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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
cross-functional approach to study nanomaterials and their applications. This versatility requires a
range of experimental methods, instrumentation, and collaboration, making it a challenging but an

exciting field to study.

The manipulation of materials at the nanoscale gives rise to properties previously not
observed in their bulk counterparts. These features arise from size, shape, surface properties and
composition enabling novel optoelectronic properties and photocatalytic activity. This versatility
has led to the development of many innovative applications, including nanosensors for disease
detection, nanoparticle-based drug delivery systems, high-performance energy storage devices,

and environmental remediation methods.

This dissertation encompasses two projects which initially seem unrelated but, in many
ways, coincide, specifically in the implementation of nanocrystals. One project investigates the
photoreduction capabilities of manganese (II) doped cadmium sulfide quantum dots via a
heterogeneous approach where doped quantum dots were applied as thin-film coatings of reaction
vessels that exhibited superior performance to the commonly studied undoped equivalents. The
other project utilized DNA-gold nanoparticle conjugates as high mass probes in Imaging Mass
Cytometry, a novel imaging technique for single cell analysis developed by Fluidigm Inc. The
industrial collaborative work addressed challenge of detecting low abundant biomarkers, which
has been a limitation of imaging mass cytometry. Additionally, it shed light on the sequence

specific uptake of DNA-gold nanoparticle conjugates.



Both projects harness the size-dependent properties of nanocrystals. First, in quantum dots,
confinement effects alter the electronic structure in a way that favours the escape of electrons, a
desirable feature in photocatalytic applications. In gold nanoparticles, 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 applications. Second, these
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 degradation. Third, surface modification is an important
approach that can tailor the nanomaterials’ capabilities. Assembling a shell, which consists of a
different semiconductor, on a quantum dot improves its photoluminescence and robustness. DNA
functionalization adds a sequence-specific recognition factor to the nanoparticles and increases
their colloidal stability. Surface modification terms like core/shell, and DNA functionalization 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 distinct areas, the factors described above show the

common ground in the highly interdisciplinary field of nanomaterials.



Abstract

Nanocrystals, contrary to the bulk counterparts, can exhibit size-dependent optical,
electronic, magnetic, and catalytic properties. These materials can be tailored for specific
applications including sensing, bioimaging, drug delivery, optoelectronics, and catalysis. This
dissertation explores two types of nanocrystals, namely CdS-based quantum dots (QDs) and DNA-
conjugated gold nanoparticles (DNA-AuNPs), as photocatalysts for reductive organic
transformations and high mass probes for the emerging Imaging Mass Cytometry bioanalytical

platform, respectively.

QDs are zero-dimensional semiconductor nanocrystals with attractive properties arising
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, non-radiative photophysical processes enhanced by quantum confinement in QDs are
underutilised and often perceived as undesirable. One such process — Auger relaxation — can
produce hot electrons with high reducing power and can be amplified further by doping the
nanocrystal with Manganese (11). Part one of this thesis examines the photoreduction capabilities
of Mn?*-doped CdS/ZnS core/shell QDs (Mn:CdS/ZnS QDs). The doped QDs were implemented
as photocatalytic coatings on reaction vessels, and several model organic reactions were evaluated
including the 6-electron reduction of nitrobenzene to aniline that reached an overall internal
quantum efficiency of ~3%. The findings demonstrate several-fold increase in the photoreduction
efficiency of Mn:CdS/ZnS over undoped CdS/ZnS QDs, and the film set up allows for facile post-
reaction workup and a range of solvent compatibility. Additionally, surface characterizations were
performed to probe the changes and address the reusability of the QDs. Lastly, the initial

implementation of QD coatings in flow reactors showed success. This work presents new
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opportunities and diversifies the toolbox of heterogeneous photocatalysts for prospective use in

organic reactions.

Imaging Mass Cytometry (IMC™) is a multiparametric imaging technique that utilizes
metal-tagged antibodies as probes for investigating subcellular components via mass spectrometry.
However, low-abundant cellular components can generate weak or no signals due to the small
number of antibodies that bind to them. In the second part of this thesis, DNA-functionalized gold
nanoparticles, each comprising >10 000 Au atoms, were examined as high mass probes for
targeting low abundant microRNA. The interaction between the DNA strands on the AuNPs and
microRNA-210, a biomarker for preeclampsia and hypertensive diseases, leads to the
accumulation of DNA-AuUNPs in cells as readily imaged with IMC. The results from IMC
corroborated with traditional fluorescence-based methods, but with an enhanced sensitivity of a
thousand-fold. This work is the first demonstration that DNA-AUNP can serve as high mass probes

in IMC for detecting low-abundant nucleic acids.



Dedication

| dedicate this work to my first teacher, my grandfather, Myzafer Malile.

Vi



Acknowledgments

This part is for those without whom this work would not have been possible. Words cannot
describe the impact Professor Jennifer Chen has had on my life. While this PhD is the last stint in
my formal education, | joined her lab long ago, without any experience in materials chemistry.
Under her guidance, I learned how to ask the right questions, how to push my limits. | learned how
to learn. Her constant encouragement to attend conferences, workshops, and training sessions kept

me motivated. Her patience, kindness, and empathy made the PhD a fulfilling journey.

| would like to thank Professor Christopher Caputo and Professor Thomas Baumgartner
for their guidance throughout my project. Their insightful discussions and support always
improved my work. | also thank the Professors Simon Trudel, and Katalin Hudak for offering

their time and being part of the final hurdle.

Without lab mates, grad school can be daunting. Lucky for me, | had some good ones. |
shared some wonderful times with Anthony, Sonu, Rithu, Yuwei, Bohan, and Karmvir attending

conferences, watching Champions League games, and enjoying the occasional picnic.

My family’s unwavering support during my studies removed any distractions from my
path. | am forever grateful to them. Finally, 1 would like to thank Shakiba. Her support was a

crucial part of my journey, especially in the last year.

vii



Table of Contents

PIOIOGUE ...t b bbbttt bt bbbt b et b e et bbb I
N o1 = Tod OSSPSR 1\
=T [To= U4 o] 41RO Vi
ACKNOWIBAGMENTS. ...ttt r et bbbt vii
LI L 0] (o) O] (=] PSPPSR viii
TS 0 T TN =TSSR Xi
LISt OF TADIES ...t bbbttt bbbt Xviii
LiSt OF ADDIEVIALIONS .....cuviiiiiiei e bbbttt XiX
Chapter 1 - Introduction to Quantum Dots: Properties, Applications, and Synthesis ........... 2
1.1 QUaNTUM CONFINEIMENT ......oiiieii et e e e sae e e sneesreeneennes 3
1.2 Auger Processes in UNAOPed QDS .........ooiiiiiiiiiiieie ettt 5
1.3 Manganese (1) DOPEd QDS ......cuoiieiiiiiiiiisii ettt 7
1.4 Applications of semiconductor nanocrystals in heterogeneous photocatalysis .................. 10
SR 101 (0] (=T [0 OF: L 1 YA PSSRSO 12
1.6 CdS Quantum Dots for Organic Transformation ............ccccceveiieiieeie i 13
1.7 Synthetic CONSIABIALIONS .......ccvieiiiiieiiecie sttt e e e ste e e steeteaneenreas 15
1.7.1 HOt INJECtioN MELNOUS .......cviiviiiecie e 15
1.7.2 Challenges With DOPING .......ccveiuiiieiieiecc sttt sra e ans 16
1.7.3 Successive lonic Layer Adsorption and Reaction (SILAR) .......ccccocviiiinininiiiice 17
1.7.4 Motivation and OULIINE. ..........cooiiiieiiee e enes 18

1.8 RETEIBICES ...ttt ettt ettt ettt et e te et eese e saeeseeeseesbeeneeaneeseeenseeneesneeneeanennneas 19

Chapter 2 — Mn (11)-doped CdS/ZnS Core/shell Quantum Dot Films Photocatalyze
Reductive Organic Transformations With a Boost in Efficiency From Enhanced Auger

PIOCESSES ... ettt h ekt e bbbt e R b e e b b e e be e e b e e e nnne e annes 24
N N o1 - Tod S SPSSRRR 24
P20 111 (0o L1 od 1 o] OSSR 25
2.3 RESUILS ANT DISCUSSION.......uiiuiiiiieitietestee sttt sttt sttt b et esbe et st e sbeebesneenreas 27

2.3.1 Supported Mn-doped CdS/ZnS QD film as photocatalysts...........cccccceevieiiiieiii e, 27
2.3.2 Photoreduction OF VIOIOGENS.......cuuiiiiiiiic ettt 31
2.3.3 Photoreduction of meso-1,2- dibromo-1,2-diphenylethane...........c..cccoevviiiiiiii e, 36
2.3.4 Reusability of Mn-doped QD Film ..o 42
2.3.5 Photoreduction Of NItrODENZENE.........cccveiieiieieee e 45



2.8 CONCIUSTIONS .ottt e e e e e e e ettt e e e e e e e e ettt e e e e e eeeeeeeeeeaeeeaan 48

2.5 EXPEIIMENTAL ......oiiiiiieiic ettt e et e et e st e et e e st e sseenteeneesreeeeaneenreas 49
2.6 RETEIBICES .....eetiitieiee et bbbt b e e e et b bbbt een s 55
2.7 AAPPEINTIX ..ttt bbb b e bbbt b bbbt ne e 60
Chapter 3 — Doped-QD Coated Photocatalytic Flow Reactors, Challenges, and Future
D] =Tt o] USSP 63
3.1 Background t0 FIOW REACIOIS ........c.oiueiiiriiriiiiisiieieiei e 63
3.2 Flow Reactor Coated with Mn-doped Quantum DOLS...........ccooviiieieieneic e 66
3.2 L EXPEIIMENTAL ......oiiiiiiiiiei e 66
3.2.2 RESUILS @N0 DISCUSSION ....evveviiiieieiie ittt sttt st enens 66
3.3 Challenges and Limitations of Doped QDs as Photocatalysts ............cccccevveveiiieiieieciennnn 71
3.4 FULUIE DIFBCHIONS .....evietett ettt bbbt et bbb r e e st et e e 71
S5 RETEIBINCES ...ttt b e bbbttt ettt bbb e b e ne s 76
Chapter 4 — Introduction to Biomarkers, MicroRNAs (miRNA), Localized Surface
Plasmon Resonance (LSPR), and Imaging Mass Cytometry (IMC)........c.cccocvvvniiniininninrinnn, 79
4.1 BIOMAIKETS ...ttt sttt b e bbb bbb e s e e e b e be st be e bt e b e eneeneeneas 79
Y 1 Tod 1] N NSO 80
4.3 GOId NANOPAITICIES........uiieieiicieee bbbt 82
T LN N | N | PSR 83
4.5 IMAgiNg MaSS CYLOMELIY ......oviiiiiiiiiteitieie ettt bbbt 85
4.6 RETEIBINCES ...t b ettt b et a e bt et e b e bt et st et neennes 89
Chapter 5 - DNA-conjugated Gold Nanoparticles as High-mass Probes in Imaging Mass
(@Y (0] 1 01=1 1 Y PP TSR 92
5.1 ADSEIACE ...ttt ettt ettt bbb renreene e eneas 92
ST 1 oo [Uod 1 o] o S SRPUTPR PR PRRRR 92
5.3 RESUILS @N0 DISCUSSION......cviitieiieiieieie ittt sttt ettt st sbesreeneeneeneas 95
5.3.1 Uptake of AUNP and Detection by IMC .........cccocoviiiiiiiececce e 95
5.3.2 Multiparametric IMAgGING ........ooverueieieiiiieieeeie et 99
5.3.2.1 Sequence-Specific Uptake and Trafficking of DNA-AUNP .........ccccooovievvennne. 100
5.3.3 Comparative FIUOIESCENCE STUAY ........ceiiriirieieieriesie st 106
5.4 Conclusions and Future OULIOOK...........ccueiiiiiiieicce e 109
5.5 IMEBENOUS ... e bbbttt e e beene e 110
5.6 RETEIBINCES ...ttt h e bbb e bt et ne e b b 115



T A A o] 0T a0 [ SRS 118
Chapter 6 - Challenges and Outlook on the Application of DNA-AUNP in Imaging Mass

(@Y (01 0 [=1 1 oY A PP UPRTR 119
6.1 Limitations OF IIMIC......cooiiiiiiiiiieiee ettt bbbt 122
6.2 Challenges and outlook of DNA-AUNP in imaging mass Cytometry ...........cccecvevvereennenn. 118
6.3 FULUIE OULIOOK ...ttt et reenne e 124
5.4 RETEIBICES ....ceeeiie ettt et et esae e bt e st e s be e be e st e sreenteeneenreete e 126

EPIIOGUE ... bbbttt 127

LISt OF PUDIICALIONS ...t 128



List of Figures
CHAPTER 1

Figure 1.1. Widening of the band gap and discretization of band energy levels resulting from

quantum confinement effects. Reprinted with permission from reference 5........................... 3

Figure 1.2. (A) Absorbance spectra of CdS QDs 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 transitions (1Sn1Se,
1Pn1Pe, 1Dn1De) on nanoparticle radius. Reprinted with permission from reference 15. Copyright

2021 American Chemical SOCIELY..........iuiiri i e 5

Figure 1.3. Absorption and emission of a photon are the prominent processes occurring in the
semiconductor nanocrystal. Kinetic energy transfer to an electron in the conduction band generates

A N0t BB T ON. <o e 6

Figure 1.4. Tanabe-Sugano diagram for the d®> manganese (1) ion in a tetrahedral ligand field
depicting the lowest energy spin forbidden excited states. Orange arrow indicates the *T1—°®A;

observed in the emission spectrum. Reprinted with permission from refence 36...................... 8

Figure 1.5. (A) Energy transfer from the annihilation of an exciton to Mn?*ion which radiatively
relaxes to emit a photon. (B) Generation of a hot electron via Auger process. Non-radiative
recombination of an electron and hole transfers its energy to a Mn?*. The long-lived Mn?* excited
state then transfers that energy to a second electron in the conduction band, producing a “hot”

e [Tt 1 (0] 9

Figure 1.6. Simplified ground state and excited state of Ru(bpy)s2* and its electronic structure as

an oxidant or reductant. Reprinted with permission from reference 57............. c....cooeiiinit. 12

Figure 1.7. Various photoredox reactions catalyzed with CdSe QDs. Reprinted with permission
TrOM rETEIENCE 56 . ...ttt 14

Figure 1.8. A simplified schematic representation of sensitization of triplet state of the substrate

via triplet-triplet energy transfer from the QDs. Interaction of functional groups of the precursors

Xi



with the surface of QDs provides an avenue of control on the selectivity of the hetero-coupled

product. Reprinted with permission from reference 66...................ccooviiiiiiiiiiiiiii i, 15
CHAPTER 2

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 substrate and sacrificial

donor (SD), FeSPECHIVEIY ... .o 28

Figure 2.2. Photoluminescence spectra of during the passivation of Mn?* doped CdS QDs (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 460-nm long pass filter..........................oo.e. 29

Figure 2.3. Characterizations of Mn?":CdS/ZnS QDs. (A) Absorbance (solid lines) and
photoluminescence spectra (dashed lines) of doped Mn?*:CdS/ZnS (red) and undoped CdS/ZnS
(blue) QDs in toluene. (B) EPR spectrum of Mn?*:CdS/ZnS with six lines resulting from energy
splitting due to Mn?* 1=5/2. (C) PXRD of doped QDs (experimental in black, calculated in red,
and residual difference in blue). Phase analysis results in 55 wt% wurtzite and 45 wt% zinc blende.
(D) TEM images of M :CAdS/ZNS QDS. ... .ouuiiii e 30

Figure 2.4. *T1—5A; transition of the Mn?* monitored at 580 nm showing the long-lived PL

(black) as a double exponential fit (red) with components 11 =0.141 ms ,and 12 =1.91 ms....... 31

Figure 2.5. Energy levels of the valence and conduction bands of CdS QD3° (black), the *T1—%A;
transition of the high spin Mn?* in a tetrahedral geometry® (red), the oxidation potentials of
sacrificial hole scavengers*®*(purple) and reduction potentials of viologens*? (blue), meso-1,1-
dibromo-1,2-diphenylethane**#4 (green) and nitrobenzene® (brown)....................ooooeivnii, 32

Figure 2.6. Reduction of methyl viologen (MV?*) to MV"* by QDs. (A) UV-Vis spectral evolution
over time showing the formation of the charged radical (MV™) in the presence of doped QDs
(bottom) and undoped QDs (top) under 440 nm irradiation with methanol as sacrificial electron
donor. (B) Amount of MV" generated over the course of 55-min irradiation with doped (red) and
undoped (black) QDs. Error bars are standard deviations. (C) Normalized photoluminescence (PL)
intensity at 488 nm for the undoped QDs (black) and at 581 nm for the doped QDs (red) in the
presence of MV2" and methanol vs irradiation time. ...............ooooiiiiiii e 33

Xii



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 of Mn?* states and nonradiative Auger processes............... 34

Figure 2.8. Normalized photoluminescence intensity at 488 nm and 581 nm for the undoped

(black) and doped QDs (red), respectively, INWater....... ..o, 35

Figure 2.9. Control experiments with MV?* 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. ..., 36

Figure 2.10. Debromination of DDE with doped QDs as photocatalyst in a biphasic system
(P11 =1 (0 7 AN} PP 37

Figure 2.11. (A) UV-Vis spectra of the organic layer of the dehalogenation reaction of meso-1,2-
dibromo-1,2-diphenylethane (DDE) in a biphasic system (H2O/EtOAc), with heptyl viologen as
an electron shuttle and methanol as a sacrificial agent under 395 nm irradiation, with (blue) and
without methanol (red). Control reaction without irradiation shown in black. Spectrum of pure
trans-stilbene shown illustrated with dashed lines. (B) *H NMR spectra for monitoring the reaction
progress. An up-field shift in the doublets at 7.70-7.68 ppm to the doublets at 7.61-7.59 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)...........oiiiiiiiiiii e 38

Figure 2.12. *H NMR spectra of the organic phase from the biphasic system for the reduction of
DDE (in d-DMSO0). Control experiment (brown, Entry 5) showed signals of DDE only, conferring
the importance of heptyl viologen (HV?") as the electron shuttle between the two phases. A low
concentration of HV?* at 3 mol% (green, Entry 4) yielded 17 % conversion of DDE to stilbene
with doped QDs, compared with 100% at 20 mol% of HV2" ... ... 39

Figure 2.13. 'H NMR spectra for monitoring the reduction of DDE in a monophasic system(in d-
DMSO). Reactions with doped (purple, Entry 7) and undoped QDs (green, Entry 8) at a catalyst
loading of 0.012 mol% where the doped QDs exhibited 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...............ccoevviiiiiiiiiiiininninnnn. 41

Xiii



Figure 2.14. (A) Percent conversion of DDE based on *H NMR data when coated vials were used
back-to-back without any treatment. Each trial was 24-h of irradiation. Error bars are standard
deviations of 3 replicates. (B) X-ray photoelectron spectra of Cd 3d in Mn:CdS/ZnS QD films
before and (C) after the photoredox reaction of DDE. Experimental spectra shown in red and fitted

curves in other colors with each doublet corresponding to spin-orbit coupling of 3ds2 and 3ds...42

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 curves in other

colors with each doublet corresponding to the spin-orbit coupling of 2pz2 and 2p1sz................. 45

Figure 2.16. Photoreduction of nitrobenzene (258 nm) to aniline (237 nm 280 nm) monitored by
UV-Vis spectroscopy. (A & B) UV absorption spectra of the reaction solution photocatalyzed by
doped (A) and undoped QDs (B) respectively. (C) Time dependence of absorbance of nitrobenzene
at 258 nm for triplicate runs with doped (red) and undoped (black) QDs respectively. Error bars
represent standard deVIatiONS. ... ... ..ottt e 46

Figure 2.17. 'H NMR spectrum of post reaction solution depicting successful conversion of

nitrobenzene to aniline in d-DMSO. Inset shows the ratio between integrated peaks................ 47
Figure Al. Calibration curve for Mn, Cd, and Zn.............ccooiiiiiiiii e, 62
CHAPTER 3

Figure 3.1. (A) Light driven photochemical reaction. (B) Photochemical formation of electron
donor-acceptor (EDA) complex. (C) Photoredox catalysis. (D) semiconductor assisted Photoredox
catalysis. (E) Typical schematics of flow reactors. (F) Effect of distance on the irradiation intensity.

Reprinted with permission fromreference 3......... ... 64

Figure 3.2. Decarboxylative arylation adapted for flow conditions. Image adapted from reference

9. License link https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode..........ooevveeeeniii. 65

Figure 3.3. Mn-Doped CdS/ZnS coated pipette for use in a photocatalytic flow reactor under 395
nm illumination. Reaction mixture flowed at a rate of 2 mL/h through the QD-coated reaction
chamber and collected ina20mlvial........ ..o 67

Xiv


https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode

Figure 3.4. (A) UV-Vis 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. Datapoints in the 0-2 mL range show unreacted material
present in the coNNeCtioN tUDING. ... ..ot e 68

Figure 3.5. 'H NMR spectrum of post reaction solution at a flow rate of 2 mL/h. Peaks at 6.47-
6.52 ppm (c), 6.55-6.58 ppm (b), and 6.98-7.03 ppm (a) depict the presence of aniline. The broad
peak downfield of aniline (~7.2 ppm) can be a combination of phenylhydroxylamine and

NITTOSODENZENE. ..o e, 69

Figure 3.6. (A) Reductive dehalogenation of phenacyl bromide. (B) Oxidative hydroxylation of
arylboronic acids. (C) Radical addition of Se-phenyl p-tolueneselenosulfonate to alkyl vinyl ethers.

Reprinted with permission fromreference 13..... ... e, 72

Figure 3.7. Proposed mechanism for carbon-carbon cross coupling reaction where photoredox
catalysis is used in tandem with the nickel catalytic cycle. Replacement of iridium photoredox
cycle with the QD photoredox cycle can potentially increase the efficiency of the reaction.

Reprinted with permission from reference 14.............ooiiiiiiiiiiiii e 73

Figure 3.7. Translation of batch reaction to flow reactor via HTE. Reprinted with permission from

reference 10. Licence link https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode............ 74

CHAPTER 4

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

Reprinted with permission from reference 30.......... ... 82

Figure 4.2. Illustration of nanoflare system developed by Mirkin et al. Hybridization of the
recognition sequence on the AuNP with a dye labeled reporter sequence 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 American Chemical SOCIEtY............cooiiiiiiii e 84

Figure 4.3. Priniple of operation of Imaging Mass Cytometry. (TOP)Lanthanide-labelled samples
are ablated with a laser 1 mm in diameter. The plume of ions is ionized in an ICP torch then

XV


https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode

analyzed with a time-of-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 various ions from the same ablated spot are then overlaid to generate multiplexed
images. Reprinted with permission fromreference44...........cooiiiiiiiiiiiiiiiaes 85

Figure 4.4. Diagram of the RNAscope assay mode of operation. (Step 1) Tissues or cells are fixed
and permeabilized. (Step 2) Tissues or cells are incubated with RNA-sequence specific Z probes.
(Step 3) Multiple signal amplification species are introduced comprising amplifiers, labels, and
probes. (Step 4) Conventionally imaged with fluorescent microscope. Reprinted with permission

TTOM TEIEIENCE 4. ..o 87
CHAPTER 5

Figure 5.1. Different types of DNA-AuUNP employed for IMC (Type 1), fluorescence tracking
(Type I1) and Energy-Transfer-Based assay for miRNA-210 detection (Type H1)................... 95

Figure 5.2. IMC images of cells incubated with increasing concentration of gold nanoparticles for
24 h: 0.001 nM (a, d); 0.01 nM (b, e); and 0.1 nM (c, f). Signals from Iri9;-labelled DNA
intercalator (blue) and Au (red) are overlaid in a-c, and signals from Au alone are shown in d-f for

clarity. Scale bar: 100 LM ..o 96

Figure 5.3. Fluorophore-tagged AuNP (red) with increasing concentrations in cells media.
Fluorescence signal is observed at nanoparticle concentration of 1 nM. Little to no signal was
observed at 0.1 and 0.5 nM of AuNP in growth media. Nuclei and late endosomes are shown in
blue and green, respectively. Scale bar: 10 um. Arrangement of oligonucleotides on the AuNP is
depicted INFIgure 5.0, TyPe Il ..o e 97

Figure 5.4. Z-stack confocal microscopy images of cells incubated with 1 nM of Cy5-tagged
AuNP: Signals of Cy5 displayed in red, late endosome in green, and DAPI in blue. The vertical

distance between confocal planes is 1 um. Scale bar: 10 pm............cooviiiiiiiiiiiiiii ... 98

Figure 5.5. Multiparametric imaging with IMC: merged image of all signals (a); images of AuUNP
(b), pankeratin (c), late endosome (d), DNA (e), and Ki-67 (f). Scale bar: 100 pm.................. 99

Figure 5.6. IMC images of cells incubated with AuNP-Probe or AuNP-Scramble under normoxic
(aand c) and hypoxic (b and d) conditions: DNA (blue), pankeratin (green), and AuNP (red). Au

XVi



signal (red) is shown in e-h. Inset depicts representative outlines of nuclei (light blue) and cells

(green) from segmentation. Scale bar: LOO M. ..ot 101

Figure 5.7. Quantification of Au signals from cells incubated with AuNP-Scramble 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% oxygen........... 102

Figure 5.8. Representative images of all signals from IMC for samples with different conditions:
signals of Au in red, late endosome in yellow, Ki-67 in cyan, pankeratin in green, and DNA in

blue. The cellular markers show negligible variations in intensity. Scale bar: 100 pm............. 103

Figure 5.9. Analysis of IMC signals corresponding to other biomarkers: a) pankeratin, b) DNA,

Figure 6.10. Additional IMC images of AuNP-Scramble (a and b) and AuNP-Probe (c and d) under
normoxic and hypoxic conditions, respectively. Hypoxia was induced by incubating cells in
growth media with 100 uM CoCl,. Nuclei is shown in blue and Au signal in red. Images e—h show

only the gold signals for clarity. Scale bar: 100 m...........ccooiiiiiiiiiiii e, 104

Figure 5.11. Additional IMC studies of cells incubated with AuNP-Scramble and AuNP-Probe
under normoxic (grey) and hypoxic (white) conditions. Au signals in cells are integrated and

quantified. Hypoxia was induced by incubating cells in growth media with 100 uM CoCl........ 105

Figure 5.12. A comparison of nanoparticle (type 1l DNA-AuUNP, Scheme 1) uptake in normoxia
vs. hypoxia using confocal fluorescence microscopy. Panels a and b show merged signals of nuclei
(blue), lysosome (green), and Cy5-DNA-AUNP (red). Panels ¢ and d show Cy5 signal that reports
the location of AUNP. Scale bar: TO M ... e 106

Figure 5.13. Relative miRNA-210 levels of cells under normoxic (white) and hypoxic conditions
quantified by qRT-PCR. Hypoxia was induced by decreasing O> to 3% (blue) or adding CoCl; to
growth media (striped). An upregulation of miRNA-210 of ~3-fold under hypoxia is observed

COMPATEA t0 NMOTINOXIA. ...t utetttt ettt ettt et et et et e e et et et et et e et et e ae et eeeeeeaneenas 107

Figure 5.14. Energy-transfer-based nanoparticle assay for miRNA-210 analysis. Fluorescently-
tagged AuNP-Scramble (a, b) and AuNP-Probe (c, d) were incubated with cells under normoxic

and hypoxic conditions. Merged images showing nuclei (blue), lysosome (green) and AuNP-Cy3

Xvii



(red, also shown separately in e-h). An increase in Cy3 signal is observed for cells with AuNP-

Probe under hypoxia (3% O2). Scale bar: 10 m.........ooooiiiii e 108

Figure 5.15. Probing miRNA-210 levels using energy-transfer-based nanoparticle assay. The
fluorescent signals of AuNP-Scramble-Cy3 and AuNP-Probe2-Cy3 under normoxia (blue) and
hypoxia (stripe) obtained from confocal microscopy: in cells (a), in cytoplasm (b), and from the
nucleus region (c¢). The binding of miRNA-210 to AuNP-Probe2-Cy3 leads to the release of Cy3-

labelled DNA and an increase of ~2.5-3-fold in fluorescence intensity in hypoxic cells........... 109
CHAPTER 6

Figure 6.1. Signals from two laser-ablated spots (blue and green) in the calibration tape over the

course of 20 hours for typical metals used in multiparametric screening in IMC.................... 120

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

TrOM TEIETEICE O .ottt e e e e e, 122

Figure 6.3. Internalization pathways of macrophage derived cells lines (blue) and Human cell lines

(red) for surface functionalized gold nanorods. Reprinted with permission from reference 11....124

List of Tables

CHAPTER 2

Table 2.1.Summary of dehalogenation reaction of DDE: biphasic system (H.O/EtOAc) with HV?*
as electron shuttle (Reactions 1-6); monophasic reduction in EtOAc (without HV?*, Reactions 7-
10). All reactions were irradiated for 24 N...........ooiiii i, 40

Table 2.2. Binding energies of Cd (3d) and S (2p) in Mn-doped CdS/ZnS core/shell films before

and after photoredox reaction compared with literature.................oviiiiiiiiiiiin, 43

Table 2.3. Atomic % composition obtained from XPS of crosslinked Mn:CdS/ZnS QD film before
and after reaction. Signals of Indium come from the ITO substrates and that of Si 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 quantified.........................coooiinin. 44
Table Al: Elemental analysis of QDsWith ICP-OES ...t 62

XViil



List of Abbreviations

AUNP gold nanoparticles

B.E. binding energy

CB conduction band

CD cluster of differentiation (see appendix 5.7 for biomarker explanation)
Cds cadmium sulfide

CdSe cadmium selenide

cfNA cell-free nucleic acid

CME clarithin mediated endocytosis

Conc. concentration

DDE meso-1,1-dibromo-1,2-diphenylethane
DMSO dimethyl sulfoxide

DNA-AuUNP DNA functionalized gold nanoparticles
dsDNA double stranded DNA

EDA electron donor-acceptor

EDTA ethylenediaminetetraacetic acid

EPR electron paramagnetic resonance
EtOAC ethyl acetate

FRET Forster resonance energy transfer
HCO2 formate

HMDM human monocyte-derived macrophages
HOMO highest occupied molecular orbital
HTE high-throughput experimentation
HUVEC human umbilical vein endothelial cells
HV heptyl viologen

ICP inductively coupled plasma

ICP-OES inductively coupled plasma — optical emission spectroscopy
IMC imaging mass cytometry

IQE internal quantum efficiency

ISC intersystem crossing

XiX



ITO
Ki-67
LED
LSPR
LUMO
MALDI
MeOH
mMiRNA
Mn:CdS
Mn:CdS/ZnS
MRNA
MV
NHE
NMR
Pankeratin
PL
PXRD
QDs
QLED
gRT-PCR
RAB7
RISC
SD

SET
SILAR
SSDNA
TEM
TiO2
TOF
uv
UV-Vis

indium tin oxide

Kiel-67(see appendix 5.7 for biomarker explanation)

light emitting diode

localized surface plasmon resonance

lowest unoccupied molecular orbital

matrix assisted laser deposition ionization

methanol

micro RNA

manganese-doped cadmium sulfide

manganese-doped cadmium sulfide with zinc sulfide shell
messenger RNA

methyl viologen

normal hydrogen electrode

nuclear magnetic resonance

Pan cytokeratin (see appendix 5.7 for biomarker explanation)
photoluminescence

powder x-ray diffraction

quantum dots

quantum light emitting diode

quantitative reverse transcription polymerase chain reaction
Ras-associated binding (see appendix 5.7 for biomarker explanation)
RNA-induced silencing complex

sacrificial donor

single electron transfer

successive ionic layer adsorption and reaction

single stranded DNA

transmission electron microscopy

titanium dioxide

time of flight

ultraviolet

ultraviolet -visible

XX



VB valence band
XPS x-ray photoelectron spectroscopy

ZnS zinc sulfide

XXi



Part One: Manganese-doped CdS/ZnS Core/shell Quantum Dot Films as
Photocatalysts for Organic Reactions



Chapter 1 — Introduction to Quantum Dots: Properties, Applications, and

Synthesis

1. Quantum dots

Quantum dots (QDs) are a subclass of semiconductor nanocrystals. They are zero-
dimensional nanomaterials, with typical diameters of 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 include widening of the band gap, tunable valence and
conduction band potentials, and efficient charge generation and migration. The confinement also
generates discrete energy levels within the valence and conduction bands. Therefore, QDs possess
properties of both molecules and bulk materials and are used in display technologies, solar cells,
and bio-imaging techniques. The most widely studied QDs are 11-VI semiconductors such as CdS,
ZnS, CdSe, which can be produced with high quality and narrow size distributions via hot injection
methods.? Additionally, their implementation in QLED TVs shows that large scale production of

QDs for commercial applications can be established.

This chapter contains background 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 presented. Second, the concept of doping and its role 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 Quantum confinement

The spatial arrangement of atoms in a molecule or bulk crystal gives rise to distinct
electronic states that govern the probabilities of optical transitions. An atom contains discrete
energy states occupied by electrons, which upon excitation generate sharp absorption and emission
lines® and are typically determined by the crystal structure and the identity of the atoms.*®> The
three-dimensionally repeating unit cell creates a periodic potential which in turn gives rise to
energy ranges of allowed electronic states (i.e. bands).® In a typical bulk semiconductor, the
electronic states of the valence and conduction bands are separated by a band gap — an energy
continuum where electronic states do not exist. When the dimensions of the material decrease to
the nanoscale, quantum confinement effects generate atom-like band energies (Figure 1.1), and
size tunable band gap.”®1° The desirable properties of QDs are explored for use in display

technologies,* bioimaging,*? and photocatalysis.*?
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Figure 1.1. Widening of the band gap and discretization of band energy levels resulting from

quantum confinement effects. Reprinted with permission from reference 5.



The most important parameter for understanding the interaction of electromagnetic
radiation with a QD is the exciton Bohr radius (as) — the physical distance between an excited
electron and the vacancy (i.e. hole) created upon absorption of a photon.'* The Bohr radius varies
with materials and indicates the physical limit where the quantum confinement starts affecting the
electronic structure. The size ofQDs restricts the spatial separation of the excited electron and the
hole below the Bohr radius, in turn creating a strong confinement regime.**Equation 1.1 shows
the relationship between the band gap of QD (Eqp) with the bulk band gap energy (Eui)), the
nanocrystal radius in the strong confinement condition, and Coulombic interaction of the electron-

hole pair.*®

2h2 2

E op) = E@pu) + ZZBW - 1.85 Equation 1.1

)

The quantum confinement term (second term on the right side in Eq. 1.1) is related to the effective
mass of the electron-hole pair (me ), the particle radius (R), and the reduced Planck’s constant (7).
The coulombic interaction term, e?/eR, depends on the dielectric constant (¢) and particle radius,
with e being the elementary charge of the electron. Therefore, with decreasing particle size, the
term describing the coulombic interaction becomes less dominant in the overall contribution to

Eop, while the exciton energy term increases due to its dependence on R21:16

In the absence of band mixing effects, the discrete quantized states in QDs can be
characterized by the quantum numbers L and n.}” Angular momentum, represented by L, defines
the motion of charge carriers (electrons or holes) in the strong confinement regime while quantum
number n, denotes the number of the states in the specific symmetry.*® Conventionally, the energy
states (1S,1P,1D etc.) are depicted with momentum indicated by a letter (L=0 — S, L=1— P, L=2

— D) and n preceding L.*° Figure 1.2 shows the experimentally observed quantum size effect on



absorption as described by Eqgn. 1.1. Figure 1.2A presents the absorbance spectra of various QDs
with increasing radius from 1.2 nm to 33 nm. The smaller particles with radius 1.2 nm (green trace)
and 1.5 nm (blue trace) have absorption profiles with peaks corresponding to the individual
transitions (1Sn1Se, 1Ph1Pe) in contrast to the 33-nm particle where only the first excitonic peak is
observed.! Figure 1.2B shows the dependence of the three lowest 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 turn producing a blue shift in the excitonic peaks in the

absorbance spectrum.?
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Figure 1.2. (A) Absorption spectra of CdS QDs 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 transitions (1Sn1Se,
1Pn1Pe, 1Dn1De) on nanoparticle radius. Reprinted with permission from reference 15. Copyright

2021 American Chemical Society.

1.2 Auger processes in undoped QDs

Upon absorption of 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 recombination can occur. It is a nonradiative process

where the energy from the recombination of the electron-hole pair (exciton) is not emitted as a



photon but is transferred to a third charge carrier (electron or hole), thereby further exciting it to
elevated energy states.”??? Figure 1.3 depicts the absorption and emission process vs the non-
radiative three-particle Auger relaxation. Auger energy transfer lifetimes range from 10s to 100s
picoseconds but can be as low as 150 fs, and commonly vary with size and shape of QDs.?? These
lifetimes are significantly shorter than emission lifetimes (~ 10 ns), thus making the Auger process
an important and competitive decay pathway.?>?* In bulk semiconductors, Auger relaxation has
low probability due to thermal and momentum conservation barriers.*®?* Conversely, under the
guantum confinement regime, the momentum conservation rules relax, thus enhancing Auger

recombination rates in QDs.?

_CB CB g
€ o,

éé H
VB VB

Figure 1.3. Absorption and emission of a photon are the prominent processes occurring in the
semiconductor nanocrystal. Kinetic energy transfer to an electron in the conduction band generates

a hot electron.

Internal carrier-carrier interactions in QDs facilitate processes such as multi-exciton
stimulated emission and photon up conversion, which can be utilized for lasing technologies and
solar energy harvesting applications respectively.??2® However, in QDs, multi-exciton emission
is hindered by Auger relaxation. This competitive and non-radiative process generates electrons

with enough energy to escape the nanocrystal leading to the darkening of the QDs.” Thus, Auger



relaxation is generally detrimental for lasing and solar energy applications; however, Auger-
relaxation can yield hot electrons. These electrons have higher reducing power than the ones at the
conduction band edge and can be invaluable for photocatalysis.*®?” Therefore, methods to control
the internal photophysical processes which promote Auger relaxation in QDs, including surface

passivation or doping, are sought-after for specific applications.
1.3 Manganese (I1) - doped QDs

The incorporation of impurities in materials to control their properties is an important
aspect of many technologies. Generally, doping changes the properties of semiconductors?® by
creating defect states, altering energy levels, and by providing non-radiative pathways for charge
carrier interactions. Paramagnetic dopants, such as Mn?*, influence several processes in QDs
including photoluminescence and Auger relaxation because of spin-carrier interactions.?” With
some robust synthetic methodologies already established, numerous fundamental studies on Mn-

doped nanocrystals of various sizes and shapes, have been carried out.}42°

Doping QDs with Mn?* ion introduces interband electronic states that directly affect the
radiative and nonradiative photophysical processes. Ligand field theory describes the Mn?
electronic structure in the CdS lattice.®® As a substitutional impurity, a Mn?* dopant replaces a
Cd?*ion in the tetrahedral geometry bonded to 4 sulfur atoms. The Mn?* ion (d°) has a ground state
consisting of five unpaired electrons in half-filled d orbitals. It has an orbital angular momentum
of 0, and hence exhibits a singlet ground state with 6-fold spin degeneracy, denoted with the term
symbol 8S. The first spin-flip excited state of the Mn?* free ion is *G with an energy of ~ 3 eV
above the ground state. In tetrahedral ligand field, the ground state (A1) remains symmetric and

the 5-fold degenerate 3d orbital splits into t, and e sets. The lowest energy transition is “T1; — 6A;



(~2.1 eV) and has the characteristic yellow-orange luminescence peak in the spectra of doped
QDs.®3 Figure 1.4 shows the Tanabe-Sugano diagram splitting of the d®> Mn?* in a tetrahedral
field: the lowest energy transition is depicted with the orange arrow (Figure 1.4). Typically, such
transitions are spin forbidden with low probabilities. However, the selection rules can be overcome
by spin-orbit coupling at the Mn?* centre.33% Mn-Mn exchange interactions overcome the spin

forbiddeness of the *T; — ®A; transition as well.34
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Figure 1.4. Tanabe-Sugano diagram for the d®> manganese (1) ion in a tetrahedral ligand field

depicting the lowest energy spin forbidden excited states. Orange arrow indicates the 4T1—°%A;
observed in the emission spectrum. Reprinted with permission from refence 36.

In Mn?*-doped QDs, the generation of an exciton leads to a rapid transfer of the exciton
energy to the dopant in sub-nanosecond timeframes.” The excited dopant can relax radiatively
emitting a photon at ~2.1 eV, or the energy can be transferred to a second electron in the conduction

band via the Auger process, thus generating a hot electron.?** Figure 1.5A shows the radiative



pathway facilitated by the Mn?* and Figure 1.5B shows the nonradiative pathway and the role of

Mn?* in the Auger process and the resultant hot electron.
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Figure 1.5. (A) Energy transfer from the annihilation of an exciton to Mn?*ion which radiatively

relaxes to emit a photon. (B) Generation of a hot electron via Auger process. Non-radiative
recombination of an electron and hole transfers its energy to a Mn?*. The long-lived Mn?* excited
state then transfers that energy to a second electron in the conduction band, producing a “hot”
electron.

Typically, intraband cooling of hot carriers - a subpicosecond to picosecond process -
hinders the extraction of a hot electron from the semiconductor. Magnetic doping of the QDs
overcomes intraband cooling by facilitating extremely fast rates of spin-exchange interactions that
result in an overall uphill energy transfer.3® Klimov et al. reported that energy transfer from the
absorption of a photon to the “T; state of the Mn?* occurs in a 140 fs timeframe (Figure 1.5 A).%’
Similarly, the energy transfer from the exited Mn?*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 the Mn-facilitated Auger process is ~7-fold
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higher.?” Therefore, Mn-doped QDs have an increased probability of producing hot electrons
which have greater reduction power conduction band electrons. The existence of hot electrons in
Mn-doped QDs has been probed via spectroelectrochemical studies and photon-to-current
conversion devices. Gamelin et al. showed that, under illumination, Mn-doped QDs produced
significantly larger photocurrents (~57 A/W) than the undoped dots (~3 A/W).*® Son et al.
demonstrated the application of colloidal doped QDs in water splitting and H> production where
the doped QDs outperformed their undoped counterparts because of the highly reducing hot
electrons.*! It can be expected that such photogenerated hot electrons are poised to enhance the

efficiencies of various light-driven processes including photocatalysis and photoredox reactions.
1.4 Applications of semiconductor nanocrystals in heterogeneous photocatalysis

Photocatalysis involves the harnessing of light energy using catalytic amounts of light-
absorbing species such as metal complexes, organic dyes, and inorganic materials to drive
chemical reactions.*?** Heterogeneous photocatalysis consists of a light-driven catalytic process
that occurs on the surface of a material.*> The semiconductor serves as a light harvesting material
that, upon absorption of a photon with energy greater than its band gap, promotes an electron to
the conduction band leaving a positively charged vacancy in the valence band. The photoexcited
material is thermodynamically unstable.*®#® The photogenerated charge carriers eventually
recombine radiatively or non-radiatively to restore the material’s thermodynamic stability.
Therefore, spatial charge separation of the electron and hole to surface sites for redox purposes is
crucial in photocatalytic applications and requires careful engineering of the size, shape, and

composition of semiconductors.*’
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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 widely implemented in
environmental purification,*® H. production, artificial photosynthesis,®® CO, reduction,®® and
solar cells.>> However, implementation of TiO- for organic transformation remains limited. First,
the wide band gap (3.2 eV) makes titanium dioxide incompatible for organic photocatalysis
because most organic compounds absorb UV light as well.>° This issue may be overcome by
doping the TiO, with metal ions and shifting the absorption profile to the visible region.>* Second,
the lifetime of the photogenerated charge carriers in TiO2 lies in the 10-100 ns range. Short
lifetimes decrease the probability of the diffusion of charge carriers to the surface of the material
in turn decreasing its redox capability. Third, the photoreduction capabilities of TiO, nanoparticles
diminish significantly when immobilized on a substrate.>® This limitation can hinder the scope of
application of TiO. nanoparticles as heterogeneous photocatalysts. While efforts have been made
to address these challenges, the application of TiO2 has remained in the areas of water

decontamination processes.

In contrast, the unique optoelectronic properties of metal-chalcogenide semiconducting
QDs make them great candidates as light harvesters for photocatalytic applications.!”?® QDs such
as CdS, ZnS, CdSe were studied for water splitting reactions and CO2 reduction.>® Recently, the
research has shifted towards applying them to complex organic reactions, such as single electron
transfer reaction (SET), oxidative bond coupling (C-C, S-S, C-N), selective bond oxidation (N-H,
CHs), and functional group reduction (-NO,, C=0,).%¢ An important trait of QDs is their tunable

band gap, which can be tailored to produce charge carriers with specific redox potentials.”®
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1.5 Photoredox catalysis

In conventional photoredox catalysis, light-absorbing 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 from the tog nonbonding orbital in the metal centre

is promoted to the 7 orbital of the ligand. In ruthenium and iridium poly-pyridyl complexes, metal
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Figure 1.6. Simplified ground state and excited state of Ru(bpy)s?* and its electronic structure as

an oxidant or reductant. Reprinted with permission from reference 57.

to ligand charge transfer occurs rapidly after excitation generating a singlet excited state.
Intersystem crossing produces a long-lived triplet state (Figure 1.6).°” The resulting configuration
of the photocatalyst possesses a high energy electron in the 7" and a vacancy in the metal centre
and allows the photocatalyst to function as oxidant and reductants simultaneously under mild

conditions. It can donate a high energy electron from the z”" of the ligand or accept an electron in
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the low energy orbital of the metal.>®>® Regardless of whether 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 exhibit long photo-exited state lifetimes, absorption in the visible region, and powerful
redox potentials.%®! Originally they were employed for generating radical intermediates to form
C-C bonds. Recently, more useful applications have emerged, including cycloadditions, alpha

alkylation of aldehydes, and dehalogenation of alkyl halides. °76%63

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

photoredox catalysis.®
1.6 CdS quantum dots for organic transformation

QDs are easily modifiable nanomaterials, with light-absorption capabilities over a wide
range of frequencies, that can overcome some of the limitations of ruthenium and iridium
complexes. Because of the high surface to volume ratio most of the atoms 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 each QD serves as mini reactor facilitating hundreds of redox events
simultaneously.®®* Although bare QDs lack remarkable photocatalytic activity, passivating the
surface with a ligand or a shell with a material that has a wider band gap can address this 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)sClz. All but reaction D (reductive dehalogenation) involve bond

formation. The results show that 3-nm CdSe QDs at a loading of ~ 0.005 mol% outperformed

Ir(ppy)2(dtbbpy)®* and Ru(bpy)s?*, but not Ir(ppy)s.
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Figure 1.7. Various photoredox reactions catalyzed with CdSe QD. Reprinted with permission
from reference 57.

Another work shows that the interaction of molecules with the surface of QDs can be
exploited to promote stereoselectivity in organic reactions. Weiss et al. used CdSe QDs as
photocatalysts and reusable scaffolds simultaneously for the homo- and hetero-intermolecular 2+2
cycloadditions. This reaction constructs tetra-substituted cyclobutanes which serve as starting
materials in medicinal chemistry. Figure 1.8 shows orientation 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 reactants.®®” The results showed great diastereoselectivity and

regioselectivity and surpassed previous methods. Additionally, by controlling the size of the QDs
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they were able match the redox potential of the excited electron in the QDs and match it with the
triplet states of the organic molecules. These results are promising, however, the performance of
QDs can be further improved by introducing dopants 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.
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Figure 1.8. A simplified schematic representation of sensitization of triplet state of the substrate
via triplet-triplet energy transfer from the QDs. Interaction of functional groups of the precursors
with the surface of QDs provides an avenue of control on the selectivity of the hetero-coupled

products. Reprinted with permission from reference 66.

1.7 Synthetic considerations

1.7.1 Hot injection methods

A typical synthesis of colloidal QDs involves injecting precursors that decompose at high
temperatures to yield a burst of nucleation events followed by nanocrystal growth.®® The hot
injection technique ensures rapid mixing of precursor solutions while preferentially binding

surfactants attach to the surface of the nanocrystals and provide control over extent of size and
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shape of QDs. Initially developed for the synthesis of CdSe QDs, hot injection methods have been
adapted for various nanomaterials and produce highly monodispersed particles.® These
techniques facilitate the independent control over nucleation and growth of QDs, leading to highly

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 final size QD and vice versa. Surfactants and long-chained
primary amines provide stabilization during the high-temperature growth. Finally, nanocrystal
growth depends heavily on temperature; CdS QDs have a threshold growth temperature of 265 °C,
below which the nanocrystal growth decreases drastically.”” The developments of precursor
libraries and optimizations on nucleation and growth conditions have led to a rapid production of

spectrally pure new structures of semiconductor nanocrystals.
1.7.2 Challenges with doping

Not all impurities work as dopants. The concentration of dopants in the reaction mixture is
typically ten times less than the host material. These conditions result in 1% or less in dopant
concentration in the synthesized QDs.? Therefore, it is crucial to not only find the right dopants,
but also to fully characterize the QDs and analyze the extent of doping. First, for successful doping,
the dopant should have “good solubility” in the host material. Mn?* and Co?* have been effectively
incorporated in CdS and CdSe QDs while attempts of doping QDs with Ag and Au ions have
proven unsuccessful.!® Second, the size of the dopant plays a key role in the doping process.
Finally, the surfactants and precursor molecules should not inhibit the initial interaction of the
dopant with the surface of the growing nanocrystals. Failure to consider the aforementioned factors
can lead to self purification processes in the host material, which expel the dopant from the

nanocrystal, or result in a lack of overall adsorption of dopant to the QDs during growth. Various
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methods can be used to characterize the extent of doping. The successful incorporation of the Mn?*
yields a redshifted emission peak (~581 nm) from the typical excitonic emission. Another powerful
technique is electron paramagnetic resonance spectroscopy (EPR). It probes the magnetic ions and
shows the effect of local environment on the spins of electrons. It establishes whether the dopant
is fully incorporated in the crystal or reside on the surface of the QDs.”* Additionally, trace metal
ion analysis by inductively coupled plasma — optical mission spectroscopy (ICP-OES) is often

carried out to determine the concentration of dopant in the host material after digestion.
1.7.3 Successive ionic layer adsorption and reaction (SILAR)

Surface passivation can improve the optoelectronic properties of QDs. Although precursor
molecules and surface stabilizing ligands in the reaction mixture provide some surface
stabilization, they can detach during washing and purification of the QDs in turn exposing surface
defects such as vacancies and dangling bonds. "2 These defects result in the formation of trap
states that inhibit normal emission processes by providing alternative pathways of thermal
relaxation,?® which are detrimental for generations of charge carriers. While surface passivation
with additional ligands such as oleylamine and trioctylphosphine oxide might temporarily
eliminate surface trap states, a more robust passivation is necessary to allow for reusability of the

QDs.

Successive ionic layer adsorption and reaction (SILAR) is a method that allows for the
growth of a shell on the nanocrystal one monolayer at a time.”? Alternating anionic and cationic
precursors, added to a solution containing the core QDs, passivate the surface and eliminate trap
states. Zinc sulfide (ZnS) is a great candidate for surface passivation due to its thermal and
chemical stability.’? It has a larger band gap (~3.66 eV) than the CdS core (3.1 eV). ZnS 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 core.”® A precise control of the shell growth condition yields high quality
QDs. However, a thick ZnS shell can dampen the quantum confinement effects and hinder the
extraction of hot electrons. Finally, the shell thickness should not inhibit the escape of the hot
electrons generated from the Auger process in the core. Previous studies reported that a shell of

2.5 to 5 monolayers® yields a well-passivated surface and an uninhibited Auger process.’*

1.7.4 Motivation and outline

In Part | of this dissertation, we present the application of hot electrons generated via Mn-
assisted Auger relaxation in doped QDs for photoreductive organic transformations. While Mn-
doped QDs have been utilised in lasing and solar energy technologies, their role as heterogeneous
photocatalysis remains largely unexplored. Chapter 2 summarizes the synthesis, characterization,
and implementation of Mn?* doped CdS/ZnS core/shell QDs as photocatalysts for proof-of-
concept organic reactions. Chapter 3 presents the initial 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
potential of doped QDs to rival undoped QDs and transition metal complexes in the field of organic

photoredox catalysis.
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Chapter 2 - Mn(l1)-doped CdS/ZnS Core/shell Quantum Dot Films Photocatalyze

Reductive Organic Transformations With a Boost in Efficiency From Enhanced

Auger Processes

(This chapter is adapted from Brian Malile, Rana Sodhi, and Jennifer I. L. Chen. J. Mater. 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 Brian Malile, with the exception of XPS

which was performed by Dr. Rana Sodhi.)

2.1 Abstract

We investigated the reduction of organic compounds photocatalyzed by Mn?*-doped CdS/ZnS
quantum dot (Mn:CdS/ZnS QD) films. The incorporation of Mn?* ion into the CdS nanocrystals
as a dopant promotes Auger cross-relaxation, a phenomenon that yields hot electrons with high
reducing power. Using QD-coated vessels or substrates, we examined several model organic
reactions to establish the versatility and superior performance of Mn:CdS/ZnS QDs over undoped
CdS QDs. First, Mn:CdS/ZnS QDs exhibited a 3.4-fold increase in the photoreduction of methyl
viologen compared with CdS QDs. Second, the viologen can subsequently be utilized as electron
shuttle in biphasic reactions, such as the photoreduction of meso-stilbene dibromide, allowing for
flexible design where reactants were separate from the photocatalysts. Third, Mn:CdS/ZnS QDs
photocatalyzed the 6-electron reduction of nitrobenzene to aniline with an overall internal quantum
efficiency of ~3 %. Impressively, the photoreduction of nitrobenzene was complete in 15 min by
doped QDs vs >48 h for undoped QD — an enhancement of >190-fold. Moreover, we investigated
the recyclability of the Mn:CdS/ZnS film and detected 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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post-reaction 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 Bohr radius, known as
quantum dots (QDs), are emerging catalysts for photoredox reactions.? These 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, and broad absorption spectra,®> which can be achieved by controlling
the size and surface chemistry. Importantly, an individual QD can provide numerous reaction sites
and facilitate multielectron reduction processes,® and QD catalyst loadings down to 0.0001 mol%
have yielded promising turnover numbers.” Previous work on photocatalysis with QDs have
mainly focused on CdS for hydrogen production,® small molecule activation,® C-C bond
coupling,'® and functional group reduction.!! On the other hand, challenges for retaining 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 carriers.'? Besides size control,
the introduction of dopants into QDs can lead to new or enhanced photophysical properties. For
example, Mn?*-doping in QDs lead to enhanced Auger processes that generate hot electrons with

increased reductive power.

Auger cross-relaxation is a nonradiative event where the energy from the annihilation of
an exciton transfers to a second electron in the conduction band (CB), making it a hot electron.*3
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 that only energy needs to be conserved.’** Auger cross-relaxation
is further enhanced in Mn-doped QDs because the Mn?* ion serves as an intermediate, highly
localized energy storage site. Mn?* has a long-lived excited state (~millisecond for Ty, the lowest
excited state in a tetrahedral weak ligand field) that increases the probability of Auger-type energy
transfer from Mn” to a conduction band electron.*>!® Notably, in Mn-doped QDs, hot electrons
having ~2.1 eV excess energy can be generated under light intensity comparable to the solar
irradiation, where the exciton-to-Mn energy transfer from the first photon absorption can be given
to an electron created by a second photon absorption. The spin-exchange interactions between the
magnetic dopant (Mn?*) and host material (CdS) dramatically enhance the Auger process such that
the Mn?*-assisted energy transfer to conduction band electrons outcompetes the intraband cooling,
in turn increasing the number of hot carriers.}”'® The properties of the hot electrons were
investigated photoelectrochemically and in solid-state device studies. Injected electrons quenched
the Mn?* photoluminescence and the resultant hot electrons crossed blocking layers having empty
states higher in energy than the conduction band of the QD semiconductor .*>¢1° The hot electrons
from Mn-doped QDs, are much higher in energy than those from plasmonic nanoparticles, even
approaching the vacuum level.?82° Therefore, harnessing hot electrons from Mn-doped QDs may
facilitate reactions previously unfeasible under mild conditions. On the other hand, the use of hot
electrons from Mn-doped QDs for chemical transformation has focused on solar-related
applications?! such as water splitting®*?® and CO. reduction.?* It has been found that Mn-doped
QDs exhibited up to 7-fold enhancements compared with undoped dots for Hz production®, and
that electron transfer from Mn-doped QDs can occur at a long range yielding different selectivity

and product yields.®® Motivated by an increasing interest in developing QDs as efficient
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heterogeneous catalysts, we set out to investigate Mn-doped QDs as photocatalysts for organic

transformations, which has not been reported to date.

Herein, we investigated Mn?*-doped CdS/ZnS core/shell QDs (denoted as Mn:CdS/ZnS or
doped QDs) as photoredox catalysts for model organic reactions. We examined three reactions and
compared the performance of doped QDs with the undoped (CdS) QDs: 1) photoreduction of
methyl viologen; 2) dehalogenation of meso-1,2-dibromo-1,2-diphenylethane; and 3)
photoreduction of nitrobenzene to aniline. Different from existing works of QD-catalyzed 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 photocatalysts from the reaction
mixture and their use in various types of solvents. In addition to demonstrating the superior
photocatalytic capabilities of Mn:CdS/zZnS QDs, we show that the film setup enables efficient
post-reaction workup without laborious purification to separate the catalysts, thereby overcoming
the drawback of colloidal-based suspensions. Our work opens the door for the wider exploration
of Mn-doped QDs for use in synthetic and process chemistry where catalyst-coated reaction

vessels may be of interest.
2.3 Results and Discussion

2.3.1 Supported Mn-doped CdS/ZnS QD film as photocatalysts

Figure 2.1 illustrates the QD-coated system (left), the photophysical processes that generate
the hot electrons upon light excitation (centre), and the reactions examined (right). Blue light
irradiation creates an exciton, the energy of which rapidly transfers to the Mn2* ion resulting in the
T, excited state.?” Because of the long-lived excited Mn?* state, non-radiative Auger cross-

relaxation occurs with high probability when additional conduction electrons are present, leading
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to hot electron generation.®® The cross-linked QDs in a film further promotes the Auger process
due to the interparticle shuttling of the excited electrons prior to radiative relaxation.?® The
photogenerated electrons were exploited for three model reactions (Figure 2.1, right) to elucidate

the reducing capabilities of the doped vs undoped QDs.

hluellght\ cB cB \.

KoL .
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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 substrate and sacrificial
donor (SD), respectively.

To study heterogeneous photocatalytic reactions, we incorporated Mn:CdS/ZnS core/shell
QDs as films on glass to simplify the post-reaction recovery of photocatalysts by eliminating the
need to separate the QDs via multiple rounds of centrifugation. The Mn:CdS/ZnS QDs were
synthesized by a previously established hot-injection method® and subsequently capped with 2-
monolayers of ZnS shell and terminated with a Zn?* layer. The undoped CdS/ZnS QDs were
synthesized similarly without the Mn precursor. We installed a thin ZnS shell to passivate surface
trap states®® while allowing carriers to tunnel through. Without ZnS shell, the energy transfer to
the Mn?*ion in the doped QDs was impeded by nonradiative recombination pathways of the trap
states. Figure 2.2 shows PL spectra of as-synthesized doped and undoped CdS core 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
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Figure 2.2. Photoluminescence spectra of during the passivation of Mn?* doped CdS QDs (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 460-nm long pass filter.

The purified QDs were immobilized on glass vessels (e.g., slides or vials) via evaporation-
assisted deposition and then cross-linked 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 (ICP-OES, see Appendix A2). Figure 2.3 summarizes the
characterizations of Mn:CdS/ZnS QDs confirming the successful incorporation of Mn?*. Figure
2.3A shows the absorbance and photoluminescence (PL) spectra of the doped and undoped QDs.
The doped and undoped QDs have near identical absorption spectra indicating similar nanocrystal
size, however, their PL properties differ. The 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 (Figure 2.4) corresponds to the *T1—®A; transition of the Mn?* dopant in a
tetrahedral ligand field, which is lower in energy compared to the free-ion energy transition
(*G—"°S) of Mn?* due to the ligand field splitting of 3d orbitals into t; and e terms.*° The quenching
of the excitonic emission in doped QDs provides evidence of the incorporation of Mn?* into the

CdS lattice. The doping of Mn?* in the QDs was further confirmed by Electron Paramagnetic
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Resonance (EPR) spectroscopy (Figure 2.3B). The presence of six strong lines corresponds to the
hyperfine nuclear coupling to Mn?* (1=5/2), and the hyperfine splitting parameter A calculated
from the EPR spectrum (65.1 x 10 cm™) is in line with Mn?* in bulk CdS in a tetrahedral
geometry.332 In contrast, a surface Mn?* ion has a much higher hyperfine splitting parameter.®

Figure 2.3C shows the powder X-ray diffraction (PXRD) spectrum of the doped QDs (black
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Figure 2.3. Characterizations of Mn?":CdS/ZnS QDs. (A) Absorbance (solid lines) and
photoluminescence spectra (dashed lines) of doped Mn?*:CdS/ZnS (red) and undoped CdS/ZnS

(blue) QDs in toluene. (B) EPR spectrum of Mn?*:CdS/ZnS with six lines resulting from energy
splitting due to Mn?* 1=5/2. (C) PXRD of doped QDs (experimental in black, calculated in red,
and residual difference in blue). Phase analysis results in 55 wt% wurtzite and 45 wt% zinc blende.
(D) TEM images of Mn?*:CdS/ZnS QDs.
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symbols) and the fit from Rietveld refinement (red line) indicating 45 wt% zinc blende and 55
wit% wurtzite phases.3*3® The average QD size as imaged by TEM (Figure 2.3D) 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 absorption,® and the ZnS shell (zinc

blende) is theoretically 0.7 nm in thickness (see Appendix Al). The elongated structure observed
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Figure 2.4. *T1—5A; transition of the Mn?* monitored at 580 nm showing the long-lived PL

(black) as a double exponential fit (red) with components t1 =0.141 ms, and 72 = 1.91 ms.
in the TEM images were reported previously and suggested to result from the experimental
conditions during shell growth. Stacking faults, specifically during the addition of the zinc

precursor, lead to preferential elongation along the [002] direction.3"8
2.3.2 Photoreduction of viologens

We first investigated the photoreduction of methyl viologen (MV?*) by the doped and
undoped QDs. QD films on glass slides were placed in a 500 UM aqueous solution of methyl

viologen. We determined the amount of QDs in the film by redispersing the uncross-linked QDs
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in toluene and measuring the solution absorbance. Methyl viologen is an electron acceptor and has
a reduction potential of -0.446 V vs NHE, which is below the conduction band energy of the QDs
(see Figure 2.5). A single electron reduction of MV?* leads to the singly charged radical MV ™,
which absorbs at 396 and 605 nm. The appearance of the blue color in the viologen solution comes
solely from the reduced species, contrary to a previous study that employed methylene blue,*

where a decrease in the absorbance can arise from photoreduction as well as oxidative

decomposition of the dye. Figure 2.6A shows the evolution of absorption spectra of the viologen
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Figure 2.5. Energy levels of the valence and conduction bands of CdS QD3° (black), the *T1—%A;
transition of the high spin Mn?* in a tetrahedral geometry® (red), the oxidation potentials of
sacrificial hole scavengers*®* (purple) and reduction potentials of viologens*? (blue), meso-1,1-

dibromo-1,2-diphenylethane**#4 (green) and nitrobenzene*® (brown).
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upon irradiation at 440 nm in the presence of doped vs undoped QD films with MeOH as the
sacrificial electron donor. The absorption of the viologen radial does not overlap with the incident
irradiation at 440 nm and thus has no effect on the absorbance of QDs. In heterogenous
photocatalysis, the escape of charge carriers during the photoredox process deteriorates subsequent
absorption and emission events, hence the presence of a sacrificial agent is crucial.?#” Figure 2.6B
summarizes the temporal concentration of MV ™ based on the absorbance and molar absorption
coefficient at 396 nm for three trials. By considering the reaction as pseudo-first order, we obtained
rate constants of 1.12x107° and 3.31x10“s? for doped and undoped QDs, respectively. This
corresponds to a 3.4-fold enhancement on the rate of photoreduction of MV?* by doped QDs vs
undoped QDs. We note that the excitation intensity we employed (85 mW/cm?) was above the

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

2.7).
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Figure 2.6. Reduction of methyl viologen (MV?*) to MV"* by QDs. (A) UV-Vis spectral evolution
over time showing the formation of the charged radical (MV™) in the presence of doped QDs
(bottom) and undoped QDs (top) under 440 nm irradiation with methanol as sacrificial electron
donor. (B) Amount of MV™ generated over the course of 55-min irradiation with doped (red) and
undoped (black) QDs. Error bars are standard deviations. (C) Normalized photoluminescence (PL)
intensity at 488 nm for the undoped QDs (black) and at 581 nm for the doped QDs (red) in the

presence of MV2* and methanol vs 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 (see Appendix Al). Thus, Mn?* states were saturated and Auger cross-
relaxation was feasible.!® We determined an internal quantum efficiency (IQE) of 2.9 % 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 of MV2* Figure 2.6C shows a small decay
in the PL of the undoped QDs (after an initial rise due to photoannealing), compared with an
exponential-like decay (up to 75% attenuation) for the doped QDs. The significant bleach in the
PL of the doped QDs in the presence of MV?* corroborates the consumption of the photogenerated
electrons and the efficient transfer of hot electrons from Mn:CdS/ZnS QDs. On the other hand, we

observed a 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 of Mn?* states 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?* in water (Figure 2.8). Doped QDs still exhibited a small PL decay in the
absence of MV?* because water is a weak electron acceptor and has been shown to be reduced to
H2 by the hot electrons of doped QDs.? The negligible change in the PL of the undoped dots with
or without MV?2* indicates inefficient transfer of photoexcited electrons due to short 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 the MV?2* (Figure 2.9). Besides
the direct photoreduction of MV2* by hot electrons in Mn:CdS/ZnS QDs, other reactive pathways
involving MeOH are possible because oxidation of methanol by holes yields radicals (¢«CH2OH
and *CO2") and H,*“® which can also reduce MV?*. The results nevertheless demonstrate the

enhanced photoreduction capability of Mn:CdS/zZnS, in line with previous reports.?
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Figure 2.9. Control experiments with MV2* 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 meso-1,2- dibromo-1,2-diphenylethane

Viologens are electron transfer agents with stable redox-active states and tunable nitrogen
substituents. Various viologens, with octyl and heptyl substituents, undergo a change in solubility
upon a single electron reduction and can act as electron shuttles between aqueous and nonaqueous
phases,>® Hence, we next explored a biphasic system incorporating hepty! 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 detrimental adsorption 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 meso-1,2-dibromo-1,2-diphenylethane (DDE). Figure 2.10
shows the reaction mechanism for the dehalogenation reaction where the QDs replace the
conventional Ru photocatalysts,>~>3 The catalytic cycle starts with the photoexcitation of QDs and
the reduction of heptyl viologen (HV?") in the aqueous phase (step 1). Upon single electron

reduction, the hydrophobicity of the heptyl viologen increases leading to its phase-transfer to the
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Figure 2.10. Debromination of DDE with doped QDs as photocatalyst in a biphasic system
(H20/EtOAC).

37



ethyl acetate layer (step 2). Disproportionation (step 3) then produces a doubly reduced viologen
(HV?) and HV?* from two singly reduced charged radicals (HV™). HV? eliminates the vicinal
bromides in a two-electron reduction route forming trans-stilbene or cis-stilbene (step 4) and HV?*

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

The biphasic dehalogenation reaction of DDE can be monitored via UV-vis spectroscopy.
Figure 2.11A shows the UV-vis spectra of the organic layer from a sample containing doped QD
film (in the aqueous phase) irradiated at 395 nm (150 mW/cm?) for 24 h, with and without
methanol (blue and red, 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 reaction of meso-1,2-
dibromo-1,2-diphenylethane (DDE) in a biphasic system (H2O/EtOAc), with heptyl viologen as
an electron shuttle and methanol as a sacrificial agent under 395 nm irradiation, with (blue) and
without methanol (red). Control reaction without irradiation shown in black. Spectrum of pure
trans-stilbene shown illustrated with dashed lines. (B) *H NMR spectra for monitoring the reaction
progress. An up-field shift in the doublets at 7.70-7.68 ppm to the doublets at 7.61-7.59 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 redshift of the product peak results from the expanded
conjugation upon dehalogenation. The broad peak width, compared to the reference spectrum of
pure trans- stilbene (dashed line) suggests the presence of the cis-isomer as well. Trans and cis-
stilbene exhibit absorption peaks at 294 nm and 276 nm, respectively. To isolate the product for
Nuclear Magnetic Resonance (NMR) spectroscopy, the organic layer was simply separated,
washed with water, and dried. Figure 2.11B shows the *H NMR spectra of the 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 6.14 ppm. The doublet arising from the ortho hydrogens in the phenyl/aromatic rings of the

reactant is at 7.68 ppm and shifts up-field 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 d-DMSO). Control experiment (brown, Entry 5) showed signals of DDE only, conferring
the importance of heptyl viologen (HV?") as the electron shuttle between the two phases. A low
concentration of HV?* at 3 mol% (green, Entry 4) yielded 17 % conversion of DDE to stilbene
with doped QDs, compared with 100% at 20 mol% of HV?*.
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meta and the para-protons in the aromatic rings of stilbene are in the range of 7.39-7.19 ppm, and
the olefin protons show up as a singlet at 7.24 ppm and 6.63 ppm for the trans- and cis-isomers,
respectively. Reactions catalyzed by the QDs showed 'H NMR signals of both isomers. We
monitored the conversion efficiency of the reaction via the integrated intensities of the doublets of
the ortho-hydrogens (at 7.68 ppm for DDE and 7.59 ppm 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 vol% of methanol. The progress of the reaction monitored by *H NMR is in line
with the UV-Vis observations and confirms that MeOH serves as an efficient sacrificial electron
donor. Table 2.11 summarizes various reaction conditions and % of conversion photocatalyzed by
doped or undoped QDs, where the conversion refers to the combined total of trans- and cis-
stilbene. A control experiment without viologen (reaction 5) showed 0 % conversion (Figure 2.12)
and lowering the amount of HV2* from 20 to 3 mol% (reaction 4, Figure 2.12) significantly reduced
Table 2.1. Summary of dehalogenation reaction of DDE: biphasic system (H20/EtOAc) with HV?*

as electron shuttle (Reactions 1-6); monophasic reduction in EtOAc (without HV?*, Reactions 7-
10). All reactions were irradiated for 24 h.

2+ opl2
Entry (En?clJEI) 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

1 - 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 variable isomeric ratios between replicate runs, which may arise from rotational
conformers® of the radical intermediate in the step-wise two-electron reduction mechanism as we
did not detect photoisomerization of trans-stilbene under the irradiation condition nor changes to
the isolated product upon further irradiation. For the reaction photocatalyzed by doped QD with
10% MeOH (reaction 1, at a scale of 1 mL of 4 mM DDE), we determined an approximate yield

of 60% using the standard addition method by *H NMR spectroscopy.
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Figure 2.13. *H NMR spectra for monitoring the reduction of DDE in a monophasic system(in d-
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DMSO). Reactions with doped (purple, Entry 7) and undoped QDs (green, Entry 8) at a catalyst
loading of 0.012 mol% where the doped QDs exhibited 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 in Figure 2.5 show that the LUMO of DDE is lower than the conduction
band of CdS QD. Hence, the reaction can also be photocatalyzed directly by excited electrons of
the QDs. Reactions 7-10 in Table 1 examined the conversion of DDE to stilbene in a single phase

(i.e., EtOAc with MeOH) without 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
doped QDs (based on *H NMR data, Figure 2.13). The results showed the consistent enhanced
performance of the doped QDs versus their undoped counterparts, in agueous and nonagueous

solvents, allowing for flexible reaction design and workups.

2.3.4 Reusability of Mn-doped QD film
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Figure 2.14. (A) Percent conversion of DDE based on *H NMR data when coated vials were used
back-to-back without any treatment. Each trial was 24-h of irradiation. Error bars are standard
deviations of 3 replicates. (B) X-ray photoelectron spectra of Cd 3d in Mn:CdS/ZnS QD films
before and (C) after the photoredox reaction of DDE. Experimental spectra shown in red and fitted

curves in other colors with each doublet corresponding to spin-orbit coupling of 3ds;2 and 3ds/2.
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Next, we investigated the reusability of the QD films by carrying out back-to-back
reactions over 7 days, without any treatment. Figure 2.14A shows that Mn:CdS/ZnS-coated vials
yielded 100% conversion of DDE to stilbene in the first three runs (each 24 h); however, a decline
of conversion to 84% - 55% was observed when the film was reused 4-7 times. 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 QDs due to the redox activities.>® 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 leads to
non-radiative recombination of excitons and therefore negatively impacts the absorption, emission,
and Auger processes.®®®” We carried out X-ray photoelectron spectroscopy (XPS) on the films
before and after reaction to examine the changes to the QDs. Table 2.2 summarizes the findings of
the XPS. Initially, the binding energy (B. E.) of Cd 3d correspond to only CdS (405.1 eV); however
an additional species, likely CdSO4, was detected at B. E. of 405.4 eV*® after the dehalogenation
reaction (Figure 2.14B, C). The data is in line with the S 2p signal where the fraction of sulfate
increased after reaction (from 8.9 % to 15.3 %, Figure 2.15). Previous work reported that surface

Table 2.2. Binding energies of Cd (3d) and S (2p) in Mn-doped 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 2p3pe 163.10 3.2 S0 S 2p3pe 162.83 4.5 s 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 sulfate,%° and sulfate ions can detach
from the QDs over time and expose a fresh layer of material susceptible to subsequent oxidation.
Table 3 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 use. Therefore, additional passivation
or repeated cross-linking of the QDs films after a reaction trial may increase the durability of the
QD films. Other sacrificial electron donors such as, S*/SOs?, triethylamine, and EDTA, may be
explored to increase the reusability of the QD films because they have higher redox potentials than
methanol and may provide faster electron regeneration in the QD film. The ionic hole scavengers
such as S*/SOs*> may be more compatible in aqueous media and yield more favourable

kinetics.*861-63 We note that although microscopic changes on the QD surface were detected after

Table 2.3. Atomic % composition obtained from XPS of crosslinked Mn:CdS/znS QD film before and
after reaction. Signals of Indium come from the ITO substrates and that of Si 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 quantified.

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 reaction of stilbene production shows that doped QDs have superior photocatalytic
activity compared with undoped QDs and may serve as replacements to transition metal
complexes. Furthermore, the facile three-step film fabrication process to incorporate supported-
QD catalysts in the reaction is desirable because ligand exchange of QDs to make them dispersible

in reaction solvents is not needed 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 curves in other

colors with each doublet corresponding to the spin-orbit coupling of 2ps/2 and 2p1s.

2.3.5 Photoreduction of nitrobenzene

Lastly, we applied the Mn:CdS/znS QD films to the photocatalytic reduction of
nitrobenzene to aniline to investigate if the enhanced reduction from hot electrons of Mn-doped
QDs is applicable broadly. The reduction of nitrobenzene to aniline is a six-electron and six-proton
reaction that requires multiple electron transfer steps, via either the direct or indirect pathway.546°

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

accumulate charge carriers.5®
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Figure 2.16. Photoreduction of nitrobenzene (258 nm) to aniline (237 nm 280 nm) monitored by
UV-Vis spectroscopy. (A & B) UV absorption spectra of the reaction solution photocatalyzed by
doped (A) and undoped QDs (B) respectively. (C) Time dependence of absorbance of nitrobenzene
at 258 nm for triplicate runs with doped (red) and undoped (black) QDs respectively. Error bars

represent standard deviations.

Heterogeneous catalysts with large surface area could circumvent these drawbacks. We
carried out the photoreduction of nitrobenzene in 2-propanol with ammonium formate as the
sacrificial electron donor and proton source, using reaction vials coated with the QDs. Figure
2.16A, B shows the UV absorption spectra of the reaction solutions over 30 min under irradiation
at 395 nm as photocatalyzed by the doped QDs vs undoped QDs. The absorbance peak of
nitrobenzene is centered at 258 nm compared with those of aniline at 237 and 280 nm. The spectral
changes in Figure 2.16A, B suggest the reduction of nitrobenzene to aniline. We monitored the
extent of the reaction from the absorbance peak of nitrobenzene at 258 nm, as summarized in
Figure 5C over three trials. We observed a rapid decrease (77%) in the nitrobenzene absorption
within the first 10 min of the reaction photocatalyzed by the doped QDs. Conversely, the undoped

QDs produced a slow linear decay of 26% during the first 10 min and the reaction remained
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incomplete up to 48 h of irradiation. For doped QDs, the *H NMR shows a complete conversion
to aniline within 15 minutes (Figure 2.17). We obtained an internal quantum efficiency (IQE) of
~3 % for the six-electron process to form aniline (see Appendix Al) where 33 excitons were
needed to reduce one nitrobenzene molecule to aniline. If all electron transfer steps are sequential®®
and similar in efficiency, the results suggest an impressive IQE of 55% for each step by the doped

QDs.

2-propanol

DMSO

Figure 2.17. 'H NMR spectrum of post reaction solution depicting successful conversion of
nitrobenzene to aniline in d-DMSO. Inset shows the ratio between integrated peaks.

The photoreduction of nitrobenzene at neutral pH serves as a direct investigation of the
reducing power of the hot electrons from the Mn2*-Auger 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 reduction potential of nitrobenzene (-0.16 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 ca. -1.19 V vs NHE, thus placing the LUMO of nitrobenzene close to the CB of
QD (see Figure 2.5). Photogenerated electrons at the band edge therefore may be insufficient in
reducing power compared with hot electrons from Mn-doped QDs. However, the undoped QDs
can drive this reaction at a moderate rate, suggesting non-negligible Auger relaxation in the
undoped CdS that yields a small fraction of hot electrons. Notably, recent works of Mn?*-doped
QDs showed that the rate of Auger process outpaces that of intraband cooling,'® and the
exceptionally large uphill energy gain rates enabled by the spin-exchange Auger process leads to
a large population of non-equilibrium hot electrons, which can undergo additional energy-transfer
steps and upconversion to yield ejected electrons'®. Other reaction pathways in our nitrobenzene
reduction may involve H, generated by the oxidation of formate or 2-propanol by the
photogenerated holes. Interestingly, a previous study showed that undoped QDs preferentially
produced H. from formate while doped QDs generated more CO. Hence, the indirect reduction of
nitrobenzene by H, may be more dominant in undoped QDs than doped QDs. Taken together these
differences, the significantly higher rate of photoreduction of nitrobenzene by the Mn:CdS/ZnS

QDs highlight the strong reducing power of the Auger-mediated hot electrons.
2.4 Conclusions

The Mn?*-doped QDs consistently showed an increased photocatalysis of organic reactions
compared with the undoped QDs, which we attribute to enhanced Auger processes in
Mn:CdS/ZnS. The QD film coating shows high versatility in various solvents, can be employed in
biphasic systems, is reusable, and reduces post-reaction purification needs. Improvements on the
recyclability may be achieved by passivating the films between reaction intervals and further
optimizing the sacrificial electron donors. Future directions include assembling the QD film on

conductive substrates to yield a photoelectrochemical device, where secondary electrons can be
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injected to undergo Auger relaxation with the excited Mn?" state, further boosting the hot-electron
generation and opening new opportunities in  photoelectrochemical-driven  organic
transformations. Overall, Mn-doped QDs show great promise as photocatalysts in organic
reactions and may substantially increase the rate of photoreductions of challenging substrates
recently demonstrated to be photocatalyzed by undoped CdS QDs.%” Importantly, Auger cross-
relaxation, which otherwise is a detrimental process in optoelectronic applications, presents a

promising phenomenon in advancing QD-based photocatalysis.

2.5 Experimental

Materials

Cadmium oxide (CdO), oleic acid, octadecene technical grade (ODE), sulfur (S), oleylamine,
manganese (I1) acetate tetrahydrate (Mn(OAc)2 *4H>0), heptanediamine (HDA), 1,2-dibromo-1,2-
diphenylethane (DDE), anhydrous methanol, heptyl viologen (HV?": deuterated-dimethyl
sulfoxide (d-DMSO), 1,1°-dimethyl-4-4’-bipyridinium ditriflate (MV?*), 1,1’-diheptyl-4-4°-
bipyridinium dibromide (HV?"), mercaptopropyltrimethoxysilane (MPTMS) and ammonium

formate, and nitrobenzene were obtained from Sigma Aldrich.

Synthesis of manganese-doped cadmium sulfide quantum dots

In a typical synthesis of Mn:CdS QDs, three flasks separately containing 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 (1)
acetate tetrahydrate in 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.*>57686% The temperature of the solution was quickly brought back up to 285 °C and the

sulfur solution 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 QD was carried out similarly
without Mn precursor in the oleylamine. The orange photoluminescence was observed for Mn:CdS
and blue photoluminescence for undoped CdS QDs. The particles were washed via flocculation

with ethanol and redispersing in toluene.

Growth of ZnS shell via successive ionic layer adsorption and reaction (SILAR)

Both doped and undoped quantum dots were passivated with a ZnS shell using previously
established methods™. QDs were re-suspended 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 °C. A sulfur precursor solution was prepared by dissolving sulfur in octadecene
at 130 °C. The temperature of the QD solution was raised to 265-270 °C followed by the slow
injection of aliquots of zinc oleate and sulfur solutions sequentially (~1 mL/minute) with 10 min
reaction time between 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 2.89x10® CdS QDs with 2.25 nm
radius required 3.15 mmol of Zn oleate and S for each monolayer growth. Each monolayer of ZnS

3
is theoretically 0.31 nm in thickness (i.e. ‘/Tawhere a=5.41 A, the unit cell length of zinc blende™).

The procedure was repeated to install 2 monolayers of ZnS plus a Zn terminal layer (i.e.
collectively referred to as 2.5 monolayers of ZnS shell). The passivated QDs were washed and

redispersed in toluene.
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QD film preparation

The glass vessels or cut microscope slides were cleaned with piranha solution (3:1
H2S04/H203) 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 annealed for one hour under nitrogen at 80 °C. Caution! Piranha solution must
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 MPTMS-treated glass slide (0.5 x 1 cm) via the evaporation-induced self-assembly
process. The glass slide was suspended vertically in 4-mL vial containing 2 mL of ~300 uM QD
in toluene and placed in the oven at 60 °C for 24 h. Upon evaporating the solvent, the QDs
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 established.'® The films
were immersed in 0.5 vol% HDA in ethanol at 80 °C for 2 min, rinsed with ethanol and annealed
under nitrogen for 1 hour.*> 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 a non-crosslinked film. Similar

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

Photoreduction of methyl viologen

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

QD-functionalized glass strip (0.5 x 1 cm) inside. The system was thoroughly degassed and sealed.
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The cuvette was irradiated with blue light (440 nm, Lumencor SpectraX light engine) and in-situ
UV-visible absorption spectra (Perkin EImer Lambda 950) were acquired at 3-min interval using
a custom setup. The reduction of methyl 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

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

Photoluminescence experiments

Photoluminescence (PL) of QD deposited on the glass strips was measured for both doped
and undoped samples using a custom-made setup comprising a light 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.

Dehalogenation reaction

To a 4-mL vial coated with QDs, an aqueous solution of 2 mL heptyl viologen (500 uM)
containing 10 vol% methanol was added. Then 1 mL of 4 mM 1,2-dibromo-1,2-diphenylethane
(DDE) in ethyl acetate was added as the organic phase. The vial was sealed and placed under 395-
nm LED (SZ-05-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 with 0.5 mL 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 single-phase reaction, in the absence of heptyl 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. UV-Vis absorbance of as-is solution was acquired using Perkin Elmer Lambda
950 spectrophotometer, and *H NMR of isolated sample in d-DMSO 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 products (7.61-7.59 ppm) to the sum of the products and reactants

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

Reduction of nitrobenzene

The reduction of nitrobenzene was carried out in a similar fashion as that of the DDE. In a
typical reaction, a QD-coated vial containing 3 mL of nitrobenzene (3.7 mM) and 100 mM
ammonium formate in 2-propanol was sealed and placed under 395-nm irradiation for 30 min with
stirring. UV absorption spectra of as-is solution were measured at various time intervals, and NMR

spectra were collected in d-DMSO after the 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 ECS-EMX 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 receiver gain, and 300s
total sweep time. The spectrum was corrected using DPPH (1,1-diphenyl-2-picrylhydrazyl) as a

standard.

TEM images were acquired using Hitachi HT7700 with LaBe thermionic filament

operating at an emission current of 10 mA and accelerating voltage of 100 kV.
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X-ray photoelectron spectra of films on indium tin oxide substrates were measured by
Thermo Fisher Scientific K-Alpha XPS spectrometer (East Grinstead, UK) with a spot area of 400
um. A monochromatic Al K, X-ray source was used to obtain an initial survey 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 spectra (PE — 25 eV). Charge
compensation was applied using the system’s combined e/Ar* flood gun with the spectra shifted
to place the main C-C peak at 285.0 eV. The peak fitting was performed on the high-resolution
spectra by the supplied software (Avantage v. 5.9925), using the Smart Background (a modified

Shirley background) and a mixed Gaussian-Lorentzian peak shape.

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

refinement3*3> method and GSAS Il software.”?

The concentration of Mn?* dopant in CdS/ZnS core/shell QDs was determined via ICP-
OES with a Thermo Scientific™ iCAP PRO Series utilizing the axial detector (Analest, 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 the Characterization 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

I. Internal quantum efficiency of methyl viologen reduction

Absorbance of film =0.2
Film area = 1cm x 0.5 cm = 0.5 cm?
Irradiation density at 440 nm: 85 mW/cm?

Photons absorbed by 0.5 cm? film:
w
0.085— x (1 —107%2) x 0.50cm? = 0.0157 W
cm

0.0157//s
= 3.48F'% photons/s
4.51E1° ] /photonsonm p /
hotons
3.481516?"T ol
photons =579 S of photons
23 photons
6.022 E -

Rate of MV"" formation:
Initial MV2* concentration and volume = 500 uM x 3 mL

mol
0.00112 s 1 x 1.5E~®mol = 1.7E‘9T of MV

_ rate of product formation _ 1.7E~%mol/s

= = 0.029 or 2.99
rate of absrobed photons  5.8E~8mol/s or 2.9%

1. Number of photons irradiated, and excitons produced per QD at 85 mW/cm?:

0.085W /cm? x 0.50cm? = 0.042 W

0.042] /s

= 9.42E® phot
4.51E71° ] /photong.onm photons/s
mol
te of photons irradiated per QD = .0/ Photons _ 2T — 7400 photons/
rate of photons irradiated per = Jumber of QDs p— o s photons/s
s
photons excitons

rate of exciton produced per QD = 7400 — x 0.37 = 2700
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I11. Internal guantum efficiency of photoreduction of nitrobenzene to aniline

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 concave vial wall would be affected by scattering, and
thus the IQE is an estimate.

Irradiation density at 395 nm: 150 mW/cm?
Area of film: 1.87 cm?

Photons absorbed in 15 min:
w
0.15—x (1 - 10792%) x 1.87cm? = 0.123 W
cm

0.123]/s

5035197 /photon x 15 minx 60s = 2.21E2° photons absorbed
. 440nm

= 3.67E~* mol of absorbed photons

Assuming total conversion of nitrobenzene to aniline (based on *H NMR):

3.0%

[0E = product formed in 15min 1.11E~°mol aniline _
OF = photons absorbed in 15min ~ 3.67E~* mol absorbed photons

If sequential electron reduction with same efficiency:
1
IQE for each step = 0.0306 = 0.55 = 55%
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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
n O
-
O 5
e
£ 4
D3
S
— 2
()]
z !
O o I L I L I I

Concentration (ppm)

Figure Al. Calibration curve for Mn, Cd, and Zn.

Table Al: Elemental analysis of QDs with ICP-OES.

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+04
202.548 265.4+0.1
206.200 253.4+0.3
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Chapter 3 — Doped-QD Coated Photocatalytic Flow Reactors, Challenges, and

Future Directions.

Previously, Mn:CdS/zZnS QD films proved effective photocatalysts for reductive organic
transformations. The QD films displayed compatibility in various solvents, and accelerated post
reaction workup by eliminating time-consuming separation steps. These attributes are highly
desirable in the field of flow chemistry. In this chapter, we showcase and discuss the potential of
doped-QD coated flow reactors, which may provide alternative tools for organic transformations

and facilitate reactions otherwise not possible under mild conditions.

3.1 Background to flow reactors

Batch processes are an example of thermal chemistry and have been utilized for decades
in the pharmaceutical industry.! They comprise consecutive reactions and 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 consumption.>® These processes have remained
relatively unchanged over the years. However, with legislations shifting toward sustainability and
reduction of carbon emissions, the overall profile of these batch processes is desired to be “green”
as well.

Continuous flow processes have shown their potential for increasing sustainability and
efficiency. Already implemented in the petrochemical and 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 processes entirely,
they can provide sustainable, cost-effective, and time-efficient alternative methods for organic

transformations.® In the small scale, continuous flow reactors offer precise heat transfer and
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mixing of reagents, better control of toxic and reactive substances, and highly efficient
photochemical or electrochemical methods.>® Specifically, the utilization of flow reactors in

visible-light photocatalysis presents new, 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* ——>»
‘;>
e No photocatalyst e Visible light
e Individual substrates not excited by light

(c) Photoredox catalysis

s iz
PC
A B
Oxidative Reductive
quenching PC* hv  PC- quenching

cycle cycle
'_B*EB?\ /#‘A*
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B A

A+ BE—> P

PC = molecular photocatalyst
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(D) Electronic band catalysis
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Valence
band
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non-molecular photocatalyst
(e.g..metal oxide semiconductors)

e Catalytic e Visible or UV light
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A, B, C = Reagents/reactants; P = products; SET = single electron transfer
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Figure 3.1: (A) Light driven photochemical reaction. (B) Photochemical formation of electron

donor-acceptor (EDA) complex. (C) Photoredox catalysis. (D) Semiconductor-assisted

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

Figure 3.1 A-D shows various types of photochemical reactions that have potential to be
implemented in a flow settup.” Figure 3.1A and 3.1B show schematics of non-sensitized
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 Chapter 1. Irrespective of the sensitizers, a small-scale flow
reactor consists of tubing either wrapped around a light source or surrounded by strips of LED
lighting (Figure 3.1E). Lastly, light intensity decreases exponentially with distance from the light
source (Figure 3.1F). Thus, non-homogeneous 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 reaction. 8

Various photoredox reactions with iridium complexes as sensitizers that activate the nickel
catalytic cycle have been adapted for flow conditions.® Figure 3.2 depicts a decarboxylative
arylation reaction in the multigram scale. However, homogenous conditions result in wasteful
isolation, purification, and post reaction workup, specifically for the catalysts.?!® Replacing the
iridium photocatalyst with QDs supported on the 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 applications,'! their use in photoredox catalysis of organic
transformations remains limited. Here, we present the implementation of the Mn-doped 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 Mn?*:CdS/ZnS coating in a

photocatalytic flow reactor. Challenges 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 conditions. Image adapted from reference

9. License link https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
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3.2 Flow reactor coated with Mn-doped quantum dots

3.2.1 Experimental

The inner wall of a Pasteur pipette, which served as the reaction chamber, was treated with
mercaptopropyltrimethoxysilane followed by coating with Mn-doped QDs via evaporated-assisted
deposition. The quantum dot film was then crosslinked with heptanediamine (as in Section 2.5)
and stored under inert conditions. The coated reaction chamber was connected via a plastic tubing
to a syringe filled with a solution of 0.5 mM nitrobenzene and 150 mM ammonium formate in 2-
propanol under inert conditions. The flow system was equilibrated under 395-nm 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 specified). Aliquots were collected and diluted for UV absorption
measurement. For back-to-back reactions, the flow reactor, tubing and syringe were rinsed with

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

3.2.2 Results and Discussion

We developed a flow reactor to show the versatility of the QD films and their potential for
efficient, large-scale photoredox reactions. Figure 3.3 shows the setup. We investigated the
reduction of nitrobenzene to aniline in the flow system. The reaction solution consisted of 0.5 mM
nitrobenzene and 150 mM ammonium formate in 2-propanol. Flow rates of 10 to 2 mL/h were
tested under irradiation of 395 nm. High flow rates (e.g., 10 mL/h) hindered the conversion of
nitrobenzene to aniline, while slower rates proved to be more effective with a rate of 2 mL/h
yielding the most reproducible conversion. Figure 3.4A shows the UV-Vis spectra of sequential
aliquots of the reaction solution collected at a flow rate of 2 mL/h. The peak at 258 nm corresponds

to the unreacted nitrobenzene. As the reaction mixture flowed through the reaction chamber, the
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nitrobenzene peak decreased, and the absorption feature of aniline increased. We monitored the
absorbance of aniline and nitrobenzene at 236 and 258 nm, respectively. Figure 3.4B summarizes
the average absorbance intensities of three trials at a flow rate of 2 mL/h. The initial volume (~2
mL) showed unreacted material because no equilibration with light was employed. As the solution
flowed through under constant irradiation, the presence of aniline was detected consistently in the
UV spectra. The flow system was used in back-to-back 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 in a photocatalytic flow reactor under 395

nm illumination. Reaction mixture flowed at a rate of 2 mL/h through the QD-coated reaction

chamber and collected in a 20 ml vial.
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Figure 3.4. (A) UV absorption 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. Data points in the 0-2 mL range show unreacted
material present in the connection tubing.

However, further optimization is still necessary. The *H NMR spectra of the post reaction
solution do not show pure products. Figure 3.5 shows the proton NMR spectrum of the products
obtained from the reaction under flow conditions. While aniline is present in the products, the
broad peak down field, at ~7.2 ppm, suggests presence of other aromatics such as
phenylhydroxylamine and nitrobenzene. Meanwhile the up-field signals could result from the
ligands of detached QDs, such as oleylamine or the crosslinker heptane diamine. There are several
factors that can contribute to the incomplete conversion of nitrobenzene to aniline, a 6-electron
process, that mechanistically proceeds through multiple intermediate species (i.e. nitrosobenzene,
phenylhydroxylamine) which can accumulate in the reaction solution and decrease yield.*> The

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 an accumulation of phenylhydroxylamine which can undergo
condensation to azoxybenzene and azobenzene and subsequently yield aniline.*> The various
pathways that lead to the production of aniline can affect reproducibility and complicate the
optimization of flow reactors. Additionally, surface interactions between the reactant and catalyst,

together with diffusion limited proton transfer also need to be considered. 2

Nk UV

8.0 7.‘5 7!0 6.|5 6?0 5.|5 5.0 4.15 410 35 3.|0 25 2.|0 1.‘5 1.|0 0.‘5 ppm
Figure 3.5. *H NMR spectrum of post reaction solution at a flow rate of 2 mL/h. Peaks at 6.47-

6.52 ppm (c), 6.55-6.58 ppm (b), and 6.98-7.03 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 2 mL/h 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 with limited mixing of reactants. Capillary tubing (with a much
smaller diameter) can overcome the problem of mixing by shortening the distance between the
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reactants and photocatalysts. Additionally, due to the exponential attenuation of light distance, a
narrower tubing can potentially improve the conversion via more uniform irradiation. However, a
challenge with using capillaries is the effective coating of the walls with QDs. Narrow capillaries
can be clogged by detached QDs or undesirable precipitates from the reaction mixture. The third
factor is the presence of oxygen in the reaction solution that can be detrimental in the reduction of
nitrobenzene. Oxygen molecules can easily react with any of the reaction intermediates and
generate nitrobenzene or other biproducts. 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 can increase the number of
photocatalytic cycles of the Mn-Doped QD because the flow of the reaction mixture provides fresh
sacrificial hole scavenger to the QD film. This rapid replenishment of the vacancies left by the hot
electrons may inhibit detrimental processes 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 the
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 metal catalysts, and closed vessels. The
preliminary work on the Mn-doped QD-coated flow reactor shows promising potential and may
be expanded for use in other reactions including the hydrogenation of nitriles and reductions of

alkyl or aryl azides.
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3.3 Challenges and limitations of doped QDs as photocatalysts

Despite the superior performance of doped QDs to undoped QDs, some challenges remain. Successful
doping is one of the main synthetic challenges of QDs. Self-purification 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 batch of doped QDs needs to be characterized
extensively to determine size (TEM), dopant location (EPR), and dopant concentration (ICP-OES). Some
of these characterization methods can be costly. Also, an in-depth understanding of the photophysical
processes, specifically the generation and the fate of hot electrons during photoexcitation, needs to be
established for a broader implementation of QDs in photocatalytic applications. Lastly, the stability of the
photocatalyst is key. In the case of QDs, photodegradation from accumulated holes causes oxidation 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
photogenerated holes is a key aspect in increasing the reusability of QDs. Additionally, treating the films
with the crosslinker between reactions can help increase their lifetime. Addressing these challenges will

significantly improve the chances of the large-scale implementation of QDs in photocatalysis.

3.4 Future directions

Reviews by MacMillan!®-*° outline a plethora of well-characterized photoredox reactions
catalyzed by transition metal complexes, some of which we hypothesize that doped QDs can
potentially substitute. Figure 3.2 depicts three potential reactions where the QDs may replace the
Ru(bpy)sCl.. Figure 3.5A and B show net reductive and net oxidative reactions respectively. In
these types of reactions sacrificial hole scavengers or electron sources are necessary. Figure 3.5C

shows a redox neutral reaction which does not require additional reagents. 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 “
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Figure 3.6. (A) Reductive dehalogenation of phenacyl bromide. (B) Oxidative hydroxylation of
arylboronic acids. (C) Radical addition of Se-phenyl p-tolueneselenosulfonate to allkyl vinyl

ethers. Reprinted with permission from reference 13.

The formation of carbon-carbon bonds is a crucial aspect of synthetic organic chemistry.
A prospective research direction is the implementation of doped QDs as sensitizers in traditional
cross-coupling reactions. Almost all cross-coupling reaction involve oxidative addition of a metal
centre followed by a transmetalation step and a reductive elimination step.” Photogenerated
electrons and holes in the doped QDs can potentially improve the oxidation and reduction of metal
centres and increase the efficiency of catalytic cycles. Figure 3.6 shows a proposed mechanism
where the conventional iridium photocatalyst acts a sensitizer for the nickel catalytic cycle in a
cross-coupling reaction. We propose that transition-metal cross-coupling reactions including
copper,*® nickel,'” cobalt,*® palladium®® can be adapted with doped QDs as sensitizers where QDs

can perform single electron transfer to either the nickel catalyst or to the reactants heterogeneously.
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Figure 3.7. Proposed mechanism for carbon-carbon cross coupling reaction where photoredox
catalysis is used in tandem with the nickel catalytic cycle. Replacing the photoredox cycle of
iridium with doped QDs may increase the efficiency of the reaction. Reprinted 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 processes. One of the limitations of
photochemical reactions in largescale batch processes is that light intensity decreases
exponentially with distance as described by Beer-Lambert law. Utilizing a thin and long reactor
with light source distributed along its length can 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-

throughput experimentation (HTE) method, such as a 96-well plate, to investigate batch conditions
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under illumination for use in flow reactors.® Figure 6.1 depicts the translation of batch reaction to
flow reaction via HTE. The microscale size of the reactions in a 96-well place mimics the flow

reaction conditions.

Our initial work with immobilized Mn-doped QDs as flow reactor coatings, instead of the
homogeneous transition metal complexes, shows that heterogeneous photocatalysts can potentially
simplify the adaptation of batch conditions to flow systems. We propose that multiple reaction
solutions can be set up in vials and connected to an array of photocatalyst-coated flow reactor
chambers. This array of QD-coated reaction chambers can investigate several reaction conditions
in parallel. The parallel flow setup can provide a high throughput platform for integrating doped

QDs instead of iridium and ruthenium complexes in photoredox reactions, with a significant

Optimization i Flow
Platform Reactor

— —
" . 1R

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 link https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode

reduction in post-reaction work up. Once 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 catalyst-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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Chapter 4 — Introduction to Biomarkers, MicroRNAs (miRNA), Localized
Surface Plasmon Resonance (LSPR), and Imaging Mass Cytometry (IMC)

4.1 Biomarkers

The importance of biomarkers cannot be overstated. Generally, a biomarker is an indicator
that identifies and describes health, disease, or disorder. In the early stages of medicine, biomarkers
were physical observables such as pulse, blood pressure and bodyweight. 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 as molecules or proteins that
can be reliably detected and quantified, in turn providing insight on the onset and progression of a
specific disease or disorder.! The utilization of biomarkers as predictive means allows for rapid
diagnosis of disorders, delivery of specific information, and ample time for treatment.? Some
common and well studied biomarkers in blood serum include troponin (myocardial infraction)?®,
carcinoembryonic antigen (various cancers),* and amino transferases (liver disease).® Additionally,

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

The constant advancement in technological and medical fields demands new, accurate, and
specific biomarkers, primarily for implementation in precision medicine. 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 prior to the onset of symptoms and its quantity should
change with disease development or treatment.® Finally, the methods for the detection of the
biomarkers should be transferable from the research to clinical settings. New biomarkers that fully
satisfy the above criteria are hard to come by. The lack of clinically significant proteins highly
specific to a disease, and a shortage of robust detection methods, deter the translation of new
biomarkers.”® However, efforts to expand the spectrum of potential candidates have persisted.
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The first detection of cell-free nucleic acid (cfNA) in human blood was reported in 1948
by Mandel an Metais.® The importance of the discovery was not appreciated until 1994, when
cfNA, comprising DNA and messenger RNA (mMRNA) and microRNA (miRNA), in blood was
directly linked to cancer.%* However, the potential of RNA as a biomarker was initially dismissed
due to its instability and the elevated amounts of nucleases present in plasma. These claims were
eventually overturned, and it was established that the detection of cfNA in serum could improve
diagnosis while circumventing invasive tumor biopsies.*? Additionally, cfNA levels are elevated
not only in cancer patients, but also in patients with inflammatory disease and tissue trauma.*® This

new class of biomarkers has proven promising for cancer and various other disorders.
4.2 MicroRNA

Of all the cfNAs discovered in blood, miRNAs attracted the most attention, primarily
because they were a newly discovered class of nucleic acids in 1993.1* Since then, miRNAs have
been found in all animals studied. MiRNAs are short, non-coding RNAS ranging from 17-22
nucleotides in length.}* Generally, they are transcribed from DNA and undergo extensive
modifications to reach their final form.!%” They are important mediators in gene regulation and
serve critical roles in animal development. The specific mechanisms by which miR-210 controls
gene regulation depend on the target mMRNA molecules it interacts with. In general, the binding
miRNA-210 to the 3' untranslated region (UTR) of target mRNA, typically through a short
complementary sequence of nucleotides known as the seed region, leads to either degradation of
the mRNA molecule or inhibition of its translation into protein.'>!® The degradation of MRNA
can occur through the activity of RNA-induced silencing complex (RISC) or miRNA-mediated
deadenylating. Inhibition of mMRNA translation occurs through steric hindrance or interference

with translation initiation factors. The binding specificity of miRNA-210 is further influenced by
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other factors, including the abundance of the miRNA and its target mRNA, as well as the
presence of other RNA-binding proteins that can compete with the miRNA for binding to the
mRNA.>17 Atypical expressions of these miRNAs can be linked to various diseases and
cancers,'®!8 and their presence in extracellular fluids makes them excellent candidates as
biomarkers. The discovery of miRNAs opened new avenues in the field of molecular biology,

genetics, and biomarkers.

The first use of miRNA as a biomarker, for non-Hodgkin lymphoma, was reported in
2008.1° With well established methods for the detection and amplification (QRT-PCR) of nucleic
acids, the exploration of miRNAs as biomarkers rapidly increased.?> MiRNAs have the potential
to surpass proteins as biomarkers due to the ease of implementing them in multimarker panels,
which are crucial for the diagnosis cancer — a heterogenous disease.?* A panel utilizing nine
miRNAs has reportedly improved the diagnosis of breast cancer.?? Finally, multimarker panels of
miRNAs can provide patient specific diagnosis and treatment. Since their discovery, the scope of

studies of miRNAs has expanded to other disorders such as preeclampsia.?

A human placenta contains upwards of 600 miRNAs with miRNA-210 as the most studied
one: specifically in its relation to preeclampsia.?* Preeclampsia is a pregnancy-specific disorder
which affects 5-8% of pregnant women, and its onset is difficult to predict. It is a leading cause of
maternal and neonatal mortality.? Extensive studies have shown that miRNA-210 is upregulated
with the onset of preeclampsia and it has potential to serve as a biomarker.?® Furthermore, the
overexpression of mMiRNA-210 can be induced under low oxygen (hypoxic) condition, not only in
endothelial and tumor cells but also in cultured trophoblasts.?” Thus, it can serve as a model

molecule to study and for developing new technologies for its detection as biomarkers.
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4.3 Gold nanoparticles

Localized surface plasmon resonance (LSPR) is a phenomenon in 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 therapy.?®?° Additionally, noble metal nanoparticles, can be easily
modified with polymers, proteins, and DNA. Particularly, DNA conjugated AuNP have become
attractive candidates 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 oscillation 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 nanoparticle
with dimensions much smaller than the wavelength of light (Figure 4.1).%° The high surface to
volume ratio of the nanoparticles 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 nanoparticles.
At specific wavelengths, these oscillations resonate, polarizing the particle and increasing the

extinction cross section. Mie theory describes the LSPR phenomenon.!
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Equation 4.1 depicts the relationship of the extinction cross section to nanoparticle radius (R),
wavelength (), electron density (N), dielectric constant of the medium (&med), and €j and & which
are the imaginary and real components of the dielectric function of the bulk metal. Finally, y,

describes the effect of shape on the polarization of surface electron under incident light.31:3

Extinction cross-section reaches a maximum when the condition & = -yemed i Satisfied,
where resonance is achieved and the characteristic LSPR peak is observed.3'32 For noble metal
nanoparticles such as Au and Ag this phenomenon occurs in the visible region, hence giving rise
to their use in sensing and imaging applications. Factors such as size, electron density, and 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 more tunable extinction spectra than Au**. However, AuNP are more

widely used due to their stability.
4.4 DNA-AUNP

Conjugation of AuNPs with sequence-specific DNA strands (denoted as DNA-AuUNP)
permits for the implementation of these nanoparticles in a wider range of applications when
compared with the bare AuNP. Single-stranded DNA (ssDNA) on AuNPs can improve their
biocompatibility, facilitate installation of fluorescent probes, and increase colloidal stability.*>
Additionally, DNA-AuUNPs with unique sequences that bind to a specific target can serve as probes

and signal generators in sensing methods.3” These DNA-AuUNP 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 for the detection of RNA.%8

S
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Recognition Nano-flare Reporter "Flare"
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Figure 4.2. Illustration of nanoflare system developed by Mirkin et al. Hybridization of the
recognition sequence on the AuNP with a dye labeled reporter sequence 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 American Chemical Society.

Nano-flares are DNA-AUNP conjugates that function as reporters in cellular uptake
processes, and probes to detect mMRNA binding.3® They utilize the distance-dependent fluorescence
quenching capabilities of AUNP to generate an optical signal.***! Figure 4.2 depicts the nanoflare
system with mRNA as a target molecule with sequence-specific SSDNA on the AuNP as a
recognition agent.*? A short reporter sequence tagged with a fluorescent molecule (Cy5),
hybridizes to the sSDNA on the nanoparticles with the Cy5-terminated end in proximity to the
nanoparticle. Nonradiative energy 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 4.2). Fluorescence-based methods suffer from
weak signals and bleaching, especially when used for detecting low abundant targets such as
miRNAs. Therefore, an alternative technique capable of detecting low abundant species is sought

after.

84



4.5 Imaging mass cytometry

Imaging mass cytometry (IMC), a method that analyzes fixed cells, couples traditional
mass cytometry, with a laser ablation technique to generate multiplexed images of cells and
tissues.** IMC utilizes antibodies conjugated with high mass probes, typically stable isotopes of
transition metals in the lanthanide series. Its mode of operation involves treating slides of
immobilised cells or tissue sections with various lanthanide-tagged antibodies and intercalators as
stains followed by laser ablation and time-of-flight (TOF) mass spectrometry. A pulsed laser (213

nm) with a 1 um diameter spot size scans the slide and vaporizes each spot sequentially. A carrier
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Figure 4.3. Principle of operationT'cr)r;ce Imaging Mass Cytometry. (TOP) Lanthanide-labelled
samples are ablated with a laser 1 um in diameter. The plume of ions is ionized in an ICP torch
then analyzed with a time-of-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 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 particles to the inductively coupled plasma (ICP) ionizer. Then, a TOF
analyzer separates the ions based on mass to charge ratio. The ions of interest, i.e. the high mass
lanthanides, are indexed with each spot on the slide ultimately producing an intensity map of all

the targeted components in the cell or tissue.***® Figure 4.3 depicts the process.

The resolution of ~1 um in IMC enables the interrogation of subcellular components,
biomarkers, and signalling pathways. A higher resolution, of less than 1 pum spot size, is possible
at the cost of a reduced sensitivity because a smaller spot size results in fewer ions. The resolution
also depends on the frequency of ablation (spots/s); a higher frequency results in a decrease in
resolution because of cross contamination of the plumes from individual spots. The resolution of
IMC is higher than Matrix Assisted Laser Deposition lonization (MALDI) which ranges from 3 to
5 um.*+4¢ Generally, a 1 mm? square area on the slide can be scanned in approximately 2 hours
using IMC. Coupled with cell segmentation software and bioinformatic tools, IMC is emerging as

a powerful tool for cellular and tissue analysis.

One of the main advantages of IMC is its multiplexing capabilities. The CyTOF technology
produces highly resolved signals from lanthanide ions that are conjugated to antibodies.*”*® This
overcomes the main drawback of spectral overlaps of dyes in immunofluorescence methods. While
standard immunofluorescence methods utilize up to four tags simultaneously, IMC can implement
and resolve up to 37 tags without overlap.** On the other hand, one challenge with IMC lies in the
detection of low amounts of target proteins or biomarkers. Low levels of protein target lead to few
bound metal-tagged antibodies and low signal intensity. Additionally, the detection of nucleic

acids, such as miRNA, by IMC has not been demonstrated.
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Figure 4.4. Diagram of the RNAscope assay mode of operation. (Step 1) Tissues or cells are fixed
and permeabilized. (Step 2) Tissues or cells are incubated with RNA-sequence specific Z probes.
(Step 3) Multiple signal amplification species are introduced comprising amplifiers, labels, and
probes. (Step 4) Conventionally imaged with fluorescent microscope. 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 assay. This assay utilizes various sequence-specific
recognition factors (Z probes) that bind to mMRNAs 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 be imaged with a fluorescent microscope®® or IMC. While this assay works for
MRNA, it is not transferrable to miRNAs. The short sequence of miRNAs (17-22 nucleotides)
does not allow for sufficient Z probes to hybridize and thus diminishes the signal amplification
cascade. Therefore, alternative mass probes are desirable and critically needed for detecting low

abundant nucleic acids, such as miRNAs, by IMC.

The scope of the second part of the dissertation explores DNA-AuUNPs for imaging low
abundant miRNAs in human trophoblast cells. The target-specific DNA serves as a recognition

element (for miRNA-210) and the AuNP serves as a high-mass probe with approximately 10 000

87



atoms for signal amplification. Compared with the IMC’s limit of detection, >400 ions/um?, a
single binding event of a gold nanoparticle provides ample signal low abundant molecules.
Overall, we investigated the cellular uptake DNA-AUNP by imaging mass cytometry in
comparison with traditional confocal microscopy utilizing the AuNP nanoflares. The work is the

first exploration of nanoparticles as high-mass probes in the field of imaging mass cytometry.
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Chapter 5 - DNA-conjugated Gold Nanoparticles as High-Mass Probes 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. Chen. ACS Appl. Bio Mater. 2,

43164323 (2019). Copyright 2019 American Chemical Society.)
(All experiments, data analysis, and manuscript preparation were performed by Brian Malile,
with the exception of the initial IMC experiment related to the concentration-dependence study
by Jelena Brkic. IMC data were acquired with the assistance of Dr. Alexandre Bouzekri, under

the directorship of Dr. Olga Ornatsky at Fluidigm Inc. Funding was secured by Dr. Wilson, Dr.
Peng and Dr. Chen)

5.1 Abstract

We employ Imaging Mass Cytometry™ (IMC™) to investigate in vitro uptake and cellular
distribution of DNA-functionalized gold nanoparticles (AuNP). IMC enables the multiparametric
imaging of cell components and allows for the detection of AuNP in cells with >100 times higher
sensitivity than fluorescence imaging, as each nanoparticle contains thousands of atoms for signal
amplification. Changes in the accumulation of nanoparticles in cells due to oligonucleotide
sequence-dependent interactions are exploited to examine a model biomarker for hypoxia —
microRNA-210. We find that AuNP functionalized with microRNA-210-targeting sequence
accumulate in hypoxic cells 3 to 4-fold compared to normoxic cells. The work examines the

potential use of DNA-AUNP as high-mass probes for the analysis of non-abundant nucleic acids.
5.2 Introduction

DNA-conjugated gold nanoparticles (DNA-AuUNP) are widely explored for theranostic and
imaging applications.! The sequence-specific interactions of DNA-AuUNP with cellular species in
particular have led to their use as antisense therapeutics? and imaging probes for biomarkers and

metabolites in vitro.>® To track their cellular uptake, optical microscopy based on fluorescence’
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or darkfield scattering®® is commonly employed. However, these techniques show limited
sensitivity where high concentrations of nanoparticles are required or impose restriction on the
size of the nanoparticles. Notably, the effect of binding of biomolecules to DNA-AUNP 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 detecting biomarkers with DNA-AUNP.

A technique offering a much higher sensitivity than optical microscopy is Imaging Mass
Cytometry™ (IMC™), IMC combines highly multiplexed immunohistochemistry with CyTOF®
technology, which employs a time-of-flight mass cytometer and a scanning laser ablation source.
In IMC, antibodies, DNA-intercalators, and other probes are functionalized with high-mass tags
from the lanthanide series, with the possibility of analyzing up to 37 tags simultaneously.'® The
immobilized and labelled cells are ablated by a pulsed laser and the plume of sample fragments
ionized by inductively coupled plasma is detected by the CyTOF® mass analyzer. The area of
interest is scanned spot by spot with a resolution of 1 um per pixel'®*? to generate a full image of
the mass tags in the cells or tissue. The technique overcomes the limitations of common optical
imaging techniques such as immunohistochemistry and immunofluorescence, which suffer from
narrow dynamic range for quantification and limited multi-parametric detection as a result of the
spectral overlap of fluorophores.'® IMC has been shown to be invaluable for mapping intracellular
environments as well as heterogeneity of tissues and tumors,*! and it is poised to facilitate the
diagnosis and prevention of diseases.

On the other hand, challenges exist in employing IMC for the detection of low-abundant
species in cells where the signal of targets tagged by a few hundred transition-metal atoms may be

insufficient for detection. Nanoparticles, each comprising hundreds to tens of thousands of atoms,
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can potentially amplify these mass signals dramatically. Previous work exploring polymer-labelled
AuUNP* and lanthanide nanoparticles!® in mass cytometry demonstrated enhanced detection of
low-abundant biomarkers such as CD14, CD3, and CD4. DNA-AuUNP are potentially ideal
ultrahigh-mass targets for IMC through the sequence-specific hybridization of the surface-
anchored oligonucleotides with cellular nucleic acids. A class of low-abundant biomarkers
recently discovered is microRNA (miRNA). miRNAs are short noncoding oligonucleotide
sequences that regulate gene expression mainly by inducing the degradation of messenger RNAs
(mMRNA) and by inhibiting mRNA translation.*® With diverse functions, microRNAs are involved
in many biological processes and their aberrant expression is linked to disease.'”*® Hypoxia, or the
deficiency of oxygen in tissues, is a well-studied facet of the disease state that is involved in the
development of many diseases, including preeclampsia.*® A well-studied miRNA, miRNA-210, is
the only miRNA consistently shown to be upregulated by hypoxia.?® Although mRNAs can be
readily tagged and corresponding IMC signals amplified using the cascade hybridization assay
(RNAscope®),?! such an approach cannot be applied to miRNAs because of their short length.
Hence there is a need to develop probes and methodologies for IMC of low-abundant nucleic acids.

Herein we study the uptake and intracellular trafficking of DNA-AuUNP using IMC and
investigate the differences in the fate of the nanoparticles arising from the sequence-specific
interactions with miRNA-210. We show that the multi-parametric imaging allows for the
segmentation of cells and quantitative analysis of gold signals, which are found to be the highest
in hypoxic cells incubated with miRNA-210-targeting DNA-AuUNP. The findings pave the way to

exploit DNA-AUNP as probes in IMC for the analysis of low-abundant nucleic acids.
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5.3 Results and discussion

5.3.1 Uptake of AuNP and detection by IMC

DNA-AuUNP of 15-nm in size were used for cell internalization studies. We constructed
several different types of DNA-AUNP (Figure 5.1) to carry out comparative studies between IMC

and confocal fluorescence microscopy.
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Figure 5.1. Different types of DNA-AuUNP employed for IMC (Type 1), fluorescence tracking
(Type 11) and Energy-Transfer-Based assay for miRNA-210 detection (Type I11).

To gauge the sensitivity of IMC at ablating nanoparticles and detecting Au, cells were incubated
with nanoparticles (Type | DNA-AuUNP, Figure 5.1) at increasing concentrations of 0.001 nM, 0.01
nM and 0.1 nM and stained with an **Ir-labelled DNA-intercalator. IMC images in Figure 5.2 a-
¢ show a clear consistent signal of the DNA-intercalator localized to the nucleus (blue). The Au
signals (Figure 5.2 a-c, in red, and Figure 5.2 d-f shown alone for clarity) show an increase of

signal with increasing concentration of AuNP. Furthermore, we observe that most of the gold
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signals come from the perinuclear region, consistent with the endocytosis uptake pathway.?? As
the particles become internalized in the cytoplasm, they traverse through early endosomes, to late
endosomes and finally to lysosomes which are located close to the nucleus.?>
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Figure 5.2. IMC images of cells incubated with increasing concentration of gold nanoparticles for
24 h: 0.001 nM (a, d); 0.01 nM (b, e); and 0.1 nM (c, f). Signals from "'Ir-labelled DNA
intercalator (blue) and '”7Au (red) are overlaid in a-c, and signals from Au alone are shown in d-f

for clarity. Scale bar: 100 pum.

Notably, IMC can detect the presence of Au inside cells after incubation with as low as
0.001 nM AuNP (Figure 5.2d), a concentration that is 1000-fold lower than what can be observed
via fluorophore-tagged AuNP. Increasing the concentration of AuNP to 0.01 nM (Fig. 5.2e) leads
to intense °’Au signals localized at the perinuclear region, consistent with previous reports.?325
For comparison, Figure 5.3 shows the optical mapping of the AuNP using fluorophore-tagged
DNA on nanoparticles (Type Il DNA-AuUNP, Figure 5.1, denoted as Cy5-DNA-AuUNP), where a

discernible signal can be observed only at a concentration of >1 nM AuNP.
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Figure 5.3. Fluorophore-tagged AuNP (red) with increasing concentrations in cells media.
Fluorescence signal is observed at nanoparticle concentration of 1 nM. Little to no signal was
observed at 0.1 and 0.5 nM of AuNP in growth media. Nuclei and late endosomes are shown in
blue and green, respectively. Scale bar: 10 um. Arrangement of oligonucleotides on the AuNP is

depicted in Figure 5.1, Type II.

Because IMC is a destructive technique and lacks vertical resolution, we used confocal
fluorescence microscopy to confirm the internalization of the AuNP. Figure 5.4 shows the Z-stack
fluorescent images of Cy5-DNA-AuUNP, nuclei and lysosomes. Images obtained in the Z-stack
mode with the confocal microscope depict the tags, specifically the AUNP-Cy5 (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 AUNP-Cy5 being sedimented

on top of the cells.
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Figure 5.4. Z-stack confocal microscopy images of cells incubated with 1 nM of Cy5-tagged
AuNP: Signals of Cy5 displayed in red, late endosome in green, and DAPI in blue. The vertical

distance between confocal planes is 1 um. Scale bar: 10 um.
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5.3.2 Multiparametric imaging

Next, we exploit the multiparametric capability of IMC by incorporating five labels. The
absence of spectral overlap in mass tags provides a clear view of the cellular components. Figure
5.5a shows a merged image of five labels. Figure 5.5 b-f shows the individual channels of the
tagged biomolecules: The pankeratin marker (Figure 5.5¢) and iridium DNA-intercalator (Figure
5.5e) are used to determine the cytoplasm and cell nuclei; Ki-67 (Figure 5.5f) is used for
identifying proliferating cells; other cell components, such as late endosome (Figure 5.5d) and
lysosome, can be tagged with labelled antibodies/antigens. Conjugated gold nanoparticles (Figure
5.5b) are the species of interest. The combination of labels allows for downstream analysis,

identification, and segmentation of cells to their components.

Figure 5.5. MUtiparamefric imaging with IMC: merged image of all signal (a); images of
AUNP(*"Au) (b), pankeratin-*2Dy (c), late endosome (Rab7-1%°*Ho) (d), DNA (Intercalator-Ir)

(e), and Ki-67-1%8€Er (). Scale bar: 100 pm.
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5.3.2.1 Sequence-specific uptake and trafficking of DNA-AuNP

We investigate the role of the oligonucleotide sequence in the cellular uptake and
trafficking of the nanoparticles using IMC. Previous work has shown that the uptake of DNA-
AUNP depends on several factors including the conformation of the conjugated oligonucleotides,
the nature of the DNA (single- vs double-stranded),* and the surface charge of the
nanoparticles.?’?® Nanoparticles with single-stranded DNA were shown to be internalized more
readily than nanoparticles with double-stranded DNA. However, dSDNA-AuUNP are more resistant
to nuclease activity?*?® making them more stable and therefore we employed a short complement
strand in the DNA-AUNP (Type I, Figure 5.1) for IMC. We examine two sequences conjugated on
gold nanoparticles: (i) a probe sequence that is complementary to miRNA-210 (denoted as AuUNP-
Probe) and (ii) a nonbinding scrambled sequence that serves as a control (denoted as AuNP-
Scramble). The short complement allows for the exposed nucleotides of the surface-bound
oligonucleotides in AuNP-Probe to interact with miRNA-210 via strand-displacement. The
conjugated nanoparticles were separately incubated with HTR-8/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 may not necessarily reveal the influence
of the sequence-specific interaction with the cellular nucleic acids. Hence, we examine the relative
change in the uptake of AuNP-Scramble and AuNP-Probe under different conditions, instead of

between sequences under the same condition.

The hypoxic condition was induced either directly by culturing in low oxygen (3%) or
indirectly by the addition of CoCl,. Cobalt binds to von Hippel-Lindau protein and stabilizes a

transcription factor that is upregulated in low-oxygen conditions, Hypoxia Inducible Factor 2a,
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thus mimicking hypoxia.?® The cells were incubated with DNA-AUNP for at least 24 h, then fixed,
labelled, and mapped using IMC. Figures 5.6a-d show DNA-intercalator and pankeratin stain in

blue and green, depicting the nucleus and cytoplasm, respectively. The signals from gold

nanoparticles are shown separately in Figures 5.6e-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 AuNP-Probe or AuUNP-Scramble under normoxic
(a and c) and hypoxic (b and d) conditions: DNA (blue), pankeratin (green), and AuNP (red). Au
signal (red) is shown in e-h. Inset depicts representative outlines of nuclei (light blue) and cells

(green) from segmentation. Scale bar: 100 pum.

along with high magnification insets depicting outlines of cells and nuclei (obtained from
pankeratin and DNA-intercalator stains) overlaid with the merged (Figure 5.6a-d) and Au (Figure
5.6e-h) signals. For quantitative analysis, Au signals were integrated across areas of whole cells
and nuclei, while the cytoplasmic signals were obtained by taking the difference between the two.
Figure 5.7 shows the box plots of integrated Au signals in whole cells (Figure 5.7a), cytoplasm
(Figure 5.7b), and nuclei (Figure 5.7c) of the different samples. Cells incubated with AuNP-
Scramble show a decrease in Au signal from normoxic to hypoxic condition (median of 4202 vs
2431 counts). In comparison, cells with AuNP-Probe exhibit an increase in Au signal from
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normoxic to hypoxic condition (median of 1973 vs 5610 counts). The increase in Au signal from
AuUNP-Probe observed from normoxic to hypoxic condition is observed in all cellular
compartments with the greatest difference (by 3.9-fold) found in the cytoplasm (Figure 5.7b).
Additionally, we gquantified the signals of other cellular markers in IMC. Figure 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 AUNP-Scramble and AuNP-Probe
(Figure 5.9). Therefore, we attribute the changes in Au signals to the sequence-specific interaction

of oligonucleotides on the nanoparticle with cellular species, in this case miRNA-210.
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Figure 5.7. Quantification of 1%’ Au signals from cells incubated with AuNP-Scramble 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% oxygen.
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AuNP-Scramble AuNP-Scramble AuNP-Probe AuNP-Probe
Normoxia Hypoxia Normoxia Hypoxia

AuNP

Ki67-Er168

Intercalator-Ir191 Pankeratin-Dy162

Figure 5.8. Representative images of all signals from IMC for samples with different conditions:
signals of '°’Au in red, late endosome (Rab7-1%°Ho) in yellow, Ki-67-%Er in cyan, pankeratin-
82Dy in green, and DNA in blue. The cellular markers show negligible variations in intensity.

Scale bar: 100 um.
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Figure 5.9. Analysis of IMC signals corresponding to other biomarkers: a) pankeratin, b) DNA,
¢) Ki-67.

Figures 5.10 and 5.11show additional IMC experiments between AuNP-Scramble and AuNP-
Probe under normoxic vs hypoxic conditions, where the decrease in Au signal is consistently

observed for AuNP-Scramble while an increase is observed for AUNP-Probe.

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

Hypoxia
.-
--

Figure 5.10. Additional IMC images of AuNP-Scramble (a and b) and AuNP-Probe (c and d) under

AuNP-Probe

AuNP

Intercalator-Ir

normoxic and hypoxic conditions, respectively. Hypoxia was induced by incubating cells in
growth media with 100 uM CoCl,. Nuclei is shown in blue(Intercalator-'°2Ir) and "7 Au signal

in red. Images e-h show only the gold signals for clarity. Scale bar: 100 pm.
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Figure 5.11. Additional IMC studies of cells incubated with AuNP-Scramble and AuNP-Probe
under normoxic (grey) and hypoxic (white) conditions. '’ Au signals in cells are integrated and

quantified. Hypoxia was induced by incubating cells in growth media with 100 uM CoCl..

We hypothesize that the greater accumulation of AuNP-Probe under hypoxic conditions
may be attributed to the sequence-specific interaction with miRNA-210, which is elevated under
hypoxia. Mature miRNAs function as part of a larger ribonucleoprotein complex, known as the
RNA-induced silencing complex (RISC), where they provide transcript specificity. The binding
of miRNA-210 and its associated RISC to the AuNP-Probe may alter the trafficking of the
nanoparticles, leading to a greater retention inside cells, in particular in the cytoplasm where
mature miRNA are processed and the majority of them carry out their function.3%-33 Previous 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 nanoparticles.
The surface properties of the nanoparticles may be altered due to protein adsorption which in turn
affects the exocytosis rate.®* As a result, the association of related proteins to miRNA bound on
the AuNP-Probe may lead to an overall greater accumulation of nanoparticles inside cells, before
the nanoparticles are packaged up for excretion in lysosomes?>?* as detected in the perinuclear
region.
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5.3.3 Comparative fluorescence study

In parallel we carried out a confocal fluorescence study to investigate how hypoxia affects
the general uptake and retention rate of DNA-AUNP using AuNP functionalized with fluorophore-
tagged non-interacting oligonucleotides (Type Il DNA-AuUNP, Figure 5.1). Figure 5.12 shows a
decrease in the amount of AuNP in cells under hypoxia, in line with the decrease observed for

AuUNP-Scramble in IMC study.

Normoxic Cells Hypoxic Cells

AuNP-Cy5

Figure 5.12. A comparison of nanoparticle (type 1l DNA-AuUNP, Scheme 1) uptake in normoxia
vs. hypoxia using confocal fluorescence microscopy. Panels a and b show merged signals of nuclei
(blue), lysosome (green), and Cy5-DNA-AUNP (red). Panels ¢ and d show Cy5 signal that reports
the location of AuNP. Scale bar: 10 pm.
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We confirm the upregulation of miRNA-210 in HTR-8/SVneo cells under hypoxic condition with
gRT-PCR, and in single cells using energy-transfer-based nanoparticle assay. The qRT-PCR
results show that miRNA-210 levels increase by 3-fold under hypoxic condition compared to

normoxic condition (Figure 5.13).
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Figure 5.13. Relative miRNA-210 levels of cells under normoxic (white) and hypoxic conditions

quantified by qRT-PCR. Hypoxia was induced by decreasing O2 to 3% (blue) or adding CoCl; to
growth media (striped). An upregulation of miRNA-210 of ~3-fold under hypoxia is observed

compared to normoxia.

In the energy-transfer-based nanoparticle assay, cells were incubated with AuNP-
Scramble-Cy3 and AuNP-Probe2-Cy3 (Type Il DNA-AuUNP, Figure 5.1), where the partial
complement of the DNA-AUNP is fluorescently tagged. The orientation of the fluorescent tag is
designed to be close to the surface of AuUNP thereby quenching the fluorescence. Upon binding of
the target, the partial complement with the fluorescent tag is displaced and fluorescence is restored.
This approach has been widely explored for the detection of biomolecules such as mRNA and

ATP.>5 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 AuNP-Probe2-Cy3 display an increased signal from

normoxic to hypoxic conditions.

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

Figure 5.14. Energy-transfer-based nanoparticle assay for miRNA-210 analysis. Fluorescently-

AuNP-Cy3

tagged AuNP-Scramble (a, b) and AuNP-Probe (c, d) were incubated with cells under normoxic
and hypoxic conditions. Merged images showing nuclei (blue), lysosome (green) and AuNP-Cy3
(red, also shown separately in e-h). An increase in Cy3 signal is observed for cells with AuNP-

Probe under hypoxia (3% O2). Scale bar: 10 um

In contrast, cells incubated with the nonbinding sequence (AuNP-Scramble-Cy3) show
negligible difference in the fluorescence intensity. Quantification of the fluorescence signals
segmented into the different cell compartments (Fig. 5.15) shows an increased signal in both the
cytoplasmic and nuclear regions; however, it is most pronounced in the cytoplasm, in line with our
IMC findings. Note that in the fluorescence study, the signal does not come from the gold
nanoparticle but from the displaced Cy3-tagged strand unlike IMC that directly probes the location
and existence of AuNP. Overall, the fluorescence study corroborates the 3-fold increase in

miRNA-210 under hypoxia, in agreement with gRT-PCR results.
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Figure 5.15. Probing miRNA-210 levels using energy-transfer-based nanoparticle assay. The
fluorescent signals of AuNP-Scramble-Cy3 and AuNP-Probe2-Cy3 under normoxia (blue) and
hypoxia (stripe) obtained from confocal microscopy: in cells (a), in cytoplasm (b), and from the
nucleus region (c¢). The binding of miRNA-210 to AuNP-Probe2-Cy3 leads to the release of Cy3-

labelled DNA and an increase of ~2.5-3-fold in fluorescence intensity in hypoxic cells.

5.4 Conclusions and outlook

In conclusion, we show that DNA-conjugated AuNP have the potential to be used as probes
in IMC. With this method we achieved greater than 100-fold increase in sensitivity compared to
conventional fluorescence-based techniques allowing us to utilize picomolars of nanoparticles,
rather than nanomolars. An enhanced accumulation of nanoparticles under hypoxic condition was
found for AuNP functionalized with miRNA-210-targeting sequence. This accumulation is more
pronounced in the cytoplasm than the nucleus and is consistent with the upregulation of miRNA-
210 under hypoxia as confirmed by gRT-PCR and the FRET-based nanoparticle assay. A potential
challenge with using DNA-AUNP as probes in mass cytometry through endocytosis is that the
uptake of nanoparticles may be variable and dependent on cell type, culturing condition, and
microenvironment. Hence, factors influencing the rate of nanoparticle uptake and trafficking may

confound the direct comparison of sequence-specific interactions. Further methodology
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development will explore smaller DNA-AuUNP for the direct staining of low-abundant nucleic acid
biomarkers in fixed cells. Additionally, IMC is a qualitative technique thus its findings will always
need to be supported with quantitative methods. With the flexibility in sequence design and
materials compositional control, DNA-functionalized nanoparticles may be valuable high-mass

probes in multiparametric IMC.

5.5 Methods

Reagents and materials

Gold nanoparticles (15 nm) were purchased from Ted Pella, Inc. Thiolated and
fluorescently tagged oligonucleotides were purchased from IDT DNA Technologies. NAP-5
Columns were purchased from GE Healthcare Lifesciences. Ki-67-1%Er and Pankeratin-162Dy,
DNA Intercalator-1%21%|r, and goat anti mouse-'®*Ho, were obtained from Fluidigm. The 4-well
chambered slides (Nunc™ Lab-Tek™ |l CC2™) were purchased from ThermoFisher Scientific.
Mouse monoclonal antibodies to Rab7117, rabbit monoclonal to Lampl, and rabbit monoclonal
antibodies to EEA1 were purchased from Cell Signalling Technology. All other chemicals were

obtained from Sigma Aldrich.

Functionalization of gold nanoparticles

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

oligonucleotide mixture was then desalted using a NAP™-5 column, dried and isolated.

A volume of 300 pL of AuNP (2.5 nM) was incubated with 0.7 OD of oligonucleotides for
10 min. Sodium Dodecyl Sulfate (SDS) and Phosphate Buffer (PB) were added to a final

concentration of 0.01 % and 1X PB (10 mM), respectively. After 20 min, volumes of 2 M NaCl in
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0.01% SDS and 1X PB were added incrementally to increase the 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 DNA-AuUNP were then incubated overnight at room temperature, and
subsequently centrifuged and purified to remove excess DNA. The DNA-AuUNP were resuspended

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

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

DNA-AuUNP were hybridized with the corresponding complement.

DNA Seguences:

Type I - IMC Studies:

AuUNP-Probe:

Seq. 1: 5’-HS - AAA AAT CAG CCG CTG TCA CAC GCA CAG -3’
Seq. 2: 5’- ACA GCG GCT GAT -3’

AUNP-Scramble:

Seq. 3a: 5’- HS - AAA AAA AAA AAT GCG ATGCGT T -3’

Seq. 4a: 5’- AAC GCA TCG CAT -3'-Cy3

Seq. 3b: 5’-HS - AAA AAT CAACCT TGG TTA TAC GAT GAC -3’
Seq. 4b: 5’- ACC AAG GTT GAT -3’

Two sets of control sequences were used. The combination of Seq. 3b and 4b was designed
to be similar in length and composition to AUNP-Probe. Seq. 3b was randomized to have no known

homology to human RNA based on GenScript® Sequence Scramble.

Type Il - Confocal Fluorescence Tracking:

Cy5-DNA-AuUNP

Seq. 5: 5"- HS - AAA AAA AAA AGA GCT GCA CGCT GCC GTC -3
Seq. 6: Cy5 - 5’- GAC GGC AGC GTG CAG CTC -3

Type 11 — Energy -Transfer-Based miRNA-210 Assay:
AuUNP-Probe2-Cy3

Seq. 7: 5 -HS - AAA AAA AAAACTGTGC GTG TGA -3’
Seq. 8: 5- TCA GCC GCT GTC ACACGC ACAG -3 -Cy3
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Target
miRNA-210: 5’- CUG UGC GUG UGA CAG CGG CUG A -3’
Imaging Mass Cytometry Studies

Concentration dependence

An immortalized first-trimester trophoblast cell line, HTR-8/SVneo, was obtained from
and cultured as previously reported.®® Cells were seeded on a 4-well chambered slide at 7500
cells/chamber in 10% Fetal Bovine Serum (FBS)/RPMI and incubated for 24 hours at 37 °C under
5% COz and 21% O>. DNA-AUNP (functionalized with Seq. 1 and hybridized with Seq. 2) were
added to three chambers at final concentrations of 0.001, 0.01, and 0.1 nM. After 24 h of incubation
with the nanoparticles, cells were washed with 1X PB three times. The cells were then fixed with
400 uL of 4% formaldehyde/PBS (phosphate buffer saline) per chamber for 15 min, followed by
permeabilization with ice-cold methanol for 30 min at room temperature. The cell antigens were
blocked with 1% bovine serum albumin/PBS for 1 h and stained with monoclonal antibodies
against cytoplasmic and nuclear compartments of adherent cells in 0.5% BSA/PBS overnight at 4
°C. The labelled monoclonal antibodies (Fluidigm) consist of Ki-67-1%Er (Clone Ki-67) and
pankeratin-1%2Dy (Clone C11). After overnight incubation, the cells were washed two times with
PBS/triton 1% for 5 min each and three times with 1X PBS. Cells were stained with the DNA
intercalator-1°+1%|r (Cell-ID™ Intercalator-Ir, Fluidigm) in PBS for 30 min, washed with PBS and
deionized water, and air-dried. The slides were analyzed with the Hyperion™ Imaging System™,
acquiring typically 2 images of each well at 500 um x 500 um per area. Data analysis was
performed using MCD™ Viewer 1.0, CellProfiler™ 3.0 and Igor Pro. Boxplots were generated
using BoxPlotR available at http://shiny.chemgrid.org/boxplotr/. Center lines show the medians;
box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend to

5th and 95th percentiles; outliers are represented by dots; sample size (n = number of cells) is
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noted. The notches are defined as £1.58*IQR/sqgrt(n) and represent the 95% confidence interval

for each median. Non-overlapping notches give roughly 95% confidence that two medians differ.3’

Comparison of uptake under normoxia vs hypoxia

AUNP-Probe (Seqg. 1 and Seq. 2) and AuNP-Scrambled (Seq. 3a and Seq. 4a, or Seq. 3b
and Seq. 4b) were separately added to cells cultured on the chamber slide. A final concentration
of 0.01 nM of NP in cell media was used. The cells were cultured under normoxic condition (21%
0>) or hypoxic condition (3% O>) for 24 h. Alternatively, the method of CoCl» addition was used
to induce hypoxia in which cells were first incubated for 24 h with AuNP, followed by additional
24 h in growth media with 100 pM CoCl,. The cells were incubated at 37 °C in 5% CO;and 21%
0., Samples were fixed, blocked, and stained. Anti-Rab7 mouse primary antibody with a secondary
goat anti mouse-%*Ho were used for imaging late endosomes, followed by Ki-67-1%Er, pankeratin-

162 Dy and DNA Intercalator-11%|r to avoid any crosslinking with the antibodies.

Confocal microscopy

Tracking cellular uptake

Nanoparticles functionalized with Seq. 5 and hybridized with Seq. 6 (denoted as Cy5-
DNA-AuUNP) were used to track the cellular uptake. They were added to the growth medium at
specified final concentrations (or 1 nM). After incubating for 24 h, the growth medium with excess
DNA-AuUNP was removed and cells were washed three times with 1X PBS, followed by 30-min
treatment with ice-cold DAPI in methanol for fixing. Cell antigens were blocked with 1% bovine
serum albumin/PBS for 1 h, then incubated for an additional 24 h with Rabit-Anti-Lampl primary
antibody for lysosome detection, or with mouse anti-RAB7 for late endosome detection. Cells

were then washed three times with 1X PBS after 24 h and incubated with secondary goat anti-
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rabbit tagged with Alexa Fluor 488 for 60 mins at room temperature. The cells were washed and

imaged with a Zeiss LSM 700 laser scanning microscope.

Energy-transfer-based nanoparticle assay

AUNP-Probe2-Cy3 (Seq. 7 and Seq. 8 tagged with Cy3) and AuNP-Scrambled (Seq. 3a
and Seq. 4a tagged with Cy3) were separately added to cells cultured on the chamber slide at a
final nanoparticle concentration of 1 nM. The cells were either grown at normoxic (21 % O) or
hypoxic (3% O) condition for 24 h. The staining and washing procedures were identical to the

previous confocal procedure.

Quantification of miRNA-210 by gRT-PCR

Total RNA was extracted using TRIzol™ reagent (Invitrogen™) as previously
reported.®®% The miRNA-210 levels in cells were measured using TagMan® PCR kit
(ThermoFisher Scientific) and normalized to U6 snRNA. Relative quantification of miRNAs was

calculated using the 222t method.
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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 can be used as a
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 cells which comprises an array of keratins and is widely
used in diagnostic applications

5. Ki-67 —common biomarker for cancer diagnosis, as it can provide information on the growth

rate of cancer cells.
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Chapter 6 - Challenges and Outlook on the Application of DNA-AUNP in
Imaging Mass Cytometry

6.1 Limitations of IMC

Although IMC allows for multiplexed imaging of specimens with pum 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, hinder the 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 availability and specificity of a variety of antibodies. Overcoming these obstacles

will expand the utility of IMC and facilitate the discovery of new cytometry-based techniques.

Long acquisition times (~120 min/1 mm?) make 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 hollow needle, can be used to make smaller
ROIs though with added cost.'? The overall range and amount of metal-tagged antibodies for
labeling slides also increases the cost.® Labelling large tissue 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 once-analyzed ROIs can not be imaged again, however
other regions in the slide are stable 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 laser-ablated spots (blue and green) in the calibration tape over the

course of 20 hours for 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 robustness.* The implementation
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 imaged prior to
each ROI data acquisition to monitor the stability of the laser intensity over the long acquisition
times.? Although it was observed that signal strength can be stable over the course of an
experimental run (i.e. ~4-6 ROIs), the intensities between different runs can vary significantly.
Hence it is desirable to establish a method of quantification by correlating 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 various signals from the calibration tape over time. Alternatively,
developing more stable high-power lasers may circumvent this limitation and enhance the

quantification scope of IMC.

IMC has comparable constraints to fluorescence-based methods as they both rely 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 blocking steps during staining are crucial to prevent
nonspecific interactions.® In Chapter 5, we showed how sequence-specific DNA-AUNP can be
used for targeting nucleic acids. Conjugating gold nanoparticles with antibodies can potentially
simplify staining procedures by removing the need for a secondary antibody for specific targets.
Furthermore, aptamer-gold nanoparticle conjugates can add another dimension to targeting cellular
components. Aptamers 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 a few.” Thus, implementation of
DNA-AUNP and aptamer-AuNP 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, addressing the high costs by optimizing workflows, improving data processing
and acquisition times, and diversifying staining protocols with DNA and aptamer-nanoparticle

conjugates can facilitate its in routine settings.
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6.2 Challenges and outlook of DNA-AUNP in imaging mass cytometry

An important challenge of using AuNPs as high-mass probes in IMC arises from the
intricate pathways of their uptake and excretion. Although substantial studies on the endo- and
exocytosis of DNA-AUNP exist, there is no unified viewpoint. This uncertainty on the uptake and
excretion pathways can blur discussions specifically when considering the utilization of DNA-
AUNP in the detection of low-abundant biomarkers in cells. Establishing a solid understanding of
the cellular uptake and excretion of DNA-AuUNPs will enhance their potential biological sensing

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

Phago-

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 uptake of particulates in the

micrometer range, and is not implicated in internalization of nanoparticles.® Conversely,
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pinocytosis describe various internalization processes of particles much smaller than phagocytosis
with clarithin mediated endocytosis (CME) being the most prevalent method for DNA-AuUNP
uptake.® However, size, shape, and surface charge need to be considered since they play a
significant role in cell-nanoparticle interaction. While CME is the main uptake pathway for
spherical DNA-AUNP, gold nanorods are internalized through micropinocytosis, which is the
uptake of particles through large vacuoles.*® Therefore for the successful implementation of AuNP
as high mass probes in IMC, uptake mechanisms need to be systematically characterized for DNA,
aptamer, and antibody conjugates. Not all cell lines internalize particles identically. Figure 6.3
depicts model cell lines used in research and their varying uptake mechanisms for surface
functionalized gold nanorods. Human umbilical vein endothelial cells (HUVEC) and human
monocyte-derived macrophages (HMDM) cells utilize caveolae mediated endocytosis and
micropinocytosis respectively for the uptake of particles.!! These cells do not distinguish between
the various surface coatings of the nanorods. Conversely, the other two cell lines HeLa (cancer
cells) and RAW cells (murine macrophages) employ all three pathways for internalization, with
some degree of selection for the coatings of the nanorods. Therefore, uptake mechanisms for
surface modified nanoparticles needs to be established for each cell line for the effective
application of nanoparticles in imaging mass cytometry. Alternatively, as demonstrated in Chapter
5, careful controls using DNA-AUNP with non-targeting sequence but similar properties as the
targeting DNA-AUNP are required for comparison. One way to bypass the complicated uptake
pathways is by employing DNA-stabilized nanoclusters instead of the widely used 15-30 nm
particles. Nanoclusters consist of 20-150 atoms and have unique optoelectronic properties.*?*® Due
to their small size (1-1.5 nm), they can permeate cell membrane after fixing thus be utilized

similarly as labeled antibodies. While the extent utilization of DNA-AUNP in IMC is still in its
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infancy, there is potential for broad applications because of their stability, low-cost, and tunability

in surface modifications.
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Figure 6.3. Internalization pathways of macrophage derived cells lines (blue) and human cell lines

(red) for surface functionalized gold nanorods. Reprinted with permission from reference 11.

6.3 Future outlook

Similar to metal-tagged antibodies, various types of nanoparticles can be used in panels for
multiparametric imaging. While gold nanoparticles are most used due to their stability and facile
functionalization, other metals such as platinum, and silver can potentially be utilized as well.
Reports of antibodies labeled Lanthanide, tantalum oxide nanoparticles, osmium-tagged
polystyrene spheres show that high mass tags for imaging mass cytometry are rapidly
developing.}*® Similar to panels of metal-tagged antibodies, panels of sequence-specific
nanoparticles of various metals can diversify the toolbox specifically for investigating low-

abundant nucleic acids simultaneously.
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Nanomaterials that are detectable with multiple instruments can improve the efficiency and
quality of experimental procedures. Cadmium based quantum dots, in addition to the
photocatalytic capabilities discussed in Chapter 2, have absorption and emission spectra and are
desirable materials for fluorescence methods. They have small sizes, that can permeate cell
membranes prior to fixing, and can be functionalized with antibodies.!” Therefore, they can be
used as fluorescent tags and high mass probes simultaneously. The multifunctionality of QDs can
be advantageous in samples where in-vivo fluorescence microscopy can be performed prior to
fixing cells for IMC. In summary, conjugated nanomaterials that rival the antibodies in cost,
performance, and stability can enhance the extent of implementation of IMC outside cancer

research.
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Epilogue

As shown in this dissertation, the underlying theme in nanomaterials research is that by
shrinking a material to the nanoscale, new properties can be harvested in a range of applications.
An in-depth investigation of their surface chemistry and physical and chemical properties shows
the complexity and scope of nanomaterials research. Interestingly, one can interchange the two
types of nanocrystals investigated - gold nanoparticles as photocatalysts, and quantum dots for
imaging applications. Quantum dots may be used as high-mass probes in imaging mass cytometry
where their small size can increase their internalization by cells; they can potentially be coated
with oligonucleotides and probe nucleic acids in cells in a similar fashion to the DNA-gold
nanoparticles. The different composition of QDs such as CdS, CdSe, CdTe, can serve as the signal
for image generation, On the contrary, conjugation of the surface of gold nanoparticles with QDs
may have synergistic effects where the metal surface catalyzes reactions with the hot electrons
generated by the Mn-doped quantum dots. Overall, the field of nanomaterials research is the space
where expertise from physics, chemistry, biology, medicine, and engineering converges and

creates opportunities for highly diverse projects and applications.
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