disorder that it is linked
to. Third, the biomarker should be detected prightoonset of symptoms and its quantity should
change with disease development or treatrhdfihally, the methods for the detection of the
biomarkers should be transferable from the research to clinical settings. New bioraikierdsy
satisfy the above criteria are hard to come by. The lack of clinically significant proteins highly
specific to a disease, and a shortageoblustdetection methodgeter thetranslationof new
biomarkers’® However, efforts to expand the spectrum of potential candidates have persisted.
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The first detection of celiree nucleic acid (cfNA)n human blood was reported in 1948
by Mandel an Metis.® The importance of the discovery was not appreciated until 1994, when
cfNA, compising DNA andmessenger RNANM{RNA) and microRNA (miRNA), in blood was
directly linked to cancel®!*However, the potential of RNA as a biomarker was initially dismissed
due to itsinstability and the elevated amounts of nucleases present in plasma. These claims were
eventually overturned, and it was established that the detection of cfNA in serunincprdde
diagnosis while circumventing invasive tumor biopsfeadditionally, cfNA levels are elevated
not onlyin cancer patients, but also in patients with inflammatory disease and tissue'ttainsa

new class of biomarkers hpsoven promisindor cancer and various other disorders.
4.2 MicroRNA

Of all the cfNAs discovered in blood, miRNAs attracted the most attemionarily
because thewere a newly discoveretlassof nucleic acig in 1993 Since then, miRNAs have
been found in all animals studiediRNAs are short, nogoding RNAs ranging from 122
nucleotides in lengtf+°*Generally, they are transced from DNA and undergextensive
modifications to reach their final for®’ Theyare important mediatsin gene regulation and
serve critical roles in animal developniebhe specific mechanisms by which 0 controls
gene regulation depend on the target mRN@lecules it interacts with. In genertide bnding
miRNA-210to the 3'untranslated regionJTR) of targetmRNA, typically through a short
complementary sequence of nucleotides known as the seed, tegisto either degradation of
the mRNA molecule or inhibition of its translation into prot&it® The degradation of mMRNA
can occur through the activity of RNiAduced silencing complex (RISC) or miRNAediated
deadenylating. Inhibition of MRNA translationaurs through steric hindrance or interference

with translation initiation factorslhe binding specificity of miRA-210is further influenced by
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other factors, including the abundance of the miRNA and its target mMRNA, as well as the
presence of other RNAinding proteins that can compete with the miRNA for binding to the
mRNA.>1 Atypical expressiosiof these miRNAs can be linked to various diseases and
cancerg®andtheir presence in extracellular fluids makes them excellent candatates
biomarkersThe discovery omiRNAs opened new avenues in the field of molecular biology,

genetics, and biomarkers.

The first use of miRNA as biomarker for nonHodgkin lymphaena was reported in
2008 with well established methods ftve detection and amplificatiomRT-PCR) of nucleic
acids, the exploration of miRNAs as biomerk rapidly increaset! MiRNAs have the potential
to surpass proteins as biomarkers duthéoease oimplemening themin multimarker panels,
which arecrucial for the diagnosis cancéra heterogenous disea$eA panel utilizing nine
miRNAs has reportedly improvedeltiagnosis of breast canééFinally, multimarker panels of
MiRNAs can provide patient specifitagnosis and treatmer@ince their discoverythe scope of

studesof miRNAs has expanded to other disordarsh as preeclampsi.

A human placenta contains upwards of GBRNAs with miRNA-210 as the most studied
one: specifically in its relation to preeclamp&i@®reeclampsia ia pregnancyspecific disorder
which affects 8% of pregnanwomen and its onset is difficult to predict. It ideadingcause of
maternal and neonatal mortalfyExtensive studies have shown that miRRPO is upregulated
with the onset of preeclampsia and it has potential to serve as a biofidfkethermore, the
overexpression of mMiRNA&10 can be induced under low oxygen (hypoxic) conditiohonlyin
endothelial and tumor cells but also in cultured trophobfdsthus, it can serve as a model

molecule tostudy and fodevelopng new technologs forits detectioras biomarkers.
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4.3 Goldnanoparticles

Localized surface plasmon resonance (LSPR)}aiphenomenonin various metal
nanoparticles that results in enhanced extinction cross sections. Most commonly, gold (AuNP) and
silver nanoparticles have been implemented in various applications such as diagnostics, sensing,
imaging and photothermal therafy?® Additionally, noble metal nanoparticles, can be easily
modified with polymers, proteins, and DNRarticularly,DNA conjugated AuNFhavebecome
attractive cadidates to study biological systems such as cells and tissues using confocal

microscopy, and flow cytometry.

Surface plasmon

Figure 4.1. Interaction with the electric field of light shifts the conduction electrons of the
nanoparticle, giving rise to a dipole. The ostibn of this dipole results in intense

colours. Reprinted with permission from reference 30.

LSPR refers to the collective oscillation of surface electrons on a noble metal nanopatrticle
with dimensions much smaller than the wavelength of ligigure 41).2° The high surface to
volume ratio of the nanopatrticles results in the exposure of the free electrons to the electric field
of incident light which triggers the collective oscillation of the free electrons on the nanopatrticles.
At specific wavelengths, these oscillations resonate, polarizing the particle and increasing the

extinction cross section. Mie theory describes the LSRRqhenor!
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Equation 4.1

Equation4.1 depicts the relationship of the extinction cross section to nanoparticle radius (R),
wavelength (a), electron densimdy, (aNmhddwhBh el ect
are the imaginary and reelo mponent s of the dielectric funct

describes the effect of shape on the polarization of surface electron under incidéhédight

Extinction crosssection reaches a maximum when tioadition U = -6 kkqis satisfied
whereresonance is achieved and the characteristic LSPR peak is ob8e¥/¢r noble metal
nanoparticles such as Au and Ag this phenomenon occurs in the visible regioegiving rise
to their use in sensing and imaging applicatidfectors such ssize,electron densityand the
imaginary components of the dielectric function, which depend on intrinsic properties of the metal
can affect the LSPR peak position and shape. Typically, the smaller dielectric function of Ag,
yields sharper peaks and radunable extinctionspectra than AY. However, AUNP are more

widely used due to their stability.
4.4 DNA-AuNP

Conjugation of AuNB with sequencepecific DNA strandgdenoted a DNA-AuNP)
permits for the implementation of these nanoparticles in a wider range of applications when
compared with the bare AuNP. Singltanded DNA (ssDNA) on AuNPcan improve their
biocompatibility, facilitate installation of fluorescent probes, ammteasecolloidal stability.>36
Additionally, DNA-AuNPswith unique sequencéisat bind to a specific targeanserveas probes

and signal generatoni® sensingmethods’ These DNAAUNP systems have been used to
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investigate nanoparticle uptake and mRNA detection. Specifically, nanoflares developed by

Mirkin et al. are available as commercial kits floe detection of RNA®

S
Nf‘\/\/\/\, —_—p QVAVAV,V > »
Reporter %1 Cellular MRNA
Sequence Entry Binding o © ed
Recognition Nano-flare Reporter "Flare"
Sequence

Figure 4.2. lllustration of nanoflare system developed by Mirkin et al. Hybridization of the
recognition sequence on the AuNP with a dye labeled tepsequence orients the dye close to

the AuNP surface, quenching its fluorescence. Upon cell entry, the mRNA target displaces the
reporter sequences restoring the fluorescence of the dye. Reprinted with permission from reference
38. Copyright 2009 AmeriecaChemical Society.

Nancflares are DNAAUNP conjugateghat functionas reporters in cellular uptake
processgsand probeso detecmRNA binding2® They utilize the distanedependent fluorescence
quenching capabilities of AUNI® generate aaptical signaf®*! Figure 4.2depicts the nanoflare
system with mRNA as a target molecwéth sequencespecific sSDNA on the AuNP as a
recognition agerft® A short reporter sequence tagged with a fluorescent molecule (Cy5),
hybridizes to the ssDNA on the nanoparticles with the -@yfinated end in proximity to the
nanoparticle.Nonradiative aergy transfer from the Cy5 to the AuNP keeps the dye.dark
Binding of the target nucleic acid displaces the shorter reporter strand, the fluorescence of which
restores when far enough from the AuNP (Figure £Rjorescencdased methods suffer from
weak sigals and bleaching, especially when used for detecting low abundant targets such as
mMiRNAs. Therefore, an alternative technique capable of detecting low abundant species is sought

after.
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4.5 Imagingmasscytometry

Imaging mass cytometry (IMCha methodthat analyzedixed cells couples traditional
mass cytometry, with a laser ablation technique to generate multiplexed images of cells and
tissuest* IMC utilizes antibodies conjugated with high mass probes, typically stable isatbpes
transition metals irthe larthanide serieslts mode of operation involves treatingjdes of
immobilised cells or tissue sections with various lanthatadged antibodies and intercalatass
stairsfollowed by laser ablation and tired-flight (TOF) mass spectrometri pulsed laser (213

nm) with a Ium diameter spot size scans the shdevaporizseach spot sequentially. carrier

IMC Technology
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Figure 4.3. Principle of operation of Imaging Mass Cytomet({fOP) Lanthanidéabelled
samples are ablated with a laserm in diameter. The plume of ions is ionized in an ICP torch
then analyzed with a tiref-flight mass analyzer. (BOTTOM) Each ablated spot corresponds to
one image pixel and is generated by atiley the m/z signal over a 10 ms time window. Signals
corresponding to various ions from the same ablated spot are then overlaid to generate multiplexed

images. Reprinted with permission from reference 44.
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gas transports the plume of particlesiteinductively coupled plasm@CP)ionizer. Then, &OF
analyzer separates the ions based on mass to charge ratio. The ions ofiieteéheshigh mass
lanthanides, are indexed with each spot on the slide ultimately producing an intensity ihap of a

the fargeted components in the cell or tis$t® Figure 4.3depicts the process

The resolution of~1 nm in IMC enables thenterrogaion of subcellular components,
biomarkers, and signalling pathways higher resolution,of less than Jum spot size, is possible
at the cost of a reduced sensitidiigcause amaller spot size results in fewer ioiibe resolution
also depends on tHfeequerty of ablation (spots/skh higher frequencyesults ina decrease in
resolution because afoss contamination of the plumes from individual spbite resolution of
IMC is higherthan Matrix Assisted Laser Deposition lpaiion (MALDI) which rangegrom 3 to
5 nm.**4¢ Generally, al mn? squarearea on the slide can be scanned in approximately 2 hours
using IMC Coupled withcell segmentation software and bioinformatic tools, Il€merging as

apowerfultool for cellular andissue analysis.

One of the main advantages of IMC is its multiplexing capabilities. The CyTOF technology
produces highly resolved signals from lantle@nions that are conjugated to antibodfé8 This
overcomes the main drawback of spectral overlaps of oly@smunofluorescence methods. While
standard immunofluorescence methods utilize up to four tagdtamaously, IMC can implement
and resolve up to 37 tags without overth@n the other hand, omdallenge witHM C lies inthe
detecton oflow amounts of target proteins or biomarkers. Low leve[sroteintarget lead to few
bound metatagged antibodieand low signal intensity Additionally, the detection of nucleic

acids, such as miRNA, by IMCGak not been demonstrated.
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Figure 4.4.Diagram of the RNAscopassay mode of operation. (Step 1) Tissues or cells are fixed
and permeabilized. (Step 2) Tissues or cells are incubated withdelydence specific Z probes.
(Step 3) Multiple signal amplification species are introduced comprising amplifiers, labels, and
probes.(Step 4)Conventionally magel with fluorescenmicroscope. Reprinted with permission
from reference 49

Detecting and imaging RNA in cells are difficult. Figure 4.4 depicts one of the few methods
for detecting mMRNA, known as the RNAscope assays @bsay utilizes various sequesspecific
recognition factors (Z probes) that bind to mRNAs of fixed cells. Then, a cascade of signal
amplification molecules and fluorescent labels (or mass labels) self assemble onto these Z probes.
The cells can then bmaged with a fluorescent microscéper IMC. While thisassay works for
MRNA, it is not transferrable to miRNAs. The short sequence of miRNA2ZInucleotides)
does not allow for sufficient Z probes to hybridize and thus diminishes the signal amplification
cascade. Therefore, alternative mass probes amablesand critically needed for detecting low

abundant nucleic acids, such as miRN&s]MC.

The scope othe second part of the dissertatiexplores DNAAuUNPs for imagingow
abundabmiRNAs in human trophoblast cells. The targgecific DNA serves as a recognition

element(for miRNA-210)and the AuNRservesas a highmass probe with approximately 10 000
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atomsfor signd amplification.Co mpar ed wi t h t detection $400CGahgim?lai mi t o
single binding event of a gold nanoparticle provides ample signal low abundant molecules.
Overall we investigateé the cellular uptake DNAAUNP by imaging mass cytometrin

comparison withraditional confocal microsceputilizing the AUNP nanoflas The work is the

first exploration of nanoparticles as higtass probes in the field of imaging mass cytometry.

88



4.6 References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Aronson, J. K. & Ferner, R. E. Biomarkér#\ General ReviewCurr. Protoc.
Pharmacol.76, 9.23.19.23.17 (2017).

Aronson, J. K. An agenda for UK clinical pharmacology: Research priorities in
biomarkers and surrogate epdints.Br. J. Clin. Pharmacol73, 900 907 (2012).

Preliminary report: effect of encainide and flecainide on mortality in a randomized trial of
arrhythmia suppression after myocardial infarctidnEngl. J. Med321, 406 412 (1989).

Engelen, M. Jet al. Serum CA 125, carcinoemlwgic antigen, and CA 19 as tumor
markers in borderline ovarian tumo&ynecol. Oncol78, 16 20 (2000).

Ferner, R. E., Dear, J. W. & Bateman, D. N. Management of paracetamol poifiviihg.
342 d2218 (2011).

FitzGerald, G. A. Measure for MeasuBitomarker standards and transparer&y;.
Transl. Med8, 343fs10 (2016).

MacLean, Eet al. A systematic review of biomarkers to detect active tuberculNsis.
Microbiol. 4, 748 758 (2019).

Jortani, S. A., Prabhu, S. D. & Valdes, R. J. Stratefpedeveloping biomarkers of heart
failure. Clin. Chem50, 265 278 (2004).

MANDEL, P. & METAIS, P. [Nuclear Acids In Human Blood Plasm@].R. Seances
Soc. Biol. Fil.142, 247 243 (1948).

Vasioukhin, V.et al. Point mutations of the ¥as gene in the blood plasma DNA of
patients with myelodysplastic syndrome or acute myelogenous leuk&mia.
Haematol.86, 774 779 (1994).

Sorenson, G. et al. Soluble normal and mutated DNA sequences from siogpsy
genes in human bloo@ancer Epidemiol. biomarkers Prev. a Publ. Am. Assoc. Cancer
Res. cosponsored by Am. Soc. Prev. Oc@7 71 (1994).

Schwarzenbach, H., Hoon, D. S. B. & Pantel, K. @ekk nucleic acids as biomarkers in
cancer patientdNat Rev. Cancetl, 426 437 (2011).

Swaminathan, R. & Butt, A. N. Circulating nucleic acids in plasma and serum: recent
developmentsAnn. N. Y. Acad. Sci075 11 9 (2006).

ooBrien, J., Hayder, H., Zayed, Ys, & Peng,
Mechanisms of Actions, and CirculationFrontiers in Endocrinology vol. 9 (2018).

Pasquinelli, A. E. MicroRNAs: Heralds of the noncoding RNA revolutikma21, 709
710 (2015).

Gustafson, Det al. How to measure miRNA expression Expansion of microRNA
researchMethods8, 358 369 (2016).

Pasquinelli, A. E. A sensable microRNAGenes Dev.30, 2019 2020 (2016).

89



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Broughton, J. P. & Pasquinelli, A. E. A tale of two sequences: MicroRiXget tiimeric
readsGenet. Sel. Evo#i8, 1i 7 (2016).

Navarro, A.et al. MicroRNA expression profiling in classic Hodgkin lymphor&sood
111, 2825 2832 (2008).

Gudnason, H., Dufva, M., Bang, D. D. & Wolff, A. Comparison of multiple DNA dyes for
reattime PCR: Effects of dye concentration and sequence composition on DNA
amplification and melting temperatufducleic Acids ReS5, 1i 8 (2007).

Alhasan, A. Hetal. Scanometric MicroRNA array profiling of prostate cancer markers
using spherical nucleic acgbld nanoparticle conjugatesnal. Chem84, 4153 4160
(2012).

Cuk, K. et al. Plasma MicroRNA Panel for Minimally Invasive Detection of Breast
CancerPLoS OneB, e76729 (2013).

Condrat, C. Eet al. miRNAs as Biomarkers in Disease: Latest Findings Regarding Their
Role in Diagnosis and Prognosizells9, (2020).

Luo, R.et al. MicroRNA-210 Contributes to Preeclampsia by Downregulating Potassium
Channel Modulatory Factor Hypertensior64, 839 845 (2014).

Jairajpuri, D. S., Malalla, Z. H., Mahmood, N. & Almawi, W. Y. Circulating microRNA
expression as predictor of preeclampsia and its seveitye627, 543 548 (2017).

Chen, D. & Wang, WHuman placental microRNAs and preeclampBial. Reprod 88,
130 (2013).

Jaszczuk, let al. The role of mMiRNA210 in preeclampsia developmemnn. Med54,
1350 1356 (2022).

Jain, P. K., Huang, X., Bbayed, I. H. & EiSayed, M. A. Noble Metalon the Nanoscale:
Optical and Photothermal Properties and Some Applications in Imaging, Sensing,
Biology, and MedicineAcc. Chem. Redl, 1578 1586 (2008).

Lee,K:S.&EFSay ed, M. A. Gold and Silver Nanopar

Sensitiuty of Plasmon Response to Size, Shape, and Metal Compoditiehys. Chem.
B 110 1922019225 (2006).

Masson, 3F. Portable and fieldeployed surface plasmon resonance and plasmonic
sensorsAnalyst145 3776 3800 (2020)

Mie, G. Beitrage zur Optik triiber Medien, speziell kolloidaler Metalldsungen. Phys.
330, 377 445 (1908).

Petryayeva, E& Krull, U. J. Localized surface plasmon resonance: Nanostructures,
bioassays and biosensth@\ review.Anal. Chim. Act&06, 8/ 24 (2011).

Johnson, P. B. & Christy, R. W. Optical Constants of the Noble Mé&tais. Rev. B,
43704379 (1972).

Jensae, T.R.etalNanosphere Lithography: Ef fect

90

of



35.

36.

37.

38.

39.

40.

41].

42.

43.

44.

45.

46.

47.

48.

49.

the Surface Plasmon Resonance Spectrum of a Periodic Array of Silver Nanopdrticles.
Phys. Chem. B03 9846 9853 (1999).

Liu, B. & Liu, J. Methods for preparing DNAunctionalized gold nanopatrticles, a key
reagent of bioanalytical chemistnal. Method®, 2633 2643 (2017).

Giljohann, D. A.et al. Gold nanopatrticles for biology and medicidemgew. Chemielnt.
Ed.49, 3280 3294 (2010).

Zhang, S., Geryak, R., Geldmeier, J., Kim, S. & Tsukruk, V. V. Synthesis, Assembly, and
Applications of Hybrid Nanostructures for Biosensi@femical Reviewgol. 117 1294P
13038 (2017).

Zheng, D., Seferos, D. S., Giljohann, AR, Patel, P. C. & Mirkin, C. A. Aptamer nano
flares for molecular detection in living celldano Lett9, 3258 3261 (2009).

Seferos, D. S., Giljohann, D. A., Hill, H. D., Prigodich, A. E. & Mirkin, C. A. Nano
Fl ar es: Pr obes f ADetedionanrLigirig€ell$Ji AaanChemnIbc. mR N
129 1547715479 (2007).

HeuerJungemann, A., Harimech, P. K., Brown, T. & Kanaras, A. G. Gold nanoparticles
and fluorescentiabelled DNA as a platform for biological sensiinanoscales, 9503
9510 (203B).

Briley, W. E., Bondy, M. H., Randeria, P. S., Dupper, T. J. & Mirkin, C. A. Quantification
and reaitime tracking of RNA in live cells using Sticklares.Proc. Natl. Acad. Sci. U. S.
A.112 9591 9595 (2015).

Prigodich, A. Eet al. Multiplexed Nanoflares: mRNA Detection in Live Celfnal.
Chem.84, 2062 2066 (2012).

Tu, Y., Wu, P., Zhang, H. & Cai, C. Fluorescence quenching of gold nanoparticles
integrating with a conformatieswitched hairpin oligonucleotide probe for microRNA
detectionChem. Commurl8, 10718 10720 (2012).

Chang, Qet al.Imaging Mass Cytomejr Cytom. Part 291, 160 169 (2017).

Chang, Qet al.Biodistribution of cisplatin revealed by imaging mass cytometry identifies
extensive collagen binding in tumor and normal tissBes.Rep6, 1i 11 (2016).

Bouzekri, A., Esch, A. & Ornatsky, O. Multidimensional profiling of citugated cells by
Imaging Mass CytometrfcEBS Open Bi®, 1652 1669 (2019).

Ali, H. R. et al.Imaging mass cytometry and multiplatform genomics define the
phenogenomic landscapelweast canceiNat. Cancerl, 163 175 (2020).

Wang, Y. Jet al. Multiplexed In Situ Imaging Mass Cytometry Analysis of the Human
Endocrine Pancreas and Immune System in Type 1 Dialgsbidletab.29, 769783.e4
(2019).

Wang, F.et al. RNAscope A Novel in Situ RNA Analysis Platform for Formalifixed,
ParaffinEmbedded Tissued. Mol. Diagnosticd4, 221 29 (2012).

91



Chapter 5 - DNA-conjugatedsold Nanoparticles alkligh-MassProbes in Imaging
Mass Cytometry

(This chapter is adapted with permission from Brian Malile, Jelena Brkic, Alexandre Bouzekri,
Derek J. Wilson, Olga Ornatsky, Chun Peng and Jennifer I. L..@l&® Appl. Bio Mater2,

4316 4323 (2019). Copyright 201American Chemical Society.)
(All experiments, data analysis, and manuscripparation were performed by Brian Malile
with the exception atheinitial IMC experiment related to the concentratotependence study
by Jelena BrkicIMC datawere acquired with the assistance of Blexandre Bouzekriunder

the directorship of Dr. Olga Ornatsky at Fluidigm.IRanding was secured by Dr. Wilson, Dr.
Peng and Dr. Chén

5.1 Abstract

We employlmaging Mass Cytometfy (IMCE ) to investigatén vitro uptake and cellular
distribution of DNAfunctionalizedgold nanoparticles (AuNP)MC enables the multiparametric
imaging of cell componentndallows for the detection of AUNP in cells with >100 times higher
sensitivity than fluorescence imaging, aste nanoparticle contains thousands of atoms for signal
amplification. Changes in the accumulation of nanoparticles in cells dualigonucleotide
sequencalependen interactions are exploited to examine a model biomarker for hygoxia
microRNA-210. We fnd that AuNP functionalized with microRNA10-targeting sequence
accumulate in hypoxic cells 3 tofdld compared to normoxic cells. The wogkamine the

potential use of DNAAUNP ashigh-massprobes for the analysis of n@bundantucleic acids

5.2 Introduction

DNA-conjugated gold nanoparticles (DNXUNP) are widely explored faheranostiand
imagingapplications' The sequenespecific interactions of DNAAUNP with cellular species in
particular have led to their use as antisghseapeuticsand imaging probes for biomarkers and

metabolitedn vitro.>® To track their cellular uptake, optical microscopy based on fluorestence
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or darkfield scatteng®® is commonly employedHowever, these techniques show limited
sensitivity where high concentrations of nanoparticles are required or impose restriction on the
size of the nanoparticledNotably, the effect of binding of biomolecules to DMAINP on
subsequent intracellular trafficking and the fate of the nanoparticles is not well known. If such
biomolecular interactions can change the trafficking or accumulation of nanoparticles in cells, they
may present an alternative sensing mechanism for detéatingarkers with DNAAUNP.

A technique offering a much higher sensitivity tleptical microscopyis Imaging Mass
Cytometnfe (IMCE ). IMC combines highly multiplexed immunohistochemistry with CyPOF
technology whichemploys a timeof-flight masscytometer and a scanning laser ablation source.
In IMC, antibodies, DNAintercalators, and other probes are functionalized with-highs tags
from the lanthanide seriewjth the possibility ofanalying up to 37 tags simultaneousfyThe
immobilized andabelledcells are ablated by a pulsed laaad the plume of sample fragments
ionized by inductively coupled plasmadstectedby the CyTOF mass analyzer. The area of
interest is scanned spmy spot with a resolution of im per pixet®2 to generate full image of
the mass tags in the cells or tissue. The technique overcomes the limibatimmmon optical
imaging techniques such as immunohistochemistry and immunofluoresedmcie,suffer from
narrow dynamic range for quantification and limitedltaparametric detection as a result of the
spectral overlap of fluorophoré$IMC has been shown to be invaluable for mapping intracellular
environments as well as heterogeneity of tissues and tdfnanslit is poised to facilitate the
diagnosis andngvention of diseases.

On the other hand, challengesistin employing IMC for the detection of loabundant
species in cells whethe signal of targets tagged bfesv hundred transitioimetal atomsnay be

insufficientfor detectionNanopatrticles, each comprising hundreds to tens of thousands of atoms
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can potentially amplify thr@emass signals dramatically. Previous work expigpolymerlabeled
AuNP* and lanthanide nanoparticlesn mass cytometry demonstrated enhanced deteofion
low-abundant biomarkers such as CD14, CD3, and (DMA-AuUNP are potentially ideal
ultrahighmass targets for IMC through the sequesgecific hybridization of the surface
anchored oligonucleotides with cellular nucleic acifsclass of lowabundant biomarkers
recently discovered is microRNA (miRNA). miRNAs are short noncoding oligonucleotide
sequences that regulate gene expregsainly by inducingthe degradation of messenger RNAs
(MRNA) and by inhibiting mRNA translatiotf With diversefunctions, microRNAs are involved
in many biological processes and their aberrant expression is linked to dis€agoxia, or the
deficiency of oxygen in tissues, is a wslldied facet of the disease state that is involved in the
development of mandiseases, including preeclampsiad well-studied miRNAMIRNA-210, is
the only miRNA consistently shown to be upregulated by hyp8xialthough mRNAs can be
readily tagged and corresponding IMC signals amplified using the cascade hybridization assay
(RNAscopé),?! such an approach cannot be applied to miRNAcause of thie short length.
Hence there is a need to develop probes and methodologies for IMCalblmalant nucleic acids.
Herein we study the uptake and intracellular traffickindddfA-AuNP using IMC and
investigate the differences in the fate of the nanoparticles arising from the segpecifie
interactions with miRNA210. We show that the mulparametric imaging allows for the
segmentation of cells and quantitative analysigaddl signals, which are found to be the highest
in hypoxic cells incubated with mNRA-210-targeting DNAAUNP. The findings pave the way to

exploit DNA-AuUNP as probes itMC for the analysis of lovabundant nucleic acids.
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5.3 Results andiscussion

5.31 Uptake of AuNP andetection by IMC

DNA-AUNP of 15nm in size were used for cell internalization studies. We constructed

several different types of DNAUNP (Figure 5.) to carry out comparative studies between IMC

and confocal fluorescence microscopy.
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Figure 5.1 Different types of DNAAUNP employed for IMC (Type I), fluorescence tracking

(Type Il) and EnergyfransferBased assay for miRN2&10 detection (Type llI).

To gauge the sensitivity of IMC at ablatingnoparticleand detecting Au, cells were incubated

with nanoparticlesTypel DNA-AuNP, Figure5.1) atincreasingconcentrations of 0.001 nM, 0.01

nM and 0.1 nM and stained with &Hir-labelled DNAintercalator. IMC imagem Figure 5.2 a

¢ show a clear consistesignalof the DNA-intercalatorlocalized to the nucleu®lue) TheAu

signals Figure 5.2a-c, in red andFigure5.2 d-f shown alonefor clarity) show an increasef

signal with increasing concentration of AuNPurthermorewe observe that most of theld



signals come from the perinuclear regioansistent with the endocytosis uptake pathtvads
the particles become internalized in the cytoplasm, they traverse through early endosomes, to late
endosomes and finally to lysosomes whichlacated close to the nucletis*
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Notably, IMC can detect the presence of Au inside cells after incubation with as low as
0.001 nM AuNP (Figre 5.21), a concentration that is 108@ld lower tharwhatcan be observed
via fluorophoretagged AuNP. Increasing the concentration of AUNP to 0.01 nM%Fe) leads
to intense!®’Au signals localized at the perinuclear region, consistent with previous régérts.
For comparisonFigure 5.3 showsthe optical mappingof the AuNP using flumphoretagged
DNA on nanoparticles (Type DNA-AuNP, Figure 5.1, denoted as GYANA-AUNP), where a

discernible signal can be observed only at a concentration of >1 nM AuNP.
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Figure 5.3 Fluorophoretagged AuNP (red)with increasing concentrations in cells media.
Fluorescencaignal is observed at nanoparticle concentration wM1 Little to no signal was

observed at 0.1 and OB/ of AUNP in growth media. Nuclei arldte endosomes are shown in
blue and greemespectively. Scale batOum. Arrangement of oligonucleotides on the AuNP is

depicted inFigure 5.1 Type II.

Because IMC is a destructive techniqgue and lacks verticalutesg we used confocal
fluorescence microscopy to confirm the internalization of the AuNP. Figure 5.4 showstiekZ
fluorescent images of CyBNA-AuUNP, nuclei and lysosomes. Images obtained in tHstazk

mode with the confocal microscope depict thgs, specifically the AUNEY5 (red) in the same

plane as the cell. Conversely, images representing the confocal planes above and below the cells
show a decreased intensity of the tags ruling out the possibility of the-SyNBeing sedimented

on top ofthe cells.
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5.3.2 Multiparametri¢maging

Next, we exploit the multiparametric capability of IMC by incorporating five labels. The
absencef spectral overlap in mass tags provides a clear view of the cellular components. Figure
5.5a shows a merged image of five labels. Figbugeb-f shows the idividual channels of the
tagged biomoleculeghe pankeratin marker (Rige 5.%) and iridiumDNA-intercalator (Figre
5.5 are used to determine the cytoplasm and cell nukleB7 (Figure 5.5) is used for
identifying proliferating cells; other cell agponents, such as late endosome yfégh.%l) and
lysosome, can be tagged with labelled antibodies/antigens. Conjugatedhumparticles (Figre
5.%0) are the species of interest. The combination of labels allows for downstream analysis,

identification,and segmentation of celig their components.

Figure 5.5. Multiparametric imaging with IMC: merged image of ajisals (a); images of
AuNP(**’Au) (b), pankeratint®Dy (c), late endosom@Rab71%Ho) (d), DNA (Intercalatos*1r)

(e), andKi-67-1%r (f). Scale bar100 pm.
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5.3.2.1 Sequenesgpecific uptake andrafficking of DNA-AUNP

We investigate the role of the oligonucleotide sequence incéflelar uptake and
trafficking of the nanopatrticles using IMC. Previous work has shown that the uptake of DNA
AuUNP dependsn several factors including the conformation of the conjugated oligonucleotides,
the nature of the DNA (singlevs doublestrandedf* and he surface charge of the
nanoparticleg’?® Nanoparticles with singistranded DNA were shown to be internalizadre
readilythan nanoparticles with doub&tranded DNA. However, dsDNAUNP are more resistant
to nuclease activif}?® making them more stabsnd therefore we employed a short complement
strand in the DNAAUNP (Typel, Figure 5.) for IMC. We examine two sequences conjugated on
gold nanoparticles: (i) a probe sequence that is complementary to ri2ROAenoted asd\uNP-

Probg and (i) a nonbinding scrambled sequence that serves as a dolenoted asAuNP-
Scrambl@. The short complement allows for the exposed nucleotidethe surfacébound
oligonucleotidesin AuNP-Probeto interact with miRNA210 via strandlisplacemen The
conjugated nanoparticlasere separatelyncubated with HTR8/SVneo cells under normoxic or
hypoxic conditions. Because of the aforementioned factors that can influence the uptake of DNA
AuNP, a direct comparison between different sequences maneocessarily reveal the influence

of the sequenespecific interaction with the cellular nucleic acids. Hence, we examine the relative
change in the uptake of AuNEcramble and AuNProbe under different conditions, instead of

between sequences under theesaondition.

The hypoxic condition was inducegither directlyby culturing inlow oxygen (3%) or
indirectly by the addition of CoGl Cobalt binds to von Hippdlindau protein and stabilizes

transcription factor that is upregulated in lowygen condibns,Hy poxi a I ndu,ci bl e
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thus mimicking hypoxi&® The cellsvere incubated with DNAAUNP for at least 24,lthen fixed,
labelled,and mapped using IMC. Figw&.6xd showDNA-intercalator and pankeratstain in

blue and green, depicting thmucleus and cytoplasnrespectively. The signalfrom gold

nanoparticlesre shown separately guress.6e-h (red),

AuNP-Scramble AuNP-Scramble AuNP-Probe AuNP-Probe
Normoxia ‘ _ Normoxia Hypoxia

>
y "
)
> a
/

AuNP/Nuclei/
Pankeratin

AuNP

Figure 5.6. IMC images of cells incubated with AuN®obe or AuNPScramble under normoxic
(a andc) and hypoxic (land d) conditions: DNA (blue), pankeratin (green), and A@E). Au
signal (red) is shown in-k. Insetdepicts representative outlines of nuclei (light blue) alt$ c

(green from segmentatianScale bar 100 um.

along with high magification insets depictingoutlines of cells and nuclei(obtained from
pankeratin and DNAntercalator staing)verlaid with themerged (Figure 5.6d) andAu (Figure

5.6eh) signak. For quantitative analysis, Au signals were integrated across aredmlaf cells

and nuclei, while the cytoplasmic signals were obtained by taking the difference between the two.
Figure5.7 shows the box plots ohtegrated Ausignalsin wholecells (Figure 5.4&), cytoplasm
(Figure 5.D), andnuclei (Figure 5.%) of the diferent samplesCells incubated witrAUNP-
Scrambleshow adecreasén Au signalfrom normoxic to hypoxic conditio(median of 4202 vs

2431 counts).l comparison cells with AuNP-Probe exhibit an increase in Asignal from
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normoxic to hypoxic conditiofmedian of 1973 vs 5610 countg)he increase iru signal from
AuNP-Probe observed from normoxic to hypoxic conditia observed in all cellular
compartments witlthe greatest differenciy 3.9fold) found in the cytoplasm (Figre 5.0).
Additionally, we quantifiedthe signalsof other cellular markers in IMGrigure 5.8 shows all the

tags used to stain the cells under the four conditions. Quantification of these signals shows no
correlation between normoxic and hypoxic conditions as well as Asdt&nble and AUNPProbe

(Figure 5.9).Thereforewe attribute hechangesn Au signals to the sequenspecific interaction

of oligonucleotides on the nanoparticle with cellular species, in this caseAr2R0.
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Figure 5.7. Quantification of®’Au signals from cells incubated with AuNBtramble and AuNP
Probe undemnormoxic @rey) and hypoxic \hite) conditions: Au signals in whole cells (a)

cytoplasm (b)and nuclei (c). Hypoxia was induced by incubating cells ab®¢gen.
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Figures 5.10 and 5.11showlditional IMC experiments between AuNBcramble and AuNP

Probe under normoxic vs hypoxic conditipnghere the decrease in Au signal is consistently

observed for AuNFPScramble while an increase is observed for AtEbe.
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We hypothesize that thgreateraccumulation of AuNHProbeunder hypoxic conditions
may be attributed to the sequerspecific interaction with miRA-210, which is elevated under
hypoxia.Mature miRNAs function as part of a larg#sonucleoproteirtomplex, known as the
RNA-induced silencing complefRISC), where they provide transcript specificityhe binding
of miRNA-210 and its associated RISt® the AuNRProbe may alter the trafficking of the
nanoparticlesleadng to agreater retention inside cells, in particular in the cytoplasm where
mature miRNA are processed and the majority of them carry out their fufttfoRrevious work
suggests that the exocytosis of nanoparticles can be affected by the surface charge, with cationic
nanoparticles being retained in cells the longest compared to anionic or zwitterionic nanopatrticles.
The surface properties of the nanopaggainay be altered due to protein adsorption which in turn
affects the exocytosis rateAs a result, the association of related proteins to miRNA bound on
the AUNRProbe may lead to an overall greater accumulation of nanopatrticles inside cells, before
the nanoparticles arpackaged up for excretion in lysosorfigé as detected in the perinuclear
region.
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5.3.3 Comparativlluorescenceatudy

In parallel we carried out@nfocal fluorescence study investigate how hypoxia affects
the general uptake and retention rate of BAANP usingAuNP functionalized with fluayphore
tagged nonnteracting oligonucleotidesType Il DNA-AuUNP, Figure 51). Figure 5.12 shows a
decrease in the amount of AuNP idlgainder hypoxia, in line withhie decrease observed for

AuNP-Scramblan IMC study.

Normoxic Cells Hypoxic Cells

AuNP-Cy5

Figure 5.12 A comparison of nanoparticle (type || DNAUNP, Scheme 1) uptake in normoxia
vs. hypoxia using confocal fluorescence microscopy. Panels a and b show sigmgédof nuclei
(blue), lysosome (green), and CPMNA-AUNP (red). Panels ¢ and d show Cy5 signal that reports
the location of AUNP. Scale bar: 10 pum.
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We confirm the upregulation of mNRA-210 in HTR8/SVneo cells under hypoxic condition with
gRT-PCR ard in single cells using energyansferbased nanoparticle assajhe gRFPCR
resultsshow that miRNA-210 leves increase by 3old under hypoxic condition compared to

normoxic conditionFigure 5.13)

4
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Figure5.13Rel at i v21mMi RE&xel s of cells under nor moxi

guanti f i-RQGR.byHygpRoTx i a was i sntdou c3e% (bbyl udee)gtroera sa dndg
growth media (striped)}210Andfalpd3cgnudat sbppodi ani

compared to nor moxi a.

In the energytransferbased nanoparticle assaygells were incubatedvith AuNP-
ScrambleCy3 and AuNPProbe&-Cy3 (Type Ill DNA-AuNP, Figure 5.1) where the partial
complement bthe DNA-AuUNP is fluorescently tagged@he orientation of the fluorescent tag is
designed to be close to the surface of Auh#ebyquencling the fluorescence. Upon binding of
the target, the partial complement with the fluorescent tag is displaced areddkerce is restored.

This approach has been widely explored for the detection of biomolecules such as mRNA and

ATP.>® Figure 5.14 shows the confocal fluorescence images and Cy3 signals of the different
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samples. We observe that cells incubated with AdXebe-Cy3 display an increased signal from

normoxic to hypoxic conditics

AuNP-Scramble AuNP-Scramble AuNP-Probe AuNP-Probe
Normoxia Hypoxia Normoxia Hypoxia

.

Fi gbr dE et gy rsafseerd nanoparti lldd aasnsad Wy sfi ar.

AuNP-Cy3

il RN

taggedSAmua&Nmbl e (a-Prbbeattd, AdNPwere incubated
and hypoxic conditions. Merged i mad eAul¢fB8owi ng

(red, al so shéawn dHdepamatrelapgei nneCy3 signal IS

Probe undawn.)DypoalGGmlhar

In contrast, cells incubated with the nonbinding sequence (Asdi&mbleCy3) show
negligible differerce in the fluorescence intensitQuantification of thefluorescence signals
segmented into the different cell compartmdfig. 5.15) shows amcreasd signal in boththe

cytoplasnic and nuclarregiors, however, it is most pronounced in thgoplasmin line with our

IMC findings Note that in the fluorescence study, the signal does not come from the gold

nanoparticle but from the displaced @ggjged strandnlike IMC thatdirectly probes the location
and existence of AuNP. Overall, the dhescence study corroborates th€ol8 increase in

mMiRNA-210 under hypoxia, ingreemenivith gRT-PCR results.
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5.4 Conclusions anoutlook

In conclusion, we show that DNéonjugated AuNP havedtpotential to be used as probes
in IMC. With this methodve achieved greater thd®0-fold increase in sensitivitgompared to
conventional fluorescendmased techniqueallowing us toutilize picomolars of nanopatrticles,
rather thamanomolars. Aenhanced accumulation of nanoparticles under hypoxic condition was
found for AUNP functionalized with miRA-210-targeting sequence. This accumulation is more
pronounced in the cytoplasm thdre nucleus and is consistent with the upregulation of AR
210under hypoxia as confirmed R T-PCR andheFRET-based nanoparticle assay. A potential
challenge with using DNAAUNP as probes in mass cytomethyough endocytosis that the
uptake of nanoparticles may be variable and dependent on cell type, cuttomidigjon and
microenvironment. Hence, factors influencing the rate of nanoparticle uptake and traffing§ing

confound the direct comparisonof sequencepecific interactioa Further methodology
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development will explore smaller DNAUNP for the direcstaining of lowabundant nucleic acid
biomarkers in fixed cellAdditionally, IMC is a qualitative technique thus its findings will always
need to be supported with quantitative methatlgh the flexibility in sequence design and
materials compositionatontrol DNA-functionalized nanoparticles may be valuabigh-mass

probes in multiparametridC.

5.5 Methods

Reagents anthaterials

Gold nanoparticles (159m) were purchased from Ted Pella, Inc. Thiolagatd
fluorescently tagged oligonucleotides were purchased from IDT DNA Technologies:5NAP
Columns were purchased from Gealthcare LifescienceKi-67-'%Er and Pankeratif®?Dy,

DNA Intercalato'®+1%r, and gatanti mouse'®*Ho, were obtained froml&idigm. The 4well
chambered slideNUnd= Lab-TekE 11 CC2E ) were purchased from ThermoFisher Scientific.
Mouse monoclonal antibodies to Rab7117, rabbit monoclonal to Lamp1, and rabbit monoclonal
antibodies to EEA1 were purchased from Cell Signallinghietogy. All other chemicals were

obtained from Sigma Aldrich.

Functionalization ofjold nanoparticles

Thiolated DNA oligonucleotides were incubated with tris§2boxyethyl) phosphine
hydrochloride for two hours at room temperature to reduce the disulfide bonds. The

oligonucleotide mixture was then desalted using a EIARcolumn,driedand isolated.

A volume of 300 L of AuNP (2.5nM) was incubated with 0.@D of oligonucleotides for
10 min. Sodium Dodecyl Sulfate (SDS) and Phosphate Buffer {#B¢ added to a final

concentration of 0.01 % ank2PB (10 mM) respectively. After 20 min, volumes oN2NacCl in
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0.01% SDS andX PBwereadded incrementally to increathe NaCl concentration of the DNA
AuNP solution to 0.4 M® The mixture was vortexed, sonicated, and allowed to sit for 30 min
between each addition. The DNXUNP werethen incubated overnight at room temperature, and
subsequently centrifuged and purifito remove excess DNA. The DNRUNP wereresuspended

in 0.01% SDS/0.05 M NaCl/0.01 M Nakh 1X PB with sonication.

Depending on the study, different sequences were used in the functionalization, and the

DNA-AuNP werehybridized withthe corresponding aoplement.

DNA Sequences:

Type | - IMC Studies:

AuNP-Probe:

Seq. 1 5Z HS- AAA AAT CAG CCGCTGTCA CAC GCA CAG -3Nj
Seq. 2 5Z ACA GCG GCT GAT-3Nj

AUuNP-Scramble:

Seq 3a: 5Z HS- AAA AAA AAA AAT GCG ATG CGT T -3Nj

Seq 4a: 5Z AAC GCA TCG CAT-3Nfy3

Seq. 3b: 5Z HS - AAA AAT CAA CCT TGG TTA TAC GAT GAC-3Nj
Seq. 4b: 5Z ACC AAG GTT GAT-3Nj

Two sets of control sequences were used. The combination of Seq. 3b and 4b was designed
to be similar inength and composition to AuNProbe. Seq. 3b was randomized to have no known

homology to human RNA based on GenSéripequence Scramble.

Type Il - Confocal Fluorescencd8racking:

Cy5DNA-AuNP

Seq. 5: 57- HS - AAA AAA AAA AGA GCT GCA CGCTGCC GTC-3Nj
Seq. 6: Cy5-5Z GAC GGC AGC GTG CAG CTG3N;j

Type lll T Energy -Transfer-Based miRNA210 Assay:
AUNP-Probe2Cy3

Seq. 7: 57- HS - AAA AAA AAA A CTG TGC GTG TGA -3N;
Seq. 8: 5Z TCA GCC GCT GTC ACA GC ACA G-3N{Cy3
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Target
miRNA-210: 52 CUG UGC GUG UGA CAG CGG CUG A3N;j
Imaging Mass Cytometry Studse

Concentratiordependence

An immortalizedfirst-trimester trophoblast cell line, HF&SVneo, was obtained from
and cultured as previousheported®® Cells were seeded on 4well chambeed slide at 7500
cells/chambein 10% Fetal Bovine Serum (FBS)/RPHtd incubatedbr 24 hoursat 37°C under
5% CQ and 21% Q. DNA-AuUNP (functionalized with Seq. 1 and hybridized with Seq. 2) were
added tahree chamberast final concentrations @.001, 0.01, and 0.1 nM. Afté4 h of incubation
with the nanoparticlesells were washed withX1PB three timesThe cells were then fixed with
4 0 @ ofA% formaldehyde/PB&hosphate buffer salinger chambefor 15 min, followed by
permeabilization with iceold methanol for 30 min at room temperature. The cell antigens were
blocked with 1% bovine serum albumin/PBS for Jarid stained withmonoclonalantibodies
against cytoplasmic and nuclear compartmentglberent cellén 0.5% BSA/PBS overnighdt 4
°C. The labellednonoclonalantibodies (Fluidigm) consist d€i-67-%%r (Clone Ki-67) and
pankeratin'®Dy (Clone C1). After overnight incubation, the cells were washed two times with
PBS/triton 1% for 5min each and three times wittK IPBS. Cells were stained with the DNA
intercalator*®*1%r (Cell-IDE Intercalatoflr, Fluidigm)in PBSfor 30 min, washed with PBS and
deionized water, and adiried. The slides were analyzed with the Hypefioimaging SysenE |
acquiring typically 2 images of each well at 56t x 500 mm per area. Bta analys was
performed using MCE Viewer 1.0, CellProfilele 3.0 and Igor ProBoxplots were generated
usingBoxPlotRavailable ahttp://shiny.chemgrid.org/boxplotrCenter lines show the medians;
box limits indicate the 25th and 75th percentiles as determined by R software; whis&edstext

5th and 95th percentilesutliers are represented by dasample size (n = number of cells) is
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noted.The notches are define$+£1.58*IQR/sqrt(n) and represent the 95% confidence interval

for each median. Neaverlapping notches give roughly 95% confidence that two medians Hiffer

Comparison of uptake under normoxia vs hypoxia

AuNP-Probe (Seg. 1 and Seq. 2) and AuSiitamble (Seq.3aand Seq4a, or Seq. 3b
and Seq. 4pwere separately added to cells cultured on the chamber gliieal concentration
of 0.01 nM of NP in cell media was used. The cells were cultured under normoxic condition (21%
O») or hypoxic condition (3%.) for 24 h. Alternatively, the method of Ce@lddition was used
to induce hypoxian whichcells were firsincubatedor 24 h with AuNP, followed by additional
24 h in growth media with 100M CoCbk. The cells were incubated at 3Z in 5% CQand 21%
O2.Samples were fixed, blocked, and stainfeati-Rab7 mouse primary antibody with a secondary
goatanti mouse'®*Ho were used for imagirigte endosomes, followed by6i7-18Er, pankeratin

162Dy andDNA Intercalatort®:1%r to avoid any crosslinking with the antibodies.

Confocalmicroscopy

Tracking cellular uptake

Nanoparticles functionalized with Seq. 5 and hybridized with Sggefoted as Cy5
DNA-AuUNP) were used to track the cellular uptake. They were added to the grasiibinmat
specifiedfinal concentrationfor 1 nM). After incubating for 24 h, the growth madiwith excess
DNA-AuNP was removed and cells were washed three times XitRBS, followed by 3@min
treatment with icecold DAPI in methanol for fixing. Cell digens were blocked with 1% bovine
serum albumin/PBS for 1 h, then incubated for an additional 24 h with-Ratiditampl primary
antibody for lysosome detection, or with mouse-&AB7 for late endosome detection. Cells

were then washed three times witk PBS after 24 h and incubated with secondgogt antt
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rabbit tagged with Alexa Fluor 488 for 60 mins at room temperature. The cells were washed and

imagedwith aZeissLSM 700laser sanningmicroscope.

Energytransferbased nanoparticle assay

AuNP-Probe&-Cy3 (Seq.7 and Seq8 tagged with Cy3) and AuNBcrambled (SeBa
and Seqgdatagged with Cy3) were separately added to cells cultured on the chamber slide at a
final nanoparticle concentration ofriM. The cells were either grown at normo¥i % Q) or
hypoxic (3% Q) conditionfor 24 h. The staining and washing procedures were identical to the

previous confocal procedure.

Quantification of mMiRNA210 by gRTPCR

Total RNA was extracted usingRIzolE reagent (Invitrogeli) as previously
reported®3® The miRNA-210 levels in cells were measured using TadM#&CR kit
(ThermoFisher Scientific) and normalized to U6 snRNA. Relajiemntification of miRNAs was

calculated using the®®rhethod.
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5.7 Appendix

List of biomarkers mentioned or used in Chapters 4 and 5:

1. CD14- an important marker of immune cell activation and plays a critical role in the
recognition and response to bacterial and fungal pathogens. Its expression caraseaused
diagnostic tool for various diseases.

2. CD3 and CD4- biomarkers of T lymphocytes, which play a critical role in the adaptive
immune response.

3. Rab7- a biomarker that regulates membrane trafficking and lysosomal degradation

4. Pankeratin - a marker of epithelial cellwhich comprises an array of kerateusd is widely
used in diagnostic applications

5. Ki-671common biomarker for cancer diagnosis, astit mavide information on the growth

rate of cancer cells.
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Chapter 6 - Challenges and Outloak the Applicationof DNA-AUNP in
Imaging Mass Cytometry

6.1 Limitations of IMC

Although IMC allows for multiplexed imaging of specimens witi resolution, and can
tackle the heterogeneity of cancer cells and tissues, it has a number of disadvantages worthy of
discussion. Instrumental constraints, such as cost, laser stability, signal quantification, data
acquisition and processing times, hinttex broad implementation of IMC. Additionally, method
based drawbacks need to be considered when designing IMC protocols. Not only is IMC a
destructive technique but it also has some of the shortcomings of immunofluorescence procedures
including the availkility and specificity of a variety of antibodies. Overcoming these obstacles

will expand the utility of IMC and facilitate the discovery of new cytométaged techniques.

Long acquisition times (~120 min/1 mMnmake IMC unfeasible for analysis of large
regions of interest (ROIs) not to mention a large number of sample slides. Also, the determination
of ROIs in a specific slide lengthens the procedures. Tissue microarray cores (TMC), which are
tube shaped sections of a tissue typically removed by a hodedle, can be used to make smaller
ROIs though with added co'st.The overall range and amount of metdged antibodies for
labeling slides also increases the cdsibelling large Bsue sections on multiple slides while only
imaging a limited number of ROIs decreases the efficiency of IMC and waste expensive
antibodies. Being a destructive method, the emtayzed ROIs can not be imaged again, however
other regions in the slide argable enough for storage and processing at later times. The
aforementioned factors together with the price tag of the instrument make IMC a niche technique

for multiparametric imaging.
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Figure 6.1.Signals from two laseablated spots (blue and green) in the calibration tape over the

course of 2toursfor typical metals used in multiparametric screening in IMC.

While IMC is mainly used as a qualitative method, signal quantification is possible as
shown in Chapter 5; however, the procedures are slow and lack robusTiressnplementation
of a substrate (calibration tape) with known amounts of the metal isotopes as a reference is
required. This method was employed in our work where the calibration tape was imagéal prior
each ROI data acquisition to monitor the stability of the laser intemséty the long acquisition
times? Although it was observed that signal strength can be stable over the course of an
experimental run (i.e. ~8 ROIs), the intensities between different runs can vary significantly.
Hence it is desirable to establish a method of quantificatiorolnglating and normalizing the

signals from the calibration tape between different trials. On the other hand, the correlation of
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signals from different isotopes with respect to laser intensity is not straight forward. Figure 6.1
shows an example of the vaus signals from the calibration tape over time. Alternatively,
developing more stable higiower lasers may circumvent this limitation and enhance the

guantification scope of IMC.

IMC has comparable constraints to fluorescelnaged methods as they boéty on the
same pool of antibodies. The availability and specificity of primary and secondary antibodies need
to be considered before labeling highly multiplexed samples. An increased multiplexity means
incubation with several antibodies, thus blockitgps during staining are crucial to prevent
nonspecific interactionsln Chapter 5, we showed how sequespecific DNAAUNP can be
used for targeting nucleic acids. Conjugating gadaparticles with antibodies can potentially
simplify staining procedures by removing the need for a secondary antibody for specific targets.
Furthermore, aptameyold nanoparticle conjugates can add another dimension to targeting cellular
components. Apimers are short DNA sequences that have been selected to bind with high
specificity and selectivity to a particular target which can be a small molecule, protein, or nucleic
acid® High affinity aptamers have been selected for proteins such as immunoglobulin E, thrombin,
CD4 antigen, and vascular endothelial growth factor, to name & Téws, implementation of
DNA-AuUNP and aptamefAuNP in IMC methods, can alleviate the complications arising from an
excess number of antibodies in multiparametric staining procedures. Although IMC is exploited
for cancer research, addressihng high costs by optimizing workflows, improving data processing
and acquisition times, and diversifying staining protocols with DNA and aptaame&particle

conjugates can facilitate its in routine settings.
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6.2 Challenges and outlook of DNAUNP inimaging mass cytometry

An important challenge of using AuNPs as highss probes in IMC arises from the
intricate pathways of their uptake and excretion. Although substantial studies on thamshdo
exocytosis of DNAAUNP exist, there is no unified wigoint. This uncertainty on the uptake and
excretion pathways can blur discussions specifically when considering the utilization of DNA
AuNP in the detection of lovabundant biomarkers in cells. Establishing a solid understanding of
the cellular uptake aneixcretion of DNAAUNPS will enhance their potential biological sensing

applications.

Figure 6.2. Various categories and subcategories endocytosis in cells. Reprinted with permission

from reference 9.
Figure 6.2 depicts the complex nature of endocytosis by cells. Generally related or
signalled by an immune response, phagocytosis describes the wbtplesticulates in the

micrometer range, and is not implicated in internalization of nanopaficmversely,
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