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ABSTRACT
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Philosophy, 2020

Directed By: Professor Zeev Rosenzweig, Ph.D., Department
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Luminescent semiconductor quantum dots (QDs) are continuously
incorporated into bioassay, imaging, and treatment technologies. Cadmium-based
QDs are commonly used in these technologies because of their superior optical
properties—within the visible to near infrared wavelengths of light—compared to
QDs made of other materials. However, concerns about cadmium toxicity have led to
the increased use of protective coatings around cadmium-based QDs and to the
development of QDs composed of more benign materials. The varying methods used
to attain these QDs produce them with inherently different materials and structures.
Additionally, QDs have varying homogeneous or heterogeneous surface chemistries.
The QD surface may be either organic or aqueous-miscible; neutrally, positively, or
negatively charged; and comprised of either short ligands, bulky biomolecules, or
long polymeric chains. The different QD materials, structures, and surface
chemistries impact whether QDs will associate with cells, and dictate what other

interactions may occur after association.



Our studies aim to concurrently investigate the impact that varying QDs’
compositions have on their interactions with human and environmental health models
in the context of antibacterial research. This context is important since there is
currently a rise in the development of QD-based antibacterial treatments, which
harness the inherent cytotoxic activity of QDs and steers it towards the rising onset of
multidrug-resistant bacteria. Thus, this dissertation investigates the interactions of
QDs with model liposomes, bacterial cells, and human red blood cells. We
specifically compared the interactions of 1) CdSe core to ZnSe core QDs, 2) core
QDs to ZnS-shelled QDs, 3) QDs with negatively charged ligand terminations to
positively charged ligand terminations, and 4) core QDs of varying amine content
surface coverage with these models. Various techniques—such as absorbance,
emission, mass spectrometry, microscopy, dynamic light scattering, zeta potential,
and FRET measurements—were used to characterize the QDs’ compositions and their
interactions with the biological models. These studies have increased our mechanistic
understanding of the interactions between QDs and cells, how to control these
interactions, and how to design future QD technologies to have intended interactions
with targeted organisms while maintaining minimal impact on organisms which are

essential to human and environmental health.
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Scheme 5.3: Example 96 well plate layouts for one biological replicate of the
hemolysis assay.
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Chapter 1: Introduction to the study of molecular interactions

between luminescent quantum dots and bacterial cells.

1.1 Luminescent Semiconductor Quantum Dots

Fundamental studies on luminescent semiconductor quantum dots (QDs) have

continued since the initial discovery of QDs approximately 40 years ago.? These

studies have been sustained by interest in QDs’ unique photophysical properties, and

the ability to manipulate these properties—with great precision—using relatively

simple synthetic methods. The photophysical properties of QDs—including narrow

size distribution, high quantum yield, and high absorptivity*>°—are the result of the

quantum confinement effect. In quantum confinement, a material’s excitons have

their spatial motion restricted to discrete energy levels within the valence and

conduction energy bands, rather than being free to move throughout the continuous

energy bands that
are present in bulk
materials  (Figure
1.1). This effect is
observed in QDs
since their diameter
—typically between
1-10 nm—is within

the same size order
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Figure 1.1: The quantum confinement effect on bulk energy bands.



as the distance between their conduction and valence bands (aka their energy band
gap or Bohr exciton radius). The manipulation of QDs’ photophysical properties
starts by tightly controlling the synthesis conditions of the QD core to affect its
material composition, band gap size, and wavelengths of absorption and emission.5®
Then, QD cores are often coated with higher energy band gap shells which can
enhance their emission quantum yield and brightness due to improved surface-
passivation, and with other surface modifying ligands that affect the QDs’ miscibility
and stability.

The unique, tunable photophysical properties of QDs have enabled their use in
a broad array of technologies for computing®*!, energy harvesting'? '3, bioimaging'*
16, cancer therapeutics'” '8, antimicrobial therapeutics®® 2, and other applications®!-4,
Each applied QD technology requires characterization of the QDs’ photophysical
properties and the potential interactions that the QDs may have with organisms
relevant to the intended technology. Hence, there are several published investigations
on how QDs interact with organisms when they are alone and when they are
incorporated into specific technologies.’>" 25%° These studies differ in their
perspective of QD interactions depending on whether they find intended and/or
unintended interactions between the QDs and organisms. Unfortunately, even though
there is a plethora of these studies, there is a lack of harmonization between them
which would allow scientists to consider and compare the available literature in order
to broadly apply the findings to all QD technologies.

This dissertation is composed of molecular level studies on QD interactions

with multiple cell models, which were systematically conducted in order that the



findings could be extrapolated to explain the potential environmental and human
health implications of antibacterial QD technologies, specifically. Antibacterial QD
technologies are under development as potential nontraditional antibacterial entities
which may address the concerning rise in prevalence of drug-resistant bacteria. The
literature on antibacterial QD technologies has demonstrated the clinical potential of
these entities, but lacks a molecular level understanding of how these antibacterial
QDs will interact with their targeted bacteria and the essential cells that they will
encounter once applied as treatments or flushed from treated persons into the
environment. This dissertation investigates the interactions between antibacterially-
active QDs with potential bacterial targets, essential bacterial and human cells, and
liposome models of these cells. Since these QDs are being investigated alone and
conjugated to other antibacterial entities, what immediately follows is a brief

discussion of the several antibacterial entities relevant to the scope of this work.

1.2 Account of Traditional Antibacterials: Metals and Small Molecule Antibiotics

1.2.1 Interactions between Bacteria and Metals

The interactions between bacteria and metals are relevant to this dissertation
since metal ion dissolution is one of the primary mechanisms of QD interactions.?” 3
60-63 Metals and bacteria have a complex relationship as some metals are essential for
cellular functions, some metals are non-essential and non-cytotoxic, and other metals
are non-essential and cytotoxic. Further, high concentrations of any metal, even if
essential, can be harmful to bacterial cell homeostasis.®* The essential metals for most
bacteria include sodium (Na), magnesium (Mg), potassium (K), calcium (Ca),

vanadium (V), chromium (Cr), manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni),



copper (Cu), zinc (Zn), selenium (Se), and molybdenum (Mo).%>%" They are deemed
essential as they are required for regular physiological and functional processes—
such as Mg’s role stabilizing the cell membrane through neutralizing phospholipid
head groups outside the cytoplasm and the nucleotides in the cytoplasm®; Mn’s role
in catalytic detoxification of reactive oxygen species (ROS) and lipid, protein, and
carbohydrate metabolism®” ©; Fe’s role in electron transport chain reactions, DNA
biosynthesis and hemoglobin’s ability to carry oxygen®® ®°: Zn’s role in cell
metabolism, virulence, gene expression, and general cellular metabolism®” %°; and
Se’s role in anaerobic cellular respiration’® ™. The intercellular concentrations of

essential metals are regulated by

dedicated  transport  proteins
\S‘urface adsorption

Bioaccumulati

Non-essential  metal  uptake Electrostatic o -

. interactions
e
and

Ton exchange

linked to intracellular sensing

machinery, such as ATPases.%¢ "2

Precipitation

typically occurs via the same
transport proteins, but can also

occur through various passive

biosorption mechanisms (Figure

1.2).%6: 3.7 These routes of metal Surface complexation
. Figure 1.2: Biosorption mechanisms for metal uptake into
uptake are what allow cytotoxic bacteria.

metals to be used as homeostasis-disrupting antibacterial agents.
Metals with antibacterial activity have been found to act through several

different mechanisms, which do not necessarily act exclusively. These mechanisms



include metals leading to protein dysfunction, antioxidant depletion, membrane
impairment, nutrient uptake interference, and genotoxicity.® >-8 Protein dysfunction
and loss of enzyme activity has been observed with metals binding to inappropriate
catalytic or structural binding sites, with improper metal binding in binding clusters,
and with metal oxidation of any binding sites.®® ™ The generation of ROS from
metals has been linked to intercellular Fe and copper (Cu) Fenton chemistry lending
to antioxidant depletion, and linked to the reduction of various metals which lends to
thiol depletion.%® ’® Metals have been proven to disrupt membrane potentials and
cause membrane damage which leads to the interference of appropriate metal and
nutrient transport across the membrane.’® 7 And finally, genotoxicity is a
downstream result of all of the above mechanisms’ effect on the nucleic acid function
and mutation rates of the cytotoxic metal-exposed bacterial cells.%® @ Further, the
level of metal toxicity through these aforementioned mechanisms is dictated by the
metals’ donor atom selectivity, reduction potential, and speciation.®® Donor atom
selectivity dictates which molecules the metals interact with intracellularly, and to
what degree. The reduction potential of metals speaks to their potential to affect the
intracellular redox balance. The speciation of metals primarily influences their donor
atom selectivity and reduction potential, but also affects metals’ solubility and
bioavailability.

The use of metals as antibacterial agents has been documented since antiquity
and is undergoing a modern resurgence. Silver (Ag) and Cu have been used to
preserve food and water, to sterilize wounds, and to treat ailments by Aztecs,

Persians, Phoenicians, Greeks, Romans, and Egyptians since B.C.E times.%¢ 798



Additionally, Zn has been found in the medicinal storages of B.C.E. Roman ruins.®
In modern times, other metals that have been investigated for their specific
antibacterial activity include titanium (Ti), zirconium (Zr), tin (Sn), lead (Pb),
bismuth (Bi), cadmium (Cd), tellurium (Te), Ni, and Mo.”" 8 8 Society now
incorporates some proven antibacterial metals into clothing, foodware, plastics,
ceramics, surgical steel, and other technologies in which it is important to prevent the
growth of invasive bacterium and other microbes.%® " 8 These technologies have
been found to be especially important for the clinical, research, food preservation, and
hospital industries. However, between the historical and the recent resurgent use of
metal antibacterials, synthetic small molecule antibiotic developments decreased the
focus on metals’ antibacterial activity. The next section discusses the development

and activity of these small molecules.

1.2.2 Interactions between Bacteria and Small Molecule Antibiotics

The interactions between bacteria and small molecule antibiotics are relevant
to this dissertation since the nontraditional antibacterial agents used in this work were
pursued due to antibiotics® ineffectiveness against resistant bacterial infections and
were designed to act via similar antibacterial mechanisms. Like metals, small
molecules have also been used to treat bacterial infections since antiquity; however,
the use of the term ‘antibiotic’ and the onset of the modern era of small molecule
antibiotic treatment is not marked until the 20" century. Antoine Béchamp (a late 19™
century French scientist), Paul Ehrlich (a late 19" century German physician), the
aforementioned ancient civilizations that used metal antibacterials, and several others

are all known for using mold extracts, plant extracts, and other chemicals composed



of small molecules to treat bacterial infections.®* The term ‘antibiotic’ was first used
by Selman Waksman in 1941 to describe ‘small molecules with antimicrobial
activity, which were isolated from other microbes’.8%> The term is now used to
describe ‘any small molecule that antagonizes bacterial growth, no matter if the
molecule was biologically or synthetically made’. The modern antibiotic era began
with the discovery of the fungus-derived penicillin compound by Alexander Fleming
in 1928. The development of and clinical research on penicillin—before its
worldwide distribution started in 1945%—occurred during the “golden age” of
antibiotic discovery, between the 1940s-1960s.85 Most antibiotic classes still in use
today were discovered during this time period. These antibiotics are primarily
produced by and isolated from the actinomycetes family of soil bacteria.®®

Small molecule antibiotics have varying synthetic routes, structures, and
mechanisms of antibacterial action. Their synthesis typically involves enzymatically-
driven (and post-translationally modified) modular biosynthesis from amino acids,
fatty acids, and sugar building blocks.&> However, some antibiotics have more unique
building blocks that may also undergo modular biosynthesis, or be modified
synthetically.2> The microbial genes responsible for the biosynthesis of antibiotic
molecules have evolved overtime, primarily, via horizontal gene transfer (definition:
the movement of genetic material which is not from parent to offspring, but instead
non-sexually between genomes).®® This fact makes it difficult to track a clear lineage
from the various antibiotic producing microbes to common ancestors, unless they
were modified intentionally in a lab. Regardless—and depending on their molecular

structure—historically and presently used antibiotics have all mostly targeted cell



membrane synthesis, nucleic acid metabolism, or ribosomes to combat bacterial
growth.8* 8 The common structures of antibiotics are used to divide them into
classes. The most common classes include penicillins, cephalosporins, quinolines,

sulfonamides, tetracyclines, and glycopeptides (Figure 1.3).
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Figure 1.3: General structures of common small molecule antibiotic classes.

1.2.3 Antibiotic Resistance

Antibiotic resistance refers to a pathogenic bacterium’s adaptation into a
bacterium that can overcome the efforts of an antibiotic’s mechanisms of action
following initial, susceptible exposures to the antibiotic.'® 8" # Bacteria have gained
resistance by undergoing nucleic acid mutations, modifying their enzymes, modifying
incoming drugs, pumping drugs out with efflux pumps, and undergoing horizontal
gene transfer.®* & For examples: 1) Nucleic amino acid substitutions in the gyrase
enzymes and the 23S rRNA have resulted in bacterial resistance to fluoroquinolones
and oxazolidinones, respectively.®® ! 2) Several Enterobacter species, Pseudomonas
aeruginosa, and Neisseria gonorrhoeae infections produce extended-spectrum (-

lactamases which open the B-lactam ring of the antibiotics that contain one (Figure
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Figure 1.4: B-lactam antibiotics before and after inactivation by p-lactamases.

1.4), rendering the antibiotic inactive.'® % 9 3) Bacteria’s N-acetyltransferases are
their most common modifying enzymes, which can acetylate multiple sites on
aminoglycoside antibiotics and prevent them from binding to target sites in bacteria.**
4) The small multidrug resistance family and the multidrug and toxic compound
extrusion family of efflux transporters, in both gram-positive and gram-negative
bacteria, use proton motive forces to rid of internalized antibiotics.®® 5) Lastly,
horizontal gene transfer is often considered the most important cause of resistance
since it allows bacteria which have gained resistance by any of the aforementioned
mechanisms to spread the adaptation information to other species.® %

Unfortunately, while scientists have noted resistance throughout the modern
antibiotic era, they are now observing accelerating resistance rates and more
multidrug-resistant (MDR) infections which are severely challenging the limited
number of available antibiotics and the development of new ones.*® The rate of small
molecule antibiotic discovery significantly dropped in the 1970s. 8 & % And while
society is still considered to be in the modern antibiotic era, no new classes of small
molecule antibiotics—which are effective against the growing population of bacteria
that are resistant to the currently available drugs—have been discovered or produced
since the 1980s. Additionally concerning is the prevalence of hospital-acquired drug-
resistant ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and the



Enterobacter species) infections, which account for the majority of hospital-acquired
infections in general 2% 191 More than 15% of ESKAPE infections are MDR, which
has owed hospital-acquired bacterial infections an estimated 6-10% death rate every
year since 2002, globally.%8 101-104

As of December 2019, there were only 41 traditional small molecule
antibiotics in the clinical development pipeline designed to target the top MDR
bacterial threats to human health.2%-1%7 Current trends show that only 1 in 5 of these
drug candidates will make it to market after clinical testing (Figure 1.5).8% 106107 Thyjs
small conversion rate is largely due to the high cost (about $200 million per drug)
associated with the clinical development and commercialization of these drugs, the
occurrence of significant off-target toxicity discovered during clinical testing, and the
development of bacterial drug resistance realized during and after clinical testing.®
This conversion rate has only translated to 1 new antibiotic per year between 2004

and 2009, 2 antibiotics per year for 2011 to 2014, 5 in 2015, 2 in 2017, 3 in 2018, and
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Figure 1.5: The number of drug candidates in
various stages of the clinical pipeline between
2014 and 2019.84 105

overcome.®® 1% The clinical testing-to-
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pipeline conversion rate and the number of available drug candidates are not
competitive with the accelerating rate of bacteria’s resistance development.®® Further,
some of the drug candidates that do make it to market are rendered obsolete very
quickly; such as Daptomycin and Ceftazidime-avibactam which both had documented
cases of drug-resistant bacteria within a year of their release for clinical use.®® 8 The
high cost, low rate of success, and possibility of a quick remission of success makes
the development of antibacterial agents unappealing to drug-developing companies,
which further limits the development of critical antibacterial agents.’°® There are last
resort drugs available to treat most resistant bacterial infections. However, most last
resort drugs are older, more toxic drugs that may resort in other patient health and
compliance issues to overcome.® Further, scientists are increasingly observing MDR
infections which are also resistant to the last resort drugs; such as with Colistin-
resistant Pseudomonas aeruginosa, Acinetobacter baumannii, and Enterobacter
species.®® 106109 Qyerall, it appears that traditional antibiotic development and the
current clinically-used drugs will not be able to keep up with the accelerating rates of
bacterial drug resistance. Therefore, there is serious need to not only continue to
improve upon the robustness of traditional antibacterial treatments’ development, but

to also research nontraditional antibacterial treatments.

1.3 Account of Nontraditional Antibacterials: Peptides, Polymers, and Nanoparticles
The research, clinical, and political communities that are seeking to address

the growing prevalence of MDR bacteria have recognized that fully understanding the

mechanisms of action for effective natural and synthetic antibacterial treatments will

improve on and inform the design of the next generation of antibacterial agents. To
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this end, teams of researchers and clinicians are taking several approaches to define
the specific mechanisms of action for different traditional antibacterial agents. With
this information, the first move to combat the onset of MDR was to make antibiotic
analogues (definition: compounds with modified structures of existing antibiotics,
with components that bacteria had not yet evolved resistance for). For example,
ceftaroline and ceftolozane are analogues of the ceftazidime antibiotic that, when
paired with pB-lactamase inhibitors, extends the effectiveness of cephalosporin
antibiotics to drug-resistant ESKAPE bacteria (Figure 1.6).%% 1° Now, scientists are
also finding or designing nontraditional antibacterials that either 1) mimic the
mechanisms of action of traditional antibacterials—while lacking the components that
bacteria have developed resistance to—or that 2) work by completely different
mechanisms. These nontraditional alternatives include bacteriophage, antibody,
antimicrobial peptide, antimicrobial polymer, and nanoparticle formulations. 8+ 8¢
This dissertation specifically elucidates interactions between bacteria and the latter

three antibacterial agents—alone and as conjugates.
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1.3.1 Interactions between Bacteria and Antimicrobial Peptides

The nearly 3,000 identified naturally-occurring antimicrobial peptides (AMPS)
are nature’s evolutionary combatants against bacterial, fungal, and protozoan
pathogens.!'115 Although there is great diversity in the genetic sequences of these
AMPs, over 2,000 have been found to have antibacterial activity. The overall cationic
nature of these antibacterial AMPs enables their binding to all bacterial membranes—
since these membranes are negatively charged—through nonspecific electrostatic
interactions.3% 13115 However, compositional differences between gram-negative and
gram-positive bacterial membranes do require different AMP characteristics for
maximum efficacy. AMPs with higher hydrophobicity and stronger pore-forming
mechanisms are most effective against the more rigid, multilayer membranes of
gram-positive bacteria. More hydrophilic AMPs that act through membrane-coating
mechanisms are most effective against gram-negative bacteria. An additional benefit
of antibacterial AMPs’ cationic nature is that it prevents them from interacting with
the predominately zwitterionic lipid-containing mammalian cell membranes. 3% 113-118
Additionally, mammalian membranes’ cholesterols and other lipids result in
membrane curvatures that inhibit antibacterial AMPs’ binding. Under the right
conditions, the lack of interaction between mammalian membranes and antibacterial
AMPs minimizes the off-target toxicity of these AMPs and enables their use for
treating bacterial infections in humans and animals.'*® Furthermore, another
important fact is that bacterial adaptation and resistance development against AMPs
is significantly lower compared to the rate of bacterial resistance development

towards small molecule antibiotics.!** This is likely due to the fact that the
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interactions between AMPs and bacteria are nonspecific, but strong. The bacterial
membrane would likely have to change its charge and structure in order to combat
antibacterial AMPs’ activity.3% 11°

Several studies have aimed to elucidate the mechanisms of AMPs’
antibacterial selectivity and activity. Summatively, it has been found that hydrophobic
and electrostatic effects are responsible for orienting antibacterial AMPs amongst the
phospholipids in bacterial membranes.!'® Once the affinity between specific AMP
residues and bacterial phospholipids has led to binding, the membrane-bound AMPs
enact numerous antibacterial interactions. These interactions have been described by
several mechanistic models, of which the ‘Shai-Matsuzaki-Huang’ or ‘carpet’ model
is the most prominent (Figure 1.7).1*> 1% In this model, electrostatic interactions lead
to concentrated coatings of AMPs on bacteria’s outer membrane (A).1'% 1% After
binding to the membrane in high local concentration, the AMPs destabilize the
membrane curvature by inserting their hydrophobic residues into the phospholipid
layers (B).%0 113 114, 118 119 Depending upon the AMPs’ concentration and binding

orientation and the lipid composition of the targeted membrane, the AMPs will then
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Figure 1.7: The ‘Shai-Matsuzaki-Huang’ or ‘carpet’ model explanation of antibacterial activity.
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either form pores and cause cytosol leakage (C), and/or move to the inner membrane
and cause intercellular damage (D).}** 18 119 Higher AMP concentrations often lead
to the formation of stable pores.*'® Higher charge density AMPs stabilize the pores by
forming anionic lipid domains, while more neutral AMPs stabilize the pores through
hydrophobic residue insertion.*'® 120 The LL-37 peptide used in this research is a
human-derived, cationic antibacterial AMP which uses the described carpet model to
cause bacterial lysis.*?! It is commonly used in antimicrobial technologies designed to
enhance wound healing or cancer treatments due to its selective membrane disruption
activity against microbial organisms.*?1%6 However, the limitations of LL-37 and
several other AMPs—including their low natural potency, limited availability, and
their susceptibility to enzymatic degradation by bacterial proteases!!® 1> —have led a
number of research groups to develop synthetic mimics of AMPs in order to
overcome these limitations. Synthetic polymer mimics of AMPs, specifically, are

described in the following section.

1.3.2 Interactions between Bacteria and Antimicrobial Polymers

Synthetic polymer mimics of AMPs were developed to have the same
bacterial cell selectivity and low human cell toxicity of AMPs, but even lower
susceptibility to bacterial resistance development.!*> 27 One such mimic, a
copolymer produced through the ring opening polymerization of two B-lactams, was
found to have broad spectrum activity which: at low concentrations, binds to anionic
phospholipid heads and creates anionic lipid domains which result in phase-boundary
defects and bacterial membrane leaks; and at high concentrations, blocks the transport

of essential solutes into bacteria’s intermembrane space which effectively ‘starves’
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the bacteria.!?®> 12 129 Thjs B-lactam copolymer binds selectively to
lipopolysaccharides in the outer wall of gram-negative bacteria, and to lipoteichoic
acids in the peptidoglycan layer of gram-positive bacteria.

This project uses the unique class of

synthetic polymer mimics of AMPs derived 0 O

from poly(oxanorbornenes) (PONs) which, 0 0 O“
: R : 09 00

like the LL-37 peptide, disrupt bacterial cell R S 2
membranes following the carpet model . N* H:N*  NH?

‘igure 1.8: Chemical structure of the

(Figure 1.8). These poly(oxanorbornene)- poly(oxanorbornene) mimics of AMPs 115

derivatives show clear advantages over other polymer AMP mimics because of their
unique monomer-level amphiphilicity, and the ability to further functionalize their
backbone to affect their selectivity.!®> PONs often show an inverse relationship
between their molecular weight and their antimicrobial activity, as larger-sized PONs
have smaller membrane permeation ability.*?” This is important considering that
gram-negative bacteria have a thin peptidoglycan layer between two fluid plasma
membranes, while gram-positive bacteria have a thick peptidoglycan layer outside of
a single plasma membrane which results in increased cell rigidity.*? The increased
rigidity of the membrane of gram-positive bacteria requires PONs to be of smaller
molecular weights to be effective. Fortunately, the broad range of structural
modifications that can be conducted on PONs—which the laboratory of Dr. Karen
Lienkamp of the University of Freiburg has developed—has allowed tuning of the
size, hydrophilicity, activity, and selectivity of the polymers. One class of PONs

variations, the butyl PONs (R = butyl in Figure 1.8), has demonstrated effectiveness
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against seven different strands of bacteria including E. coli and S. aureus, which are a
part of the urgent threat ESKAPE list.!*

Recently, there has been the development of polymer AMP mimics which
exist at the intersection of polymer and nanoparticle antibacterial agents. One such
mimic is the star-shaped structurally engineered antimicrobial peptide polymers
(SNAPPs).23% Unlike PONs, SNAPPs show inherent selectivity for MDR gram-
negative over gram-positive bacterial cells.”®® The bactericidal mechanism of
SNAPPs does not involve stabilized pore formation or aggregation. Rather, it
involves disruption of bacterial membranes’ ion influx/efflux pumps and charge
potentials, which lends to “apoptotic-like” cell death. SNAPPs are structured in a star-
shape in order to increase the local concentration of effective charges on their
surfaces. This shape enhancing phenomenon has been documented in several polymer
and nanoparticle antibacterial agents, and has been demonstrated to overcome the
activity limitations of polymer AMP mimics.® 3% 132 A discussion of other

antibacterial nanoparticles is in the following section.

1.3.3 Interactions between Bacteria and Nanoparticles

Antibacterial nanoparticles have been under development due to the inherent
toxicity of some nanoparticle formulations, which can be tuned towards bacterial cell
selectivity.® 4+ 132 Metal nanoparticles have been shown to have tunable cytotoxic
activity through ion interactions.5: 3 For example, dissolved cationic silver
nanoparticles have been found to have enhanced affinity towards negatively charged
bacterial membranes—rather than zwitterionic, mammalian membranes—due to

electrostatic forces, which allows them to more readily adhere to bacterial membranes
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and then dissolve into Ag™ ions that disrupt intercellular structures and homeostasis,
triggering bactericidal cell signaling.**1% Semiconducting nanoparticles have shown
high inherent bioactivity through heavy metal interaction, free radical and oxidative
damage, and membrane disruption mechanisms.?® 3% 61133 Eyrther, these mechanisms
have proven to undergo light-activated enhancement in luminescent semiconductor
QDs such as CdTe and CdSe.?® 13713 And to reiterate, nanoparticles that are
composed of smaller antibacterial components—such as the SNAPP particles
described above—have been shown to have enhanced antibacterial activity than their
non-particle counterparts. Another example of this phenomenon is the self-assembled
polymer nanoparticles of oxanorbornene-derivatives which have shown significant
activity and increased therapeutic indexes against MDR bacteria.'*?

One of the most compelling arguments for utilizing nanoparticles in
antibacterial treatments is the potential to use them as carriers for other antibacterial
entities, allowing for the realization of possibly combinatory antibacterials. One
advantage of using antibacterial nanoparticles as carriers is that the surface
antibacterial could be a biomolecule, like an antibody or ligand, which is selective to
specific bacterial receptors and would enhance treatment selectivity and activity for
the intended target.! 4 140 For example, functionalized thiol ligand mixtures—which
were known to target bacterial membranes—have been coated around the surface of
gold nanoparticles.?*® These thiol-gold nanoparticle conjugates reached bacterial
membranes with increased selectively and efficiency before they dissolved into
antibacterial-active ions, resulting in more potent antibacterial nanoparticles at the

location of the intended targets. A similar enhancement has been observed with
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polyacrylate nanoparticles which were modified to carry penicillin.!** The
polyacrylate core increased penicillin’s activity by enhancing the antibiotic’s water
solubility and improving its distribution to even penicillin-resistant bacteria in
infected tissues. A second advantage of using nanoparticles as carriers is the
increased local concentration of the surface antibacterial at the bacterial membrane, if
several molecules of it are conjugated to and delivered via a nanoparticle carrier. For
example, studies of cationic, cell-penetrating transactivator of transcription (TAT)
peptides conjugated to cholesterol nanoparticles found an increase in the effective
local charge density due to the presence of multiple TAT peptides around each
nanoparticle.'® This increased charge density was responsible for increased
interactions between the peptides and bacterial membranes, compared to similar
concentrations of free TAT peptides, thus resulting in higher bactericidal activity. A
third advantage of nanoparticles as antibacterial carriers is the possibility to conjugate
different types of antibacterials to each nanoparticle, and enhance their activity and
lower their resistance development due to the possible targeting of multiple
membrane functions. This concept was demonstrated in studies of Ag nanoparticles
modified with multiple antibiotics.!3* These nanoparticles showed synergistic
antibacterial activity against gram-negative and gram-positive bacteria, which was
likely due to the surface antibiotics’ membrane penetrating activity allowing an
increase in the Ag nanoparticles’ cell penetration and intercellular cytotoxic metal ion

activity.
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1.3.4 Interactions between Bacteria and QD Conjugates

This dissertation specifically relates to the literature established potential of
luminescent QD carriers, aka QD conjugates, to be used for enhanced activity against
bacterial targets.?> 30 3L 34 38,50, 52, 142 Cagmijum-based semiconductor materials are
typically used in these QD technologies since they have superior optical properties in
the visible to near-infrared wavelengths of light, which enables efficient light
activation and in vivo tracking of antibacterial QD conjugate treatments.®® 143
However, studies on the inherent activity of metals that may dissolve from these QDs
and induce off-target activity have resulted in the development of both cadmium-
containing and cadmium-free QD conjugate technologies.'* 1" 18144 Regardless of the
material, these QD conjugate technologies have been found to enhance the
antibacterial activity of conjugated agents through the same nanoparticle-induced
phenomena described in the previous section and through QDs’ light enhancement
capabilities, and to allow antibacterial treatments to be tracked via optical techniques.

Light-activated enhancement of antibacterial agents has been realized with
several photosensitive agents, such as QDs, since light irradiation can be used to
induce increased formations of homeostasis-disrupting ROS from the photosensitive
agent.?® 37 138 145147 por example, studies investigating the light-activated
enhancement of QDs’ antibacterial activity have quantified multiple fold increases in
the amount of superoxide and hydroxide (specific ROS) molecules uptaken by
receptors on targeted bacteria after their incubation with irradiated QDs.?5 13 While
the work did find that the tested QDs were inherently toxic without irradiation—since

their small size allowed them to move across membranes and disturb both sides of the
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bacterial membrane—it further concluded that increased ROS generation, due to light
irradiation, compounded the disruptions to bacterial cell homeostasis and the induced
cell toxicity. Additionally, while such light enhancement has been realized with QDs
alone, QDs conjugated to other antibacterial agents have shown a greater potential for
significant light-enhanced activity. The polymyxin B-coated CdTe QDs are an
antibiotic-QD conjugate example which has demonstrated light-exposure dependent,
additive bactericide activity against gram-negative bacteria.>® Only an irradiated 4.8
nM CdTe QDs dose of these conjugates, at a polymyxin-B:CdTe QDs conjugation
ratio of 30:1, was necessary to invoke antibacterial effects. This is significantly
smaller than the 300 nM of CdTe QD equivalents necessary for the QDs alone to
have any antibacterial effects. The indolicidin-coated QDs are an AMP-QD conjugate
example with demonstrated greater antibacterial activity (MIC = 5 uM) than either
entity alone (MICs = 10-25 uM), and with broad spectrum efficacy.** The ZnO QDs
conjugated to Ubiquicidinge.s:r (UBl2e.s1), vancomycin, and indocyanine green
derivative (MPA) molecules are an example of a multifunctional antibacterial QD
conjugate (Figure 1.9).2% UBlg.41 is an antibacterial AMP that allowed the QD
conjugate to specifically target bacterial cells over mammalian cells. Vancomycin, a

highly potent gram-positive selective antibiotic drug, was conjugated to the QDs in

order to include multiple
antibacterial entities into the

conjugate, and gram-positive

& Peptides
TGRAKRRMQYNRR

P BSA

o Vancomycin
(Van)

bacteria selectivity. MPA, an

NIR-light emitting organic dye, Figure 1.9: The Van@ZnO-PEP-MPA antimicrobial probe.?
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was conjugated to the QDs to enable in vivo imaging within the NIR I window. All of
these components together resulted in a probe that could be specifically targeted to
gram-positive bacterial cells, be excited to show real-time location of the probe
through deep tissue, and enhance the treatment efficacy of Vancomycin alone by
22%.

Tracking QD conjugates has been realized by adding dyes—as exemplified in
the ZnO QD conjugate—or by monitoring the inherent luminescent properties of the
QDs.34 40.49. 52 Monitoring the antibacterial QD conjugates allows scientists to locate
them in infected tissues, to study their interactions with bacterial cell membranes, and
to quantitatively assess their activity and selectivity.** Being able to monitor QD
conjugates allows for accurate determination of where an antibacterial treatment is
being delivered and how much of it to administer to a patient to completely eradicate

an infection.

1.4 Project Goals: Understanding the Interactions between Luminescent
Semiconductor QDs and Bacteria at the Molecular Level

The last few examples of antibacterial QD conjugates have illustrated the
scientific community’s recent approaches of conjugating multiple antibacterial agents
into a single antibacterial entity, in efforts to develop promising solutions to combat
the increasing occurrences of bacterial drug resistance. Due to the success of these
and other works, there is continued interests in this potential. As was for the previous
work, the future work behind these efforts will be supported by an understanding of
the interactions between these antibacterial agents and their target and off-target

organisms. Thus, investigations on these interactions will need to become more
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robust and harmonize so that the clinical community can synthesize the information
into reasoning for the next generation of antibacterial entities.

The main goal of this dissertation is to develop a molecular level
understanding of the interactions between luminescent semiconductor QDs and cells
that are relevant to human and environmental health. Human health cell models are
necessary since this body of work is specifically investigating interactions that will
inform the design of antibacterial agents, which will operate in systems filled with
both pathogenic and essential cells. Environmental health cell models are necessary
since antibacterial waste not only goes into the controlled containments of research
and clinical facilities, but—after being flushed out of the body of a person who has
used it—also ends up in wastewater and, ultimately, the environment. The differences
between how human and environmental health bacteria interact with QDs of different
material, size, surface ligand, and structure compositions are investigated since the
proposed antibacterial QD conjugates of the literature have varying QD compositions.
This project further aims to propose and investigate unique peptide- and polymer-
coated luminescent QD conjugates with the potential to be potent antibacterials. We
hypothesized that PONs-coated and LL-37-coated luminescent CdTe QDs would
have synergistic activity from the combination of the light-enhanceable antibacterial
activity of CdTe QDs with the antibacterial activity of the PONs and LL-37 coatings.
Such a realization would result in highly potent antibacterial agents with the potential
to be nontraditional treatments against drug-resistant pathogenic bacteria. Overall,
this research provides fundamental information on how QDs’ compositions affect

their interactions with cells. This information supports the scientific community’s
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potential to develop new antibacterial agents and to reduce the number of urgent

threat bacteria plaguing society.
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Chapter 2: Synthesis and Characterization of Luminescent

Semiconductor Quantum Dots.

2.1 Purpose

This chapter discusses the preparation and characterization of the luminescent
quantum dots—of varying semiconductor material and structural compositions—that
were used in this dissertation and the publications it recapitulates.'*® 149 Additionally,
this chapter begins to convey why the anti-membrane and anti-cellular activity of

these specific quantum dot compositions were investigated in the remaining chapters.

2.2 Introduction

Cadmium-containing QDs, especially CdSe and CdTe QDs, are amongst the
most widely used QDs due to their superb photophysical properties, the relatively
simple synthetic methods used to make them (compared to synthetic methods for
other QDs), and the ability to achieve a series of same material QDs which emit at
different visible to near infrared wavelengths.®® 14 These specifications have enabled
the incorporation of cadmium-containing QDs into technologies for several
applications; including in photocatalytic hydrogen production technology for
enhanced photodriven charge separation®™® 3!, solar cell technology for increased
energy harvesting efficiency'> 2 153 light emitting and liquid optical display
technology for enhanced visualization® ' and biosensing and bioimaging
technology for improved stability and signaling™ % 37, However, concerns about

the broad use of heavy metal-containing nanomaterials have limited the large-scale
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development and use of QD technologies, and have led to investigations on the
implications of these technologies.> 14° 158

Studies that have specifically investigated the adverse effects of cadmium-
containing QDs have attributed their toxicity to a combination of factors including
QDs’ ion dissolution, membrane association, and reactive oxygen species (ROS)
generation (particularly when the QDs are irradiated with a UV light).8% 45 Cadmium
ion dissolution is often indicated as the main contributor to cadmium-containing
QDs’ toxicity.?” 32 83 159 Thijs js concerning considering that acute and chronic
exposures to cadmium ions are known to have cytotoxic child and fetal development,
neurological, hematological, gastrointestinal, and renal consequences.'®® Thus,
cadmium-containing materials—including QD technologies—are regulated by
government agencies worldwide. QD-membrane association, ROS generation, and
other mechanisms of QD interaction have also been proven to negatively impact
model membranes and living organisms.

The concerns about heavy metal-containing QDs have also stimulated efforts
aimed to replace and/or contain these materials with alternative, biocompatible
materials. Studies focused on material replacement have found that forming QDs
from inert semiconductors results in QDs which are less toxic than their cadmium-
containing counterparts. 1t 39 42 43,130, 161-164 A few of these studies have specifically
identified ZnSe QDs to be interchangeable, nontoxic alternatives to the widely-used
CdSe QDs since they are structurally similar and prepared using similar synthetic
methodologies.*™ 43 164 Alternatively, several other studies have focused on coating

heavy metal-containing QDs with surface passivating shells, such as an inert ZnS
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shell*!, or with ligands, such as polymers®, that can mitigate adverse interactions
between the heavy metal-containing QDs and cells. Several of these studies have
found that shells and ligands are capable of decreasing QD toxicity toward cells and
living organisms by inhibiting ROS generation and ion dissolution 2’ 2% 5% 53 161
However, other studies have revealed that coating QDs with passivating shells or
mitigating ligands only delays adverse interactions between them and living
organisms.t’ 27 41 45, 47, 62,63 - gummatively, while QD structural and compositional
changes that may increase the biocompatibility of cadmium-containing QDs have
been identified, the aforementioned studies have not fully determined which QD
interactions change with these interventions.

This work uses a broad array of analytical techniques to investigate how
material replacement, ZnS shelling, and surface ligand alteration affect the
interactions between QDs and model organisms. Before the analytical techniques
were used to study interactions, they were used to characterize each QDs’
composition and photophysical properties. This chapter discusses the preparation and
characterization of QDs with varying material and structural compositions. CdSe and
CdTe QDs were investigated since they are commonly used QDs, and understanding
their interactions with organisms is essential to the use of QD technologies. ZnSe
QDs were investigated as they are often used as CdSe QD alternatives. ZnS-shelled
CdSe and ZnSe core QDs are investigated to determine how shelling affects QD
interactions. Later chapters will also include discussions on preparing and
characterizing CdSe/ZnS and CdTe QDs with varying surface ligand compositions in

order to investigate the affect that ligand composition has on QD interactions.
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2.3 Materials and Instrumentation

2.3.1 Materials and Reagents

1-hexadecylamine (HDA, 90%), oleylamine (C18 content 80—90%), selenium
powder (Se, 99.5%), and sodium hydroxide were purchased from Acros Organic. 1-
dodecylphosphonic acid (DPA, 95%), manganese (1) chloride (MnSt, ultra dry),
sodium tellurite, stearic acid (98%), zinc acetate, zinc formate (98%), and zinc
stearate (ZnSt) were purchased from Alfa Aesar. Instrument Calibration Standard 2
(5% HNOs3/ Tr. Tart. Acid/Tr. HF) for inductively coupled plasma mass spectrometry
(ICP-MS) was purchased from Claritas PPT SPEX CertiPrep. 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer (1 M), chloroform, methanol, nitric
acid (Trace Metal grade), and toluene were purchased from Fisher Scientific. 1-
Octadecene (ODE), 3-mercaptopropionic acid (MPA), cadmium acetylacetonate
(CdAcAc, 99.9%), diphenyl phosphine (DPP), cadmium chloride (CdCly),
hexamethyldisilathiane ((TMS).S, synthesis grade), LUDOX TMA colloidal silica
(34 wt % suspension in H20), sodium chloride, sodium citrate dihydrate sodium
borohydride (Na:BHs), sodium phosphate monohydrate, sulfur powder,
tetradecylphosphonic acid (97%), tetramethylammonium hydroxide solution (TMAH,
25 wt % in methanol), and trioctylphosphine (TOP, 97%) were purchased from
Sigma-Aldrich. Qdot545 ITKTM carboxyl and amino (PEG) quantum dots were
purchased from Invitrogen (a brand of Thermo Fisher Scientific corporation).
Dihydro lipoic acid polyethylene glycol methoxy (DHLA-PEG750-OCH3) was

prepared with slight modifications to a previously reported protocol .65 168
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2.3.2 Instrumentation

Characterizations were conducted in 1 cm pathlength cuvettes and chloroform,
unless otherwise stated. Absorption spectra were obtained using a Thermo Scientific
Evolution 201 UV/Vis spectrophotometer. Fluorescence spectroscopy measurements
were performed using a PTI-Horiba QuantaMaster 400 fluorimeter, equipped with an
integration sphere for emission quantum yield measurements and with a PicoMaster
TCSPC detector for fluorescence lifetime measurements. A Molecular Devices
SpectraMax M5 Microplate reader was used, in specific instances, to measure
changes in fluorescence emission over time in 96 well plates. Hydrodynamic size and
zeta potential were measured using the Malvern Zetasizer Nano ZS instrument. High-
resolution transmission electron microscopy (HRTEM) images of QDs were obtained
using a Titan 80—300 S/TEM, operating at 300 kV with a Gatan OneView imaging
camera. For HRTEM imaging, QD samples were drop-coated onto mesh copper grids

with ultrathin carbon film on holey carbon support film (Ted Pella, Inc.).

2.4 QD Synthesis and Characterization

Cadmium-free and cadmium-containing QDs were either prepared in-house
via the commonly used hot injection or microwave methods, or were purchased from
Invitrogen. The hot injection method, which is widely used to produce organic
colloids, typically involves a syringe injection of the anionic metal precursor into a
round bottom flask containing the heated cationic metal precursor in surfactants
(Appendix Figure 2.1A).1" 168 The hot injection procedures used to produce the
cadmium-containing and cadmium-free QDs varied only to accommodate the

difference in the metal precursors’ reactivities. The microwave method, widely used
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to produce aqueous or gaseous colloids, uses dielectric heating (definition: heating as
a result of the oscillation of electric and magnetic fields) to transform metal
precursors into the desired QDs (Appendix Figure 2.1B).1%% 167 \When conducted
correctly, both methods of QD synthesis allow advantageous control of reaction time,
temperature, and heat dispersion which results in the desired high crystallinity,

narrow size distributions, high reproducibility, and high yields.26’

2.4.1 CdSe and CdSe/ZnS QDs’ Synthesis and Characterization

CdSe QDs were synthesized using hot injection methods similar to a
previously reported procedure (Scheme 2.1).2 The cadmium precursor was prepared
in a 50 mL three-neck round-bottom flask by stirring 1.0 mmol of CdAcAc into a
solution containing 21 mmol of HDA, 2.1 mmol of tetradecylphosphonic acid, and 10
mL of TOP. This precursor was heated to 100 °C under inert nitrogen gas to fully
dissolve the reactants, and then put under vacuum for 30 min to remove oxygen and
water from the flask. The flask was backfilled with inert nitrogen gas, heated to 250
°C, cooled to 100 °C, and then put under vacuum again for at least 30 min (to ensure
the complete removal of oxidants). Following this, the vessel was backfilled with
nitrogen and then heated to 300 °C. Concurrent to the preparation of the cadmium
precursor, a 5 mL selenium precursor solution of 0.84 M selenium powder in TOP
was prepared under inert nitrogen gas. Once the cadmium precursor reached 300 °C,
the selenium precursor was rapidly injected into the flask. The CdSe cores nucleated
and grew instantly. Immediately after the hot injection, the reaction mixture was
quickly cooled to 80 °C for overnight annealing. The resulting CdSe QDs were stored

in the reaction mixture at room temperature and away from light until use.
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Tetradecylphosphonic acid 100°c 300°C 80°C SILAR Method
30 min overnight

Scheme 2.1: Hot injection synthesis of CdSe and CdSe/ZnS quantum dots.

CdSe/znS QDs with varying ZnS shell sizes were synthesized from these
cores using successive ionic layer adsorption and reaction (SILAR) methods. SILAR
calculation and shelling was performed following a previously described protocol,
where 0.3 nm radius monolayers of a ZnS shell are added one at a time.® First, the
CdSe cores were washed from their reaction mixture via centrifugation. Washing
involved: 1) adding an equal amount of hexane to a portion of the cores’ reaction
mixture in a glass vial, 2) adding enough acetone to cause the mixture to go turbid, 3)
centrifuging the cores into a pellet at 2000 x g for 5 minutes, 4) discarding the
supernatant, 5) suspending the QD pellet in minimal hexane, and finally repeating
steps 2-5 for at least 3 total cycles. The final QD pellet was suspended in chloroform,
and analyzed via UV/Vis in order to determine the core size and concentration via
published equations which relate the QDs’ first excitonic peak location and intensity
to their size and concentration in colloidal solutions.®®

1) CdSe Cores’ Size: D = (1.6122x10))* - (2.6575x106)A3 + (1.6242x10-3))2 -
(0.4277)A + 41.57
2.) CdSe Cores’ Extinction Coefficient: ¢ = 1600 AE(D)?
3.) Beers-Lambert Law for Molar Concentration: C = A/eLL
In these equations: D is the calculated diameter (nm), A is the measured location of

the first exciton peak (nm), ¢ is the calculated extinction coefficient (M cm™), AE is
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the measured location of the first exciton peak (eV), C is the calculated concentration
(M), A is the measured absorbance intensity, and L is the known path length (cm).
The washed CdSe cores were added to a solution containing 6 mL of ODE, 4 mL of
TOP, 6 mL of oleylamine, and 40 pmoles of dodecylphosphonic acid in a 50 mL
round-bottom flask under nitrogen gas. The solution was heated and kept at 100 °C
under high vacuum for 30 minutes, to remove oxidants, before backfilling with
nitrogen gas. Then, the first aliquot of zinc precursor (0.05 M zinc formate in
oleylamine), which was calculated to add a 0.3 nm radius monolayer of a ZnS shell,
was injected over 15 min. The reaction mixture was heated to 160 °C for the injection
of a sulfur precursor (0.25 M (TMS).S in TOP)
aliquot over 15 min to form the first monolayer of ZnS
shell. The QDs were then annealed at 160 °C for 20

min. If more ZnS shells were added, the reaction

mixture was heated and kept at 180 °C, while the
process of adding zinc and sulfur precursors over 15 Figure 2.1: Representation of

a CdSe core (black) with

min and annealing over 20 min was repeated until the 1 (red), 3 (blue), and 6
(green) monolayers of a

desired ZnS shell thickness was realized. Once all shell Zns shell

monolayers were added, the reaction mixture was heated to 200 °C while 0.5 mL of
oleic acid was added dropwise. The core/shell QDs annealed at 200 °C for an hour.
The reaction mixture was slowly cooled to room temperature, before storage at room
temperature and away from light until use. CdSe with 1, 3, and 6 monolayers (ML) of

ZnS shell were studied (Figure 2.1).
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33%, 43%, and 70%, respectively; which demonstrates improved surface passivation
and exciton recombination as the shell size increases. Time-resolved
photoluminescence measurements were conducted and used to determine the impact
of the ZnS shell on the cadmium-containing and cadmium-free QDs (Figure 2.2C).
The fluorescence lifetime of the CdSe QDs was 29.6 + 0.4 nsec. As the CdSe cores
were coated, the lifetime decreased to 18.1 + 0.4 nsec with 1 ML ZnS, 23.8 + 0.3 nsec
with 3 ML ZnS, and 22.4 + 0.2 nsec with 6 ML ZnS. The decrease in fluorescence
lifetime when core QDs are passivated with a higher-energy bandgap ZnS shell is
attributed to increased exciton confinement to the QDs’ core, and is consistent with

previous studies.!™

2.4.2 Characterization of Purchased CdSe/ZnS QDs

Qdot545 ITK™ carboxyl- and amino-terminated polyethylene glycol coated
CdSe/znS QDs (Qdots) were purchased from Invitrogen. Absorption, emission, and
size spectra of the Qdots are shown in Figure 2.3. Figure 2.3A shows an excitation
peak at 529 nm and an emission peak at 548 nm for both Qdots. DLS-measured
number size distribution determined the hydrodynamic diameters to be 14.05 + 3.9

B

>

30Ty = = Amino Qdots 13 % —— Amino Qdots
o | \ — = Carboxyl Qdots| ] Carboxyl Qdots
g \j g 20
—?: 2.0 \ 1.0 '% g |
- L 2 ©n
< Mo g
3 ' T s
N \ = 2 10+
2 104 “\ 05 E S
s} l \ o ~
z | vy z 5+
\or ]
0.0 , : S VLS 0.0 0 L
400 500 600 1 10 100
Wavelength (nm) Diameter (nm)
Figure 2.3: Normalized absorption (dotted) and emission spectra (solid)(A) and DLS analysis
(B) of the Qdots.
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nm for the amino-Qdots and 11.38 = 1.8 nm for the carboxyl-Qdots (Figure 2.3B).
Zeta potential measurements revealed that the carboxyl Qdots had a -9.89 + 7.71 mV
potential and the amino Qdots had a -7.43 + 9.64 mV potential in 2 mM HEPES

buffer (pH = 7.4).

Cadmium chloride Sodium tellerite pH11 . MPA-CdTe QD

Sodium citrate dehydrate  +  Sodium borohydride ~Microwave Irradiation
3-Mercaptopropionic acid
Millipore water

Scheme 2.2: Microwave synthesis of CdTe quantum dots.

2.4.3 CdTe ODs’ Synthesis and Characterization

CdTe QDs were synthesized, using microwave methods similar to a
previously reported procedure (Scheme 2.2).1"! In a 35 mL microwave vessel with a
stir bar, 265 pmol CdClz, 340 umol sodium citrate dehydrate, 26 pL of MPA, and 25
mL Millipore water were combined. The pH of this mixture was brought to 11 using
1 M NaOH. Then 50 pmol of sodium tellurite and 500 umol of sodium borohydride
were added. The vessel was capped and placed in a CEM Discover SP microwave
synthesizer. The mixture was microwaved in Dynamic Mode at 100 °C, 250 psi, 300
W power, and high stirring for 10 min. The aqueous QDs were purified three times
via centrifugation through a 30K MWCO centrifuge filter at 2000 x g for 5 min, and
finally dispersed in pH 11 Millipore water. UV/Vis was used to determine the core
size and concentration via the following literature reported equations which relate the
QDs’ first excitonic peak location and intensity to their size and concentration in
colloidal solutions.®®

1) CdTe Cores’ Size: D = (9.8127x107)A% - (1.7147x103)\2 + (1.0064)A — 194.84
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2.) CdTe Cores’ Extinction Coefficient: &€ = 3450 AE(D)>*

3.) Beers-Lambert Law for Molar Concentration: C = A/eLL
In these equations: D is the calculated diameter (nm), A is the measured location of
the first exciton peak (nm), ¢ is the calculated extinction coefficient (M cm™), AE is
the measured location of the first exciton peak (eV), C is the calculated concentration

(M), A is the measured absorbance intensity, and L is the known path length (cm).

The CdTe cores’ structural and photophysical properties were characterized in
pH 11 Millipore water. DLS, normalized UV/Vis absorption, and normalized
emission spectra of the QDs are shown in Figure 2.4. Figure 2.4A illustrates the CdTe
cores’ excitation peak at 510 nm and the corresponding emission peak at 578 nm.
Figure 2.4B shows the DLS-measured hydrodynamic number size distribution of the
CdTe QDs to be 5.0 + 1.5 nm in diameter. Additionally, HRTEM and DLS size
characterization of these QDs can be found in Appendix Figure 2.3.
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Figure 2.4: Normalized absorption (dotted) and emission spectra (solid) (A) and DLS
analysis (B) of the CdTe QDs.
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2.4.4 ZnSe, ZnSe/ZnS, and Mn:ZnSe/ZnS QDs’ Synthesis and Characterization

ZnSe and ZnSe/ZnS QDs were synthesized according to a previously reported

procedure’®4

, which was modified to also produce manganese-doped ZnSe/ZnS
(Mn:ZnSe/ZnS) (Scheme 2.3). The reaction was performed in a 25 mL three-neck
round-bottom flask under stirring. The zinc precursor solution was prepared in the
round bottom flask by dissolving 1 mmol ZnSt powder in 5.0 mL of ODE at 120 °C
under inert nitrogen gas. The three-neck flask was under vacuum for 30 minutes, and
then backfilled with nitrogen gas while heating the solution to 280 °C. A selenium
precursor solution was prepared by dissolving 100 umol of selenium powder in a
solution containing 17 puLL of DPP and 670 pL of toluene. This selenium solution was
injected rapidly into the zinc precursor solution and allowed to react for 5 min at 280
°C in order to nucleate ZnSe QDs. Then the flask was cooled to room temperature. A
second selenium precursor solution was prepared by dissolving 1 mmol of selenium
powder in 800 pL of TOP. This selenium precursor solution was injected into the
reaction mixture at room temperature. The reaction mixture was heated and kept at
280 °C for 20 min to further grow the ZnSe cores, then cooled to room temperature.

The formed ZnSe cores were immediately coated with a ZnS shell or stored in their

reaction mixture at room temperature and away from light. To perform the ZnS

Diphenylphoshine Trioctylphospine 1) Zinc Octanoate
selenide in Toluene selenide 2) Trioctylphosphine sulfide
(Mn Stearate) v \* \*
ZnStearate ————% ———— (Mn)znSe Nuclei ——» (Mn)ZnSe QD —————— (Mn)ZnSe/ZnS QD
Octadecene  HighVac N3 gas N; gas N; gas
120°C 280°C 280°C 280°C
30 min 20 min 20 min

Scheme 2.3: Hot injection synthesis of ZnSe, ZnSe/ZnS, and Mn:ZnSe/ZnS quantum dots.
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shelling, two precursor solutions were prepared: (1) 1 mmol of sulfur powder in 1 mL
of TOP, and (2) 1.0 mmol of zinc stearate dissolved in 8 mL of ODE. The ZnS shell
precursor solutions were injected into the reaction mixture at room temperature. The
reaction mixture was then heated, kept at 280 °C for 20 min, and finally cooled to
room temperature. The resulting ZnSe/ZnS QDs were stored in the reaction mixture
at room temperature and away from light. Prior to their immediate future use, QDs
were washed multiple times using the same purification methods for the synthesized
cadmium-containing QDs, to remove excess reactants.

Manganese-doped ZnSe/ZnS (Mn:ZnSe/ZnS) were made since the bacterium
used in Chapter 4 is known to reduce and metabolize Mn ions'’2, and Mn doping is
often used to red shift the optical properties of ZnSe QDs.*® 173 174 These QDs were
synthesized by adding manganese stearate to the reaction flask with the initial mass of
zinc stearate. The total moles of zinc stearate and manganese stearate were equal to 1
mmol. Manganese stearate was made according to a previously reported procedure.”
In a 50 mL flask, 10 mmol manganese chloride was dissolved in 20 mL methanol
under nitrogen. In a 500 mL flask, 20 mmol stearic acid, 1.8 mL TMAH, and 100 mL
methanol were stirred at 50 °C under nitrogen until dissolved. The manganese
chloride solution is added to the stearic acid solution dropwise and allowed to stir for
20 minutes after all was added. The reaction forms a white precipitate which was
filtered and washed with methanol at least 3 times, then dried overnight.

ZnSe, ZnSe/ZnS, and Mn:ZnSe/ZnS QDs’ structural and photophysical
properties were characterized while they were surrounded by organic ligands. Figure

2.5 shows the UV/Vis absorption, emission, and lifetime spectra of these QDs. The
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UV/Vis absorption spectra show excitation A

peaks at 410, 402, and 402 nm for ZnSe,
ZnSe/Zns, and Mn:ZnSe/ZnS QDs
respectively (Figure 2.5A). The emission
spectra show corresponding emission peaks at
418 nm for ZnSe QDs, 423 nm for ZnSe/ZnS
QDs, and 506 nm for Mn:ZnSe/ZnS QDs
(Figure 2.5B). The emission quantum yields at
the emission maxima were 5%, 10%, and
16%, respectively. The FWHM at the
emission maxima were 17, 15, and 125 nm,
respectively. The fluorescence lifetime of the
Mn:ZnSe/ZnS QDs was 15.1 = 1.4 nsec
(Figure 2.5C). The fluorescence lifetime of the
ZnSe core QDs was 7.4 + 0.3 nsec. This value
decreased to 6.4 = 0.1 nsec when the ZnSe
cores were coated with a ZnS shell to form
ZnSe/ZnS QDs, as expected from previous
studies.!’® HRTEM images showing the

narrow size distributions of these QDs can be
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Figure 2.5: Normalized absorption (A),

found in Appendix Figures 2.4. The ZnSe core emission (B), and lifetime (C) spectra of

ZnSe, ZnSe/ZnS, and Mn:ZnSe/ZnS QDs.

QDs were 3.5 = 0.4 nm in diameter, similar to the CdSe core QDs. The ZnSe/ZnSe

QDs were 5.0 £ 1.2 nm in diameter, similar to the CdSe/ZnS(3 ML) QDs.
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2.5 Conclusion

Not accounting for surface ligand variations, there are 9 different QD
compositions used in this work (Figure 2.6). In Chapter 3, the activities of ZnSe and
ZnSe/ZnS QDs are compared to that of the CdSe and CdSe/ZnS QDs, and the
activities of Qdots with varying surface chemistries are compared using model
liposome systems. In Chapter 4, the activities of ZnSe, ZnSe/ZnS and Mn:ZnSe/ZnS
QDs are compared to that of CdSe and CdSe/ZnS QDs against an environmental
health bacterial cell model. In Chapter 5, the activities of CdTe QDs with varying
surface chemistry are investigated with human health-relevant bacterial and
mammalian cell models. To reiterate, these QD compositions were chosen because of
their current technological relevance and likelihood of interacting with the model

systems being investigated.

c:

Chapter 3: CdSe/ZnS Qdots

C

9

Chapter 3 & 4: CdSe CdSe/ZnS (IML)  CdSe/ZnS (3ML)  CdSe/ZnS (6ML)

D

Chapter 3 & 4: ZnSe ZnSe/ZnS Mn:ZnSe/ZnSe

CO
C

Chapter 5: CdTe

Figure 2.6: Representative image summary of QDs in this dissertation, by chapter.
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Chapter 3: Using liposomes to model mechanisms of interaction

between quantum dots and cell membranes.

3.1 Purpose

This chapter discusses the preparation of liposomes (aka ‘lipid bilayer
vesicles’ and ‘model membranes’), and investigates the interactions between them
and QDs of different compositions. The goal was to use these model membranes to
infer potential interactions between QDs and naturally occurring cell membranes. The
liposomes were modified with free and lipid-tagged dyes in order that spectroscopic
methods could be used to observe changes in the liposomes upon their interactions
with QDs. Changes in the dyes’ fluorescent properties indicated specific interactions
such as QD-liposome association, QD-induced lysis of the membranes, and ROS
generation from the QDs. The QDs monitored for these interactions differed in

semiconductor material, core or core/shell structure, ligand type, and surface charge.

3.2 Introduction

Several fluorescence techniques—including steady-state spectroscopy, time-
resolved spectroscopy, confocal microscopy, epifluorescence microscopy, and single-
molecule imaging—are used to study the interactions between nanomaterials and
biological membranes. These techniques allow investigators to use the inherent
environment-sensitivity of the fluorescence phenomenon and the wide availability of
fluorophores to monitor membranes with superior spatiotemporal resolution.t’> 17
Hence, naturally occurring and synthetic lipid membranes are often labeled with

fluorophores in order to study the interactions between them and nanomaterials.
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This work uses fluorescently labeled liposomes—designed to be simple
mimics of naturally occurring lipid membranes—to study QD-membrane interactions.
Unlike naturally occurring membranes, these simple synthetic liposomes do not
perform active mechanisms that may complicate the analysis of how a nanomaterial
inherently acts with a biological membrane. Therefore, differences in the observed
fluorescence-indicated interactions between the QDs and liposomes can only be
attributed to differences in the QD and liposome compositions used in our assays. The
QDs used differed in size, shape, and surface chemistry; which resulted in dissimilar
rates of ion dissolution, reactive oxygen species (ROS) generation, and other key
mechanisms of QD interactions with liposomal membranes. The liposomes used
differed in bilayer components (Appendix Figure 3.1) and in which of the following
fluorescent molecules were added to probe the mechanisms of QD interactions:
calcein, nitrobenzoxadiazole (NBD), or rhodamine (rhod). Self-quenching calcein
molecules were encapsulated in the internal hydrophilic space of liposomes to probe
levels of membrane disruption. Lipid-tagged NBD molecules were used to probe
changes in polarity and levels of ROS activity at the membrane. Lipid-tagged rhod
molecules where used to probe rates of association between QDs and liposomes.
Importantly, using liposomes with only one type of fluorescent molecule at a time
allowed us to investigate each mechanism independent of the others, so that
conclusions may be drawn relating variations in QD compositions to specific changes
in their mechanisms of interaction with membranes.

We hypothesized that different levels of interaction would occur between the

varying QD compositions and varying liposome compositions. Cadmium-containing
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and cadmium-free core QDs were expected to demonstrate similar levels of
membrane disruption activity, since the liposomes used to test this were simple
models lacking metal specific receptors. ZnS-shelled QDs were expected to have less
membrane disruption activity than the bare core QDs, since shelling has been proven
to enhance QD stability and to prevent the ion dissolution which enhances QDs’
membrane disruption activity. Considering electrostatic forces, the QDs with
positively charged surface ligands were expected to have significant association with
negatively charged membrane models; while the negatively charged QDs were
expected to be repulsed. Also, we expected moderate attraction between QD-
liposome systems where one entity had neutral/zwitterionic-terminations and the
other was charged. Finally, due to the lack of direct QD irradiation in these studies,
insignificant amounts of QD ROS generation was expected from all QD

compositions.

3.3 Materials, Instrumentation, and Methods

3.3.1 Materials and Reagents

Sodium hydroxide was purchased from Acros Organic 1,2-dioleoyl-sn-
glycero-3-ethylphosphocholine (chloride salt) (EPC), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (NBD-
POPE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl) (ammonium salt) (rhod-POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-
glycerol)(sodium salt) (POPG) were purchased from Avanti Polar Lipids. Instrument

Calibration Standard 2 (5% HNOs/ Tr. Tart. Acid/Tr. HF) for inductively coupled
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plasma mass spectrometry (ICP-MS) was purchased from Claritas PPT SPEX
CertiPrep. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (1
M), borate buffer (20X), chloroform, methanol, nitric acid (Trace Metal grade),
toluene, and zinc chloride (97%) were purchased from Fisher Scientific. 0.45 pm
surfactant-free cellulose acetate (SFCA) membrane syringe filters, cadmium chloride,
calcein disodium salt (calcein) was purchased from Fluka. LUDOX TMA colloidal
silica (34 wt% suspension in H20), Sepharose® CL-4B, sodium chloride, sodium
selenite, and Triton X-100 were purchased from Sigma-Aldrich. Dihydro lipoic acid
polyethylene glycol methoxy (DHLA-PEG750-OCHs) was prepared and purified

with slight modifications to a previously reported protocol. 6% 166

3.3.2 Instrumentation

An Avanti Mini Extruder was used to extrude all liposomes. UV/Vis
absorption spectra were obtained using a Thermo Scientific Evolution 201 UV/Vis
spectrophotometer. Fluorescence spectroscopy measurements were performed using a
PTI-Horiba QuantaMaster 400 fluorimeter, equipped with an integration sphere for
emission quantum yield measurements and with a PicoMaster Time-correlated Single
Photon Counting (TCSPC) detector for fluorescence lifetime measurements. A
Molecular Devices SpectraMax M5 Microplate reader was also used, in certain
instances, to measure changes in absorbance and fluorescence intensity over time. QD
concentration in mass/volume units was measured using a PerkinElmer NexION
300D single quadrupole mass spectrometer. Hydrodynamic size and zeta potential
were measured using the Malvern Zetasizer Nano ZS instrument. High-resolution

transmission electron microscopy (HRTEM) images of QDs were obtained using a
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Titan 80—300 S/TEM, operating at 300 kV with a Gatan OneView imaging camera.
QD samples were drop-coated onto mesh copper grids with ultrathin carbon film on

holey carbon support film (Ted Pella, Inc.) at least a day before analysis.

3.3.3 ODs’ DHLA-PEG750-OCHs; Ligand Exchange

Cadmium-containing and cadmium-free QDs, synthesized as described in
Chapter 2, underwent a ligand exchange process to coat them with DHLA-PEG750-
OCH3 (MW = 927 g/mol) ligands according to a previously reported procedure.® The
DHLA-PEG750-OCHz ligand (0.25 mmol), 0.5 mmol of sodium hydroxide, 0.13
mmol of zinc acetate, and 1 mL of methanol were sonicated together in a septum-
closed vial filled under nitrogen gas. Purified QDs (10 nmol) were suspended in a
minimal amount of chloroform, dried under vacuum, and put under a flow of
nitrogen. The DHLA ligand solution was added to the QD solution and then left
overnight at 50 °C under nitrogen gas. On the next day, 1 mL of ethyl acetate and
enough hexane to separate the solvents into two distinct layers were added to the
QDs, stirred, and allowed to separate. The hexane layer was removed to waste. QDs
in the ethyl acetate layer were dried under vacuum and then dispersed in Millipore
water. The QD solution was passed through a 0.45 um SFCA syringe filter into a
30,000 molecular weight cutoff (MWCO) spin filtration device. In the filtration
device, the QDs were washed using centrifugation cycles at 2,000 x g for 5 min at

room temperature.

3.3.4 Inductively Coupled Plasma Mass Spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) measurements of

QD samples were performed using a PerkinElmer NexION 300D single quadrupole
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mass spectrometer. Instrument Calibration Standard 2 was used to prepare calibration
curves from 0.1 ppb to 1 ppm for the different ion analytes—cadmium, selenium,
zinc—which could be generated if the QDs dissolved. (Sulfur could not be detected
by the instrument used.) There were 3 different sample types relevant to this chapter,
and their preparation for ICP-MS analysis was as follows. Sample Type 1-QDs in
organic solvents: QD samples at predetermined molar concentrations in chloroform
were put into scintillation vials containing acetone and centrifuged to precipitate out
the QDs. After allowing the QDs to dry, nitric acid was added to dissolve the
samples, and then Millipore water was added to the QD-nitric acid mixtures to dilute
the nitric acid concentration to 2% by volume and a total sample volume of at least 5
mL. Sample Type 2-QDs in aqueous solution: QD samples of predetermined
concentrations were dissolved by adding nitric acid to the solutions. These aqueous
QD solutions were kept at room temperature overnight. The next day, Millipore water
was added to the QD-nitric acid mixtures to dilute the nitric acid concentration to 2%
by volume and a total sample volume of at least 5 mL. Sample Type 3-QDs in
dissolution investigations: QD solutions of known concentrations were centrifuged
through 30,000 MWCO spin filtration devices at 2,000 x g. Large QD particles were

trapped by the filter and the supernatants were analyzed for dissolved ion content.

3.3.5 Preparation of Calcein-Containing Liposomes

10:1 molar POPC:POPG liposomes, a phospholipid composition that models
cell membranes of some gram-negative bacteria, filled with calcein dye were
prepared via a dehydration/rehydration method.}”” These calcein-containing

liposomes were prepared by stirring 65 umol of POPC and 6.5 umol of POPG in
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chloroform together in a 500 mL round-bottom flask, under nitrogen gas, to create a
dry phospholipid film. The flask was vacuumed overnight to remove all organic
solvent. A stock solution containing 5 mM calcein disodium salt in 2 mM HEPES and
25 mM sodium chloride at pH 7.4 was prepared. A 3 mL aliquot of the calcein
solution was added to the dried lipid film to self-assemble liposomes through
hydration. The flask was immersed in a dry ice/acetone bath, until the solid film
began to dissociate from the bottom of the flask. The flask was then placed in a water
bath at room temperature to re-form the liposomes. This process was repeated 10
times to ensure dye encapsulation in the liposomes. One mL at a time, the liposome
solution was extruded 15 times through an Avanti Polar Lipids mini extruder with a
50 nm pore polycarbonate membrane. The liposome sample was then run through a
Sepharose CL-4B silica column (10 mm x 100 mm) with free HEPES buffer to

remove free fluorophore molecules from the dye-containing liposomes.

3.3.6 Preparation of Dye-Free Liposomes

10:1 molar POPC:POPG dye-free liposomes were prepared via the same
methods, with the exception that phospholipids dried overnight were hydrated with 3
mL of 2 mM HEPES and 25 mM sodium chloride solution (with no calcein dye) at
pH 7.4, followed by dehydration/ rehydration and extrusion. These were used as dye-

free controls in the liposome lysis assays.

3.3.7 Liposomes Lysis Assays

Liposome lysis studies were observed using the ‘Timebased’ function of the
FelixGX software used with the PTI-Horiba QuantaMaster 400 fluorimeter. Using

this function, the fluorescence of the calcein-containing liposomes was continuously
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measured for 20 minutes total with each test sample (Scheme 3.1): 1-2 min to
determine the background fluorescence of liposomes (Step 1), 15 min for the
substrate to interact with liposomes (Steps 2-3), 2—3 min for maximum liposome lysis
to be determined after a 40 uL injection of 1% Triton X-100 in Millipore water (Step
4). The excitation wavelength was set to 480 nm, the absorbance maximum of the
dye. The emission of calcein was observed at 515 nm, the emission maximum of the
dye. Within the window of background fluorescence observation, we see minimal
fluorescence intensity since loading the liposomes with 10 mM calcein resulted in the
self-quenching of the calcein molecules so long as the membranes remained stable.
Membrane disruption of the liposomes—caused by either the QDs, controls, or Triton
X—Iled to the release and dilution of calcein in the sample solutions, which in turn led

to an increase in observed calcein fluorescence.

Example Fluorescence Traces Step 4
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Scheme 3.1: Process of liposome lysis assay.
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3.3.8 Preparation of Nitrobenzoxadiazole(NBD)-Labeled Liposomes

10:1:0.1 molar POPC:POPG:NBD-POPE liposomes were prepared for an
approximately 1% mol ratio of labeled to unlabeled lipids, using methods similar to
previously published procedures.!”® In a 250 mL round-bottom flask, 13 pmol of
POPC, 1.3 umol of POPG, and 0.11 umol of NBD-POPE in chloroform were stirred
together under nitrogen gas to create a dry phospholipid film. The flask was
vacuumed overnight to remove all organic solvent. The next day, 7.5 mL of 2 mM
HEPES buffer (with 25 mM sodium chloride at pH 7.4) was used to hydrate the lipids
to a 2 mM lipid concentration. The flask was taken through 10 freeze/thaw cycles.
Finally, 1 mL at a time, the liposome solution was extruded 15 times through an

Avanti Polar Lipids mini extruder with a 50 nm pore polycarbonate membrane.

3.3.9 Fluorescence Lifetime Assays of NBD-Labeled Liposomes

NBD-labeled liposomes’ steady-state fluorescence was observed between 495
to 650 nm, with the excitation wavelength set to 470 nm. The fluorescence lifetime of
NBD was observed at 515 nm using the TCSPC detector.!”® Steady-state fluorescence
and fluorescence lifetime measurements were conducted on the NBD-labeled
liposomes alone, immediately after the addition of 0.5 nM QDs, and at 4 hr and 8 hr
following the addition of the QDs to the samples. Only data collected at 4 hr

following the QD addition is shown.

3.3.10 Preparation of Rhodamine-Labeled Liposomes

Rhodamine-labeled liposomes were prepared with varying rhodamine content
and zeta potentials. Initially, a series of POPC-based liposomes with rhod-POPE

content varying from 0-30 mol% were prepared to optimize the emission from these
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liposomes, as too high a concentration of rhodamine lends to aggregation-induced
self-quenching.t’® The lipids for these formulations were self-assembled into
liposomes via methods similar to the aforementioned methods—overnight drying,
hydration in 2 mM HEPES buffer with 25 mM NaCl (pH = 7.4), 10 freeze/thaw
cycles, and extrusions through 50 nm pore membranes. After determining the optimal
rhod-POPE content, liposomes of varying zeta potential were prepared by varying the
concentration of zwitterionic lipids (POPC and rhod-POPE) to negatively charged
lipids (POPG) to positively charged lipids (EPC) in the liposomes. These liposomes
were similarly self-assembled. Absorbance, emission, DLS, and zeta potential

measurements were performed on the liposomes before experimentation.

3.3.11 Liposome Forster Resonance Enerqgy Transfer (FRET) Assay

Liposome FRET studies were observed using the ‘Emission Scan’ function of
the PTI-Horiba QuantaMaster 400 fluorimeter. Prior to combining the components
for FRET studies, emission due to direct excitation of the QDs (Aex = 450 nm) and the
rhod-liposomes (hex = 575 nm) at relevant and varying concentrations was observed.
For the FRET studies, the excitation wavelength was set to 450 nm to directly excite
the QDs with minimal indirect excitation of the rhod-liposomes. Fluorescence
emission was monitored between 460-700 nm. Within this window the emission
maximum of the QDs (545 nm) and of the rhod-liposomes (595 nm) were observed
concurrently, via the following steps. First, the emission of the cuvettes with just
rhod-liposomes in buffer was detected. Then, QDs were added to one cuvette at a
time so that a ‘time = 0’ reading could be taken immediately. These two steps were

conducted for each sample to be tested, with a timed record. The samples were
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measured over time to monitor changes in FRET/QD-liposome association. Samples

were protected from light when not being measured.

3.4 Investigating Varying Anti-Membrane Activity with QDs of Different
Semiconductor Material Composition and Structure
Section 3.4 is a modified reproduction of work published in Williams et al.
Adverse Interaction of Luminescent Semiconductor Quantum Dots with

Liposomes and Shewanella oneidensis. ACS Appl. Nano Mater. 2018, 1 (9).14

3.4.1 Ligand Exchange of Cadmium-containing and Cadmium-free QDs

Luminescent cadmium-containing and cadmium-free QDs, synthesized as
organic colloids via hot injection methods as described in Chapter 2, were capped
with DHLA-PEG750-OCHs ligands to enable their miscibility in aqueous solutions
and suitability for the liposome assays in aqueous buffer. The use of the same capping
ligand on all QDs enabled direct comparisons to be drawn between the membrane
disruption activity of cadmium-containing and cadmium-free QDs. Equally
important, the ligand exchange process removed some trioctylphosphine oxide
(TOPO) ligands from the QDs’ surface and shielded the remaining ones from
interacting with liposome membranes (and bacterial cells in Chapter 4).1% This is an
imperative step to minimize the ligands’ contribution to QD toxicity, since TOPO has
been shown to be highly oxidative.'”* The ligand exchange process was performed
following a previously reported procedure (Scheme 3.2).8

1. Zinc Acetate

(\(\/\j\ﬁ%\’o)ﬁxm Methanol

- st s NaOH g y N
. ; _ _ Lo
M @ + DHLA PE_G750 OCH4 2. Ethyl Acetate
Sy *Made by Richard Brown
N 1 Hexane :

Millipore Water

Scheme 3.2: Ligand exchange from TOP to DHLA-PEG750-OCH3; coated QDs.
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3.4.2 Using Calcein-containing Liposomes to Investigate the Dependence of

Membrane Disruption Activity on QD Cores’ Material Composition

Liposome lysis assays (described in Scheme 3.1) with calcein-containing and
calcein-free POPC:POPG liposomes were conducted to compare the levels of
membrane disruption activity for the cadmium-containing CdSe and CdSe/ZnS QDs
to that of the cadmium-free ZnSe and ZnSe/ZnS QDs. Calcein was chosen as the
fluorophore for this lysis assay because of its high encapsulation efficiency and the
high stability of calcein-containing liposomes in aqueous solutions.'®! Additionally,
the QDs used in these membrane disruption assays have minimal absorbance at 480
nm and minimal emission at 515 nm—which lends to minimal spectral overlap with
calcein’s absorption and emission maxima.

The calcein-containing liposomes were exposed to increasing concentrations
(up to 0.5 mg/mL selenium ion equivalents as measured by ICP-MS) of cadmium-
containing and cadmium-free QDs. As discussed in Chapter 2, the CdSe core QDs
were measured to be a similar size as the ZnSe core QDs and the CdSe cores with 3
monolayers (ML)of a ZnS shell (CdSe/ZznS(3 ML) QDs) were measured to be a
similar size as the ZnSe/ZnS QDs (Appendix Figures 2.2 and 2.4). So, these are the
QDs directly compared in Figure 3.1. This figure describes the liposome lysis
efficiency of the varying QD compositions and demonstrates that all tested QD types
have some level of membrane disruption activity. Figures 3.1A and B specifically
illustrate the normalized temporal dependence of calcein’s fluorescence intensity
prior to and after the liposomes’ exposure to the cadmium-containing QDs and

cadmium-free QDs which contain 0.5 mg/L selenium ion equivalents in their core.
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The blue curve in these panels follows the fluorescence intensity (Aem = 515 nm) of
systems containing calcein-free liposome controls with CdSe/ZnS(3 ML) QDs
(Figure 3.1A) and ZnSe/ZnS QDs (Figure 3.1B) at 0.5 mg/L selenium ion
equivalents. The slight increase in fluorescence due to direct excitation of these QDs
once added to these dye-free liposome controls represents the highest level of optical
interference observed in these experiments. The level of optical interference is
significantly lower when CdSe and ZnSe core QDs of the greatest concentration are

tested. Therefore, the contribution of the QDs’ emission due to their indirect
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Figure 3.1: Representative normalized emission traces compare the membrane disruption
activity of CdSe and CdSe/ZnS QDs (A) and ZnSe and ZnSe/ZnS QDs (B). The negative
control curves follow the exposure of calcein-free liposomes to the shelled QDs. Liposome
lysis efficiency is concentration dependent for the cadmium-containing (C) and cadmium-
free (D) QDs. (N = 3).
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excitation is considered negligible based on these control measurements. Figure 3.1A
shows that CdSe/zZnS(3 ML) QDs cause more liposome lysis than non-shelled CdSe
QDs. In contrast, Figure 3.1B shows that ZnSe/ZnS QDs cause less liposome lysis
than non-shelled ZnSe QDs. These trends of core vs. core/shells dependence
remained regardless of the QD concentration that the liposomes were exposed to, as
demonstrated in Figures 3.1C and 3.1D. These figures show the concentration
dependence of the liposome lysis (membrane disruption) efficiency when the calcein-
containing liposomes were exposed to increasing concentrations of CdSe QDs and
CdSe/zZnS(3 ML) QDs (Figures 3.1C), and ZnSe and ZnSe/ZnS QDs (Figures 3.1D).
The percent liposome lysis was calculated based on the following equation:
Liposome Lysis (%) = [(leg — Iv) / (i — 1b)] X 100

where leg is the equilibrated fluorescence intensity detected from the calcein
molecules following the exposure of the calcein-containing liposomes to QDs; Iy is
the background fluorescence intensity of the calcein-containing liposomes prior to
QD exposure; and lyi is the fluorescence intensity of the sample following the
complete disruption and release of calcein molecules due to the rupture of the calcein-
containing liposomes by the 1% Triton solution. The level of membrane disruption is
concentration dependent for all QD types. Cadmium-containing CdSe and
CdSe/ZznS(3ML) QDs exhibit higher levels of membrane disruption activity
compared to cadmium-free ZnSe and ZnSe/ZnS QDs. For example, exposure of the
calcein-containing liposomes to CdSe and CdSe/ZnS(3ML) QDs with 0.5 mg/L
selenium ion equivalents in their core resulted in 38 + 1% and 42 £+ 1% liposome lysis

efficiency, respectively. In contrast, exposure of the calcein-containing liposomes to
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ZnSe and ZnSe/ZnS QDs at 10-fold higher selenium ion equivalents (5 mg/L) in their
cores resulted in 15 + 4%, and 10 + 1% liposome lysis efficiency, respectively.
Coating the ZnSe QDs with a ZnS shell decreased their membrane disruption
activity almost to the level of liposome lysis that was observed when the calcein-
containing liposomes were exposed to the DHLA-PEG ligands at ppb levels (the
levels anticipated if all ligand molecules would be desorbed from the QD surface,
Appendix Figure 3.2). In contrast, coating the CdSe QDs with a ZnS shell slightly
increased, rather than decreased, their membrane disruption activity. Both the
differences in lysis efficiency between CdSe and ZnSe QDs and the opposite effect
that coating them with a ZnS shell has on their membrane disruption activity were
unexpected since the synthesis methods used to prepare the CdSe and ZnSe QDs and
modify their surface chemistry were nearly identical. The source of these unexpected

results is explored in the next two subsections.

3.4.3 Using Calcein-containing Liposomes to Investigate the Dependence of

Membrane Disruption Activity on QDs’ Core or Core/Shell Structure

Having observed an increase in membrane disruption activity when the CdSe
QDs are coated with a ZnS shell, we investigated how the shell thickness affects the
liposome lysis efficiency of CdSe/ZnS QDs. (TEM measurements were used to
confirm an increase in QD size when CdSe QDs were coated with ZnS shells of
increasing thickness (Appendix Figure 2.2).) Figure 3.2 shows the temporal
dependence of the calcein’s fluorescence intensity prior to and after the calcein--
containing liposomes were exposed to 0.5 mg/L Se equivalents of CdSe core QDs

(black) and CdSe/ZnS QDs with shell thicknesses of one ML (green), three ML (red),
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and six ML (blue). (For the ZnS 100 4
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semiconductor, 1 ML is equal to a 3 nm radius

shell'®, as discussed in Chapter 2.) Liposome
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Figure 3.2: Normalized emission traces
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(ML) of a 2zZnS shell(A). (While
CdSe/ZnS QDs with three ML, and 70 + 1% measurements were done in triplicate,

only one representative trace is shown.)
CdSe/znS QDs with six ML of ZnS shell thickness. A lower membrane disruption
efficiency was observed when the liposomes were exposed to CdSe/ZnS QDs(1 ML)
rather than the bare CdSe cores. However, overall, adding shell thickness only seems
to delay—rather than prevent—Iliposome lysis, as further increases in shell thickness
resulted in increasing membrane disruption activity.

These results led to the conduction of ICP-MS measurements aimed at
determining levels of QD ion dissolution, an indication of the QDs’ chemical
stability. Cadmium, zinc, and selenium ions were detected from filtered samples after
QDs were incubated in water (the QD storage medium) and in HEPES (the liposome
assay medium). The cadmium-free ZnSe and ZnSe/ZnS QDs did not demonstrate any
significant dissolution in either incubation condition, as indicated by negligible levels
of zinc and selenium ions measured in the supernatants of their incubated samples

(data not shown). In water, the CdSe and CdSe/ZnS QDs of varying ZnS shell size

did not have significant ion dissolution (data not shown). Figure 3.3 plots the levels of
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Figure 3.3: ICP-MS measured intensities of zinc, cadmium, and

selenium ions resulting from the dissolution of CdSe QDs of

varying ZnS shell size. Only significant zinc ion dissolution
selenium measured in the is observed, indicating degradation of the ZnS shell in the
timespan of our assays. (N = 3; Error bars are omitted for
figure clarity. Published as Figure 3B in Williams et al.
Applied Nano Materials. 2018, 1 (9), 4788-4800.1%)

selenium ion equivalents.

The levels of cadmium and

supernatant for these QDs
were below the detection limits of our method. However, the CdSe/ZnS QDs
exhibited significant zinc ion dissolution over 24 hours, which increased with the
QDs’ concentration and ZnS shell thickness. It should be noted that it is difficult to
quantify the amount of released zinc ions from the QDs due to high native levels of
zinc in aqueous samples and glassware'®, so these numbers are reported in signal
equivalents, above the baseline, rather than concentrations. Nevertheless, the
measured levels’ dependence on the QD concentration and ZnS shell thickness
strongly suggest a significant level of zinc ion dissolution from the CdSe/ZnS QDs
within the time scale of our liposome lysis assays. It is therefore fair to conclude that
zinc ion dissolution increases the adverse impact of CdSe/ZnS QDs on the liposome
membranes beyond their impact due to membrane association alone. Further, it may
seem interesting the that ZnSe/ZnS QDs exhibited significantly higher shell stability

even though the CdSe and ZnSe cores were coated with the same ZnS shell using
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nearly identical shelling conditions. However, the literature has attributed an
increasing ZnS shell size to decreasing CdSe/ZnS QD stability due to significant
crystal plane mismatching between the CdSe and ZnS lattices, which would lend to
significant lattice strain and QD dissolution.'®-18 Contrarily, there is minimal crystal
mismatch between ZnSe and ZnS lattices, so the ZnSe/ZnS QDs would remain stable.

Since ion dissolution was detected with some QD samples, calcein-containing
liposomes were exposed to cadmium chloride, zinc chloride, and sodium selenite,
which served as Cd?*, Zn?*, and Se** ion control exposures, respectively (Appendix
Figure 3.3). The salts for the metal ion controls were chosen to readily generate the
metals’ predominate oxidation state once dissolved in water.'8" 18 Even exposed to
free ion concentrations that would only exist if the highest concentration of QDs
completely dissolved, the calcein-containing liposomes were negligibly lysed by
selenium and cadmium ion controls. Significant lysis was observed with zinc ion
controls, which supports the notion that the significant ZnS shell dissolution from the
CdSe/znS QDs may contribute to their liposome lysis. Further the behavior of the
zinc ion controls supports the ICP-MS results which show negligible ion dissolution

from ZnSe and ZnSe/ZnS QDs.

3.4.4 Using Nitrobenzoxadiazole (NBD)-labeled Liposomes to Investigate

Changes in Polarity and ROS Activity at the Membrane

Since the free ion liposome exposures alone cannot fully explain the
differences in membrane disruption activity, we further postulated that: 1) the
instability of the ZnS shell on our CdSe/ZnS QDs could result in zinc ion dissolution

at the membrane after QD association and 2) this lends to an increase in local ion

58



concentration near the membrane which would allow the ions to contribute to
membrane disruption. Literature supporting this hypothesis has linked the association
of degraded QDs to increased toxicological effects.® % Thus, QD-membrane
association was next to be investigated. Nitrobenzoxadiazole (NBD)-labeled
POPC:POPG liposomes were prepared in order to probe the association of the
cadmium-containing and cadmium-free QDs with membranes. NBD was chosen
because this dye’s fluorescence properties are sensitive to its environment. A
fluorescence intensity increase and a fluorescence lifetime decrease are measured
when the NBD environment observes a polarity decrease.!”™ In contrast, a
fluorescence intensity decrease is detected when NBD molecules react with ROS.1"8
The trends described below did not depends on QD core or core shell structure, so
only QD core data is shown.

Figure 3.4 describes the results of the NBD liposomes’ incubation with the
cadmium-containing and cadmium-free core QDs. Representative fluorescence
spectra of NBD prior to and following exposure of NBD liposomes to CdSe and ZnSe
QDs are shown in Figures 3.4A and 3.4B. The fluorescence spectra of NBD
liposomes (Aex = 470 nm) prior to and following QD exposures are shown in black
and red, respectively. The control fluorescence spectra of CdSe and ZnSe QDs, at the
exposure concentration, for this unfavorable excitation wavelength are shown in blue.
A six-fold increase in the fluorescence intensity from the NBD liposomes is observed
following their exposure to CdSe (Figure 3.4A) and ZnSe (Figure 3.4B) QDs.
Considering the literature, this can be attributed to decreased polarity in the NBD

environment due to the association of the QDs with the liposomes, which effectively
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shields the NBD headgroup from the water molecules and ions of the buffer. The lack
of fluorescence intensity decrease following the incubation of QDs with the NBD
liposomes strongly suggests that ROS are not formed and are therefore not a
significant contributor to membrane disruption under these experimental conditions.
This is an acceptable conclusion considering this assay was a short exposure under
room light conditions, and without direct QD irradiation. The representative lifetime
traces (Aem max = 515 nm), shown in Figure 3.4C for CdSe and Figure 3.4D for ZnSe

QDs, provide additional indications that the QDs associate with the liposomes.
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Figure 3.4: Fluorescence intensity of NBD-labeled liposomes (black), QDs (blue), and
following a 4 hr incubation of NBD-labeled liposomes with QDs (red) show
significant NBD fluorescence increases for both CdSe (A) and ZnSe (B) QDs (hex
= 470 nm). Time-resolved photoluminescence decay curves of NBD-liposomes
(black) and following a 4 hr incubation with QDs (red) for CdSe QDs(C) and ZnSe
QDs (D) show a decrease in fluorescence lifetime (Aex = 470 NM, Aem = 515 nm).
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Table 3.1. A summary of the fluorescence lifetime and exponential terms used to fit the fluorescence
lifetime decay curves for NBD-liposomes prior to and following exposure to CdSe and ZnSe QDs. The
weighted fluorescence lifetime equation: t (nsec) = (t1x Wt1) + (T2x Wtp).

Weighted Fluorescence
Lifetime, t (nsec) |11 (nsec) | wti (%) | w2 (nsec) | wtr (%)
NBD-Liposomes 5.87 £0.23 2.81 54.81 9.58 45.17
ZnSe QD and
NBD-Liposomes 5.23+0.02 3.84 72.48 9.43 27.52
CdSe QD and
NBD-Liposomes 5.17£0.03 3.78 72.51 9.24 27.49

Table 3.1 summarizes the fluorescence lifetime and the exponential terms
which explain the fit of the fluorescence lifetime decay curves of the NBD liposomes
prior and following a 4-hour long exposure to CdSe and ZnSe QDs (Figure 3.4C and
D). A decrease in the fluorescence lifetime from 5.87 + 0.23 nanoseconds (nsec) to
5.17 £ 0.03 nsec and to 5.23 £+ 0.03 nsec when the NBD liposomes are incubated for 4
hours with CdSe and ZnSe QDs, respectively, is observed. Additionally, the
fluorescence lifetime decay curve of NBD liposomes prior to QD exposure is
described by two exponential terms, 1 = 2.81 nsec and 12 = 9.58 nsec, with almost
equal weights of about 55 and 45%, respectively. These two terms are attributed to
the NBD’s heterogeneous environment, which include the hydrophobic backbone of
the liposome bilayer, the unrestricted movement of the dye on the outer lipid heads,
and the aqueous environment of the liposomes.® A significantly increase in mono-
exponential character is observed when the QDs interacted with the liposomes. The
fluorescence lifetime decay curves for exposed NBD liposomes (red) are still
described by two exponential terms. However, the terms change to t1 = 3.78 nsec and
T2 = 9.24 nsec for CdSe QDs and t1 = 3.84 nsec and 12 = 9.43 nsec for ZnSe QDs.

Additionally, the weights of these components change to about 72 and 28% for both
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QD types, respectively. The decrease in fluorescence lifetime and the increase in
mono-exponential character of the fluorescence lifetime decay curves are consistent
with a decrease in the polarity of the NBD environment, which is attributed to
association of the QDs to the NBD liposomes. The changes in NBD’s fluorescence
intensity and lifetime—which are indicative of QD-liposome association—do not
significantly depend on the QDs’ core composition. However, as QD-liposome
association is concurrently occurring while these QDs undergo different levels of ion
dissolution, the combination of these two mechanisms have been owed responsibility
for the different rates of membrane disruption activity observed in this chapter and

the different effects on cell viability to be discussed in Chapter 4.

3.5 Investigating Varying QD-Membrane Association Activity with Liposomes of

Different Lipid Compositions

3.5.1 Establishing and Optimizing a Forster Resonance Energy Transfer

(FRET) System to Investigate Levels of QD Association with Membranes

Since the NBD liposome incubation studies revealed that the QDs’ material
and structure did not affect levels of QD-membrane association, we began to
investigate QD characteristics that the literature indicates would: QDs’ surface ligand
composition and charge.?® % 18 There are numerous studies where association
between QDs and other entities have been investigated using FRET, since this
phenomenon is extremely sensitive to the distance between an energy donor and an
energy acceptor.14? 190-19% Thys, liposome FRET assays with QDs of varying surface
chemistry and rhodamine B-labeled liposomes (rhod-liposomes) of varying lipid

compositions were conducted to illustrate how surface ligand chemistry affects levels
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of QD-membrane association. Rhodamine B was chosen as the FRET acceptor as it 1)
has high water solubility, 2) is often used as a FRET pair component in systems that
achieve high FRET efficiency, and 3) has optimizable intermolecular quenching.'*®
194,195 Fyrther, rhod-labeled lipids are readily available and have the desired optical
properties for a FRET acceptor component. The Qdot545 ITK™ carboxyl- and
amino- terminated polyethylene glycol coated CdSe/ZnS QDs (to be referred to as
‘Qdots’ to distinguish them from the in-house synthesized CdSe/ZnS QDs)—which
were characterized in Chapter 2—were chosen as the FRET donor component since
this component needed to be QDs 1) with sufficient emission overlap with the
absorbance of the rhod-liposomes and 2) that only differed in the surface coverage.
These Qdots had the same absorbance and emission intensities and spectra at the
same molar concentrations since the distributor was able to modify the surface

coverage of their QDs without affecting their optical behaviors. Furthermore, Figure

3.5 shows the normalized absorbance and 1.2 1.2
Q
Q
emission spectra for the Qdots and the rhod- & 8
) ) 2 0.81 -0.8 é’
liposomes that were measured in separate = &
o] o]
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Figure 3.5: Spectra showing the spectral overlap and
potential for FRET between the Qdot donors (black)

within close proximity of each other. ,
and rhod-liposome acceptors (red). (Aex = 450 nm)

Before analyzing levels of QD-membrane association with all the intended

QD and liposome variations, the FRET system needed to be optimized. To maximize
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the emission intensity of the rhod-liposomes, A

the intermolecular quenching of rhodamine B
was minimized by varying the rhod-POPE
content in POPC-based liposomes. The
amount of rhod-POPE that was added to
POPC lipids during liposome preparations was
varied from 0-30 mole percent (mol%) of the
total lipid concentration. DLS and zeta
potential characterizations of these liposomes
indicate that they are all between 55-85 nm in
diameter and negatively charged (Appendix
Table 3.1). Figure 3.6 shows the absorption
and emission (Aex = 570 nm) spectra for the
varying rhod-liposome compositions in
HEPES (pH 7.4). Figure 3.6A shows that the
absorbance intensity of the liposomes
continually increases with increasing rhod-
POPE mol%. Figure 3.6B shows that 1) the
emission intensity of the liposomes increases

up to the 3 mol% formulation, 2) the turning
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Figure 3.6: Optical properties of rhod-liposomes with varying rhod-POPE content. The
absorbance intensity of the liposomes increases with increasing rhod-POPE mol% (A). With
direct rhod-liposome excitation (Aex = 570 nm), the emission intensity increases up to the 3
mol% rhod-POPE formulation and decreases after 6 mol% rhod-POPE, with concentration
dependence (B). With indirect rhod-liposome excitation (Aex = 450 nm), the emission intensity
increases up to the 6 mol% rhod-POPE formulation and decreases immediately after, with

concentration dependence (C).
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point of emission intensity is within the 3-6 mol% rhod-POPE formulations, and 3)
there is a concentration dependent decrease in emission intensity above 6 mol% due
to rhodamine’s self-quenching behavior. Figure 3.6C shows the emission intensity
detected from the liposomes of varying rhod-POPE content after using 450 nm
excitation—the wavelength used to excite the Qdots in the FRET studies described
below. These experiments were done to detect the background emission that may
result from indirect excitation of the rhod-liposomes. Minimal excitation and
emission were expected from the rhod-liposomes because the rhodamine B does have
minimal absorbance at several wavelengths, including at the near-UV to blue
wavelengths that are optimal for exciting the Qdots. With indirect excitation, the
background emission intensity from the rhod-liposomes increased with increasing
rhod-POPE up to the 6 mol% formulation, and thereafter decreased with increasing
concentration. The background emission intensity (Figure 3.6C) detected from all
samples was at most 2.5% of their respective direct emission intensity (Figure 3.6B).
Since the maximum direct emission intensity was achieved with 3-6 mol% rhod-
POPE and the background intensity increases through the 6 mol% formulation, the 3
mol% rhod-POPE formulation had the best signal-to-noise ratio. Thus, 3 mol% rhod-
POPE content was used in all further rhod-liposome formulations.

Next, in order to ensure FRET would occur between QD donors and the rhod-
liposome acceptors with the expected association and light activation dependency, we
varied the amount of carboxyl Qdots thay were added to HEPES solutions with 3
mol% rhod-POPE:POPC liposomes. Figure 3.7 shows the level of FRET between the

same concentration of rhod-liposomes with varying concentrations of Qdots. As the
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rhod-liposomes were exposed to increasing 6001

concentrations of Qdots, the emission detected

from them increased. Control experiments

with just Qdots in HEPES further confirmed
200 -

the occurrence of FRET as the emission

Emission Intensity (Millions)

intensities from the Qdots alone were higher 04
500 600 700
than those detected from the Qdots in the Wavelength (nm)
Figure 3.7: Emission from Qdot-rhodamine
presence of rhod-liposomes (data not shown). FRET  system  with increasing

concentrations  of  Qdots  show

. . concentration  dependent  emission
These experiments confirmed that our FRET intensities. (hex= 458 nm)

system had direct excitation of the Qdots which emitted energy that was either 1)
detected as light or 2) transferred to the rhod-liposomes to excite rhodamine B and
allow it to emit detectable energy. We assume that the QDs and rhod-liposomes must

be in close proximity for this FRET to be detectable.

3.5.2 Using Rhodamine-labeled Liposomes of Varying Lipid Composition to

Investigate the Impact of Lipid Composition on QD Association

After proving a working FRET system with the carboxyl Qdots and 3 mol%
rhod-POPE:POPC liposomes, investigations into how the levels of FRET may change
when using a different QD ligand coatings and varying liposome compositions began.
The first experiments probed whether the same 3 mol% rhod-POPE:POPC liposomes
would have different levels of association with carboxyl Qdots compared to amino
Qdots (Figure 3.8). Figure 3.8A illustrates the FRET observed, at time = 0, when the
same concentrations of rhod-liposomes were exposed to 50 nM of carboxyl-

terminated (red) and amino-terminated (black) Qdots. Figures 3.8B and C illustrate
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the change in emission intensity for the same
systems over time; with the emission from the
Qdots shown in red and the emission from the
rhod-liposomes in  black. Figure 3.8
demonstrates that more energy is absorbed
from the amino Qdots than the carboxyl Qdots
over time, as the emission intensity from these
QDs is lower upon first contact with the rhod-
liposome solution and continues to decrease
over time at a greater rate. This may be
indicative of more amino Qdots binding to
liposomes than the carboxyl Qdots. However,
the emission intensity and rate of intensity
change detected from the rhod-liposomes
when interacting with both systems does not
appear Further

statistically  significant.

experiments focused on studying the

efficiency of FRET between the different
Qdots and rhodamine B would be necessary to
information from these

extrapolate more

observations.
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Figure 3.8: Emission spectra after observing FRET between Qdots and 3 mol% rhod-POPE:POPC
liposomes. Amino Qdots (red) have a smaller emission intensity at time 0 of FRET than the
carboxyl Qdots (black) (A). Over time the trend remains that the carboxyl Qdots (B, red) have
greater emission intensity with FRET than the amino Qdots (C, red). However, there is no
significant difference in the amount of emission detected from the rhod-liposomes (B & C, black)

between the two Qdots. (N = 2)
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The second set of experiments, with both the carboxyl and amino Qdots,
monitored FRET between the Qdots and rhod-liposomes of different lipid
composition. Liposome batches made of 1) 3 mol% rhod-POPE lipids, 2) either 10
mol% or 20 mol% of charged lipids, and 3) the remaining moles being the
zwitterionic POPC lipids were prepared. The charged lipids were either the positively
charged EPC lipids or the negatively charged POPG lipids. Thus, a five-member
charge series of 3 mol% rhod-liposomes—including the original rhod-POPE:POPC
liposomes with no charged lipids (just POPC liposomes)—with zeta potentials
ranging from negative to positive 40 mV was available to study with the two Qdot
formulations. The DLS and zeta potential characterizations of this charge series can
be found in Appendix Table 3.2. Figure 3.9 illustrates the FRET observed between
the two Qdots and three of the five 3 mol% rhod-liposome formulations over time.
(Data for the 10 mol% EPC and 10 mol% POPG formulations are omitted for figure
clarity, but generally follow the trends respective to liposome charge.) Both the
carboxyl (A) and amino (B) Qdots experience their largest decreases in emission over
time when put into the same environment as positively charged liposomes (red)
compared to when they are with more neutrally (black) and negatively charged (blue)
liposomes. While it may be expected that the carboxyl and amino Qdots would have
opposite trends—with the carboxyl Qdots being more attracted to (losing more
emission with) the positively charged liposomes and the amino Qdots being more
attracted to the negatively charged liposomes—recall that in the Chapter 2 zeta
potential characterizations, both Qdots were observed to have an overall negative

potential in the HEPES buffer system. Collaborators who have worked with similar
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Figure 3.9: Emission spectra after observing FRET between Qdots and 3 mol% rhod-POPE liposome
formulations that are either more negatively (blue), neutrally (black), or positively (red) charged due to
the different lipid components. Carboxyl Qdots had more significantly decreased emissions (A) and
induced more rhodamine emissions (C) in the presence of more positively charge liposomes compared
to other formulations. The amino Qdots compounding negative charge and surface amine
characteristics resulted in more significant interaction with both the positively and negatively charge
liposome formulations (B and D). (N = 2)

batches of the amino Qdots have confirmed the presence of primary amines on their
surface, and have speculated that there must be other components on the QDs which
are ’shielding’ their charge.!®® The presence of these surface amines on the amino
Qdots may explain why these dots lose their next largest amount of emission capacity

to the more negatively charged liposomes rather than the neutral formulations, while
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the carboxyl Qdots—which lack surface amines—interact fairly equally with those
formulations.

Figures 3.9C and D recapitulate the trends observed in A and B, but from the
perspective of how much emission is observed from the rhod-liposomes after
interaction with the Qdots. The carboxyl Qdots transfer energy to and allow
significantly more emission to be detected from the positively charged liposome
formulations (red) rather than the more neutral (black) or negative (blue) formulations
(C). The amino Qdots result in statistically similar emission detected from the
positive (red) and negative (blue) liposome formulations; which is significantly more
than the emission detected from their energy transfer to the more neutrally charged
(black) formulations. Conclusively, QD-membrane association can be driven by

tuning electrostatic attractions between the two entities.

3.6 Conclusions

This chapter uses model lipid bilayer vesicles, aka liposomes, to elucidate
how interactions between QDs and membranes may be affected by differences in
QDs’ material, structural, and surface ligand compositions and by differences in
membranes’ lipid compositions. The liposomes used in these studies were imbedded
with dyes which emitted optical signals that correlated to specific QD interactions
with the membranes.

Membrane disruption assays, with calcein-labeled liposomes, demonstrated
that cadmium-containing QDs had more membrane disruption activity than cadmium-
free QDs. This difference in membrane disruption was unexpected since the

liposomes lacked metal-specific receptors that would distinguish between the QDs’
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material composition. Additionally, these membrane disruption assays demonstrated a
very unexpected result: ZnS shelling mitigated the membrane disruption activity of
the cadmium-free QDs, but not of the cadmium-containing QDs. This was evident
even though the QDs’ syntheses and ligand exchanges occurred via similar protocols,
and both QD core types had improved optical performance upon shelling (which is
indicative of effective surface passivation).

Thus, QD incubations with NBD-labeled liposomes were used to test for
possible differences in the QDs’ association and ROS generation, and ICP-MS was
used to measure levels of QD ion dissolution. The NBD-liposome incubations
demonstrated that the QDs’ membrane disruption activity was not due to ROS
generation, but was instead due to membrane depolarization. These incubations did
not indicate significant differences in membrane depolarization between the
cadmium-free and cadmium-containing core and core/shell QDs. However, the ICP-
MS measurements demonstrated that the cadmium-containing QDs were less stable
than the cadmium-free QDs in the aqueous HEPES medium used for these liposome
assays. Furthermore, it highlighted that the cadmium-containing QDs had increased
ion dissolution as their shell size increased, which indicated increasing levels of QD
instability with shelling. This lack of QD stability likely resulted in the cadmium-
containing QDs dissolving into membrane disrupting ions in high local concentrations
upon liposome association.

Rhod-labeled liposomes proved that QDs could associate with membranes and
illustrated how QDs’ surface ligand chemistry impacted the levels of QD association.

QD incubations with rhod-liposomes demonstrated that electrostatic forces play a
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large role in QD-membrane association. Further, these incubations also showed that
not only surface charge, but also that the molecular structure of all QD surface
molecules impact the levels of QD-membrane association. This became evident
through negatively charged amino QDs’ incubations with liposomes of varying zeta
potential. Electrostatic implications were evident due the larger association between
these amino QDs and the positively charged liposomes, rather than with the more
neutral and negatively charged liposomes. However, the next largest association was
with the negatively charged liposomes, rather than the more neutrally charged
liposomes, likely due to the presence of the quaternary amines on the amino QDs’
surfaces.

Altogether, these QD-liposome studies highlight the importance of controlling
QDs’ structure, surface ligand chemistry, and chemical stability for tuning the

intended and unintended interactions between them and membranal targets.
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Chapter 4: Investigating the Antibacterial Activity of Cadmium-
containing and Cadmium-free QDs against Shewanella

oneidensis MR-1, an Environmental Health Model.

This chapter is a modified reproduction of work published in Williams et al.

Adverse Interaction of Luminescent Semiconductor Quantum Dots with

Liposomes and Shewanella oneidensis. ACS Appl. Nano Mater. 2018, 1 (9).14
4.1 Purpose

This chapter compares the impact of cadmium-containing and cadmium-free

core and core/shell QDs against the viability of Shewanella oneidensis MR-1, an
environmental health-relevant bacteria model. These studies were conducted parallel
to the liposome studies with the same QD types, as described in Chapter 3. The
findings of the liposome experiments included that: 1) the CdSe and CdSe/ZnS QDs
showed higher membrane disruption activity than the ZnSe and ZnSe/ZnS QDs, 2)
shelling did not mitigate the membrane disruption activity of the CdSe cores, and 3)
the activity of the QDs was correlated to their association and ion dissolution at the
liposomal membrane. This chapter—investigating QDs activity against S.
oneidensis—continues the investigation of how QDs’ material and structure influence
their environmental implications. We hypothesized that the interactions between the

QDs and the negatively charged bacterial membranes of S. oneidensis would be

similar to the interactions of these QDs with the negatively charged liposomes.

4.2 Introduction
Water- and soil-thriving bacteria are often used to model the environmental

implications of naturally- and artificially-occurring entities. When studying the
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implications of nanomaterials on the environment, specifically, bacteria in the
Shewanella, Pseudomonas, Acinetobacter, Azotobacter, Bacillus, and Sinorhizobium
genera are primarily used as the bacterial models.'®’-?°* Of all the strains within these
genera, the Shewanella oneidensis MR-1 strain is particularly interesting because of
this bacterium’s ability to cycle and reduce heavy metal ions for metabolic
purposes.t’® 292 Additionally, this bacterium has previously been used in similar
nanoparticle implication studies.3> 172 202 203Thys S, oneidensis MR-1 was used to
model the potential environmental implications of our heavy metal-containing QDs.
This chapter discusses studies which investigated the hypotheses that 1) the
cadmium-containing QDs have greater impacts on S. oneidensis viability than the
cadmium free QDs and that 2) a ZnS shell mitigates the cadmium-containing QDs’
impact on cell viability. To test these hypotheses, we studied the interactions between
cadmium-free (ZnSe, ZnSe/ZnS, and Mn:ZnSe/ZnS) QDs and cadmium-containing
(CdSe and CdSe/znS of varying shell size) QDs with S. oneidensis MR-1. ICP-MS,
hyperspectral imaging, and biological TEM were used to investigate the association
between the QDs and bacterial cells. Additionally, the impact of the QDs on S.

oneidensis cells’ viability was measured using a drop plate assay.

4.3 Materials, Instrumentation, and Methods

4.3.1 Materials and Reagents

Shewanella oneidensis MR-1 (BAA-1096) were purchased from American
Type Culture Collection Inc. Instrument Calibration Standard 2 (5% HNOs3/ Tr. Tart.
Acid/Tr. HF) for inductively coupled plasma mass spectrometry (ICP-MS) was

purchased from Claritas PPT SPEX CertiPrep. 4-(2-hydroxyethyl)-1-
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piperazineethanesulfonic acid (HEPES) buffer (1 M), acetone, BD Difco Dehydrated
Culture Media: Granulated Agar, chloroform, Corning Cellgro DPBS (1X), BD Difco
Dehydrated Culture Media: Luria—Bertani (LB) broth, Dulbecco’s Phosphate-
Buffered Saline (without calcium and magnesium), ethanol, nitric acid (Trace Metal
grade), and zinc chloride were purchased from Fisher Scientific. Amicon Ultra
centrifugal filter units, cadmium chloride (CdCl,), sodium chloride (NaCl), and
sodium selenite were purchased from Sigma-Aldrich. Dihydro lipoic acid
polyethylene glycol methoxy (DHLA-PEG750-OCHs) was prepared and purified

with slight modifications to a previously reported protocol. 6% 166

4.3.2 Instrumentation

ICP-MS was conducted on a PerkinEImer NexION 300D single quadrupole
mass spectrometer. Cytoviva hyperspectral imaging (Cytoviva) was observed with an
Olympus BX-41 microscope fitted with a spectrophotometer and an integrated
charge-coupled device (CCD) camera. Biological transmission electron microscopy

(BioTEM) images were obtained using a FEI Tecnai T12 TEM.

4.3.3 Bacterial Culture and Colony Counting

Scheme 4.1 illustrates the Shewanella oneidensis MR-1 liquid culture and
colony counting procedures. Stock S. oneidensis cultures were started by streaking an
LB-agar plate with cells and then incubating the plate in a 30 °C incubator overnight.
Liquid cultures were grown from the stock by transferring colony inoculants from the
plate to 10 mL of LB broth, and then incubating the bacterial cell suspensions for 4
hr, or until the cells reach their mid log phase, at 30 °C in an orbital shaker. Cells

were then harvested by centrifugation for 10 min at 2,000 x g, washed in Dulbecco’s
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phosphate buffered saline (DPBS) buffer, and suspended in HEPES buffer solution (2
mM HEPES with 25 mM NaCl in Millipore water, at pH 7.4). The cultures were then
diluted to 0.2 optical density at 600 nm (ODeoo) to achieve a cell density of
approximately 2 x 108 colony-forming units (CFUs)/mL. Serial 10-fold dilutions of
this bacterial suspension were performed to achieve a cell concentration of 1 x 10*
CFUs/mL in HEPES buffer. In a total volume of 150 uL, the resultant diluted
bacterial suspension was treated with QDs or ion controls (zinc chloride for zinc,
cadmium chloride for cadmium, and sodium selenite for selenium) at varying
concentrations. The exposed bacterial cells were incubated on a rotary shaker for 15
min, and then the viability of the cells was determined using the following established
drop plate colony-counting protocol.?%* Six 10 pL droplets of the exposed bacterial
suspensions and untreated negative controls were dropped on an LB-agar plate, which
had been pre-sterilized under UV illumination for 20 min. The droplets were dried
under air flow in a biological cabinet and then incubated at 30 °C for 20 hr before the

colonies were counted using a Bantex Colony Counter 920A.

Measured

< ? F with via OD
108 107 106 10° 104

—_
Liquid Centrifugal Centrifugal Serial Dilution to 10* CFU/mL
Culture Harvest and Harvest and
inLB Suspension Suspension
in DPBS in HEPES
Increasing QD

Concentratio

Negative
Control
-

—— .
Increasing QD Negative

Concentration ~ <ontrol

Drop Plate for 24 Hr Colony Growth 15 Min Exposure ofto 10* CFU/mL

Scheme 4.1: Liquid culture and drop plate colony counting assay for S. oneidensis MR-1.
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4.3.4 Inductively Coupled Plasma Mass Spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) measurements of
QD, bacterial cell, and QD-exposed bacterial cell samples were performed using a
PerkinElImer NexION 300D single quad mass spectrometer. The Instrument
Calibration Standard 2 was used to prepare calibration curves from 0.1 ppb to 1 ppm
for the different ion analytes (cadmium, selenium, and zinc) which could be generated
if the QDs dissolved. (There was no established protocol to measure sulfur on the
instrument used.) There were 4 different sample types relevant to this chapter, and
their sample preparation for ICP-MS analysis was as follows. Sample Type 1-QDs in
organic solvents: QD samples at predetermined molar concentrations in chloroform
were put into scintillation vials containing acetone and centrifuged to precipitate out
the QDs. After allowing the QDs to dry, nitric acid was added to dissolve the
samples, and then Millipore water was added to the QD-nitric acid mixtures to dilute
the nitric acid concentration to 2% by volume and a total sample volume of at least 5
mL. Sample Type 2-QDs in aqueous solution: QD samples of predetermined molar
concentrations were dissolved by adding concentrated nitric acid to the solutions.
These aqueous QD solutions were kept at room temperature overnight. The next day,
Millipore water was added to the QD-nitric acid mixtures to dilute the nitric acid
concentration to 2% by volume and a total sample volume of at least 5 mL. Sample
Type 3-QDs in dissolution investigations: QD solutions of known concentrations
were centrifuged through 30,000 MWCO spin filtration devices at 2,000 x g. Large
QD particles were trapped by the filter and the supernatants were analyzed for

dissolved ion content. Sample Type 4-QDs in Shewanella oneidensis MR-1
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association studies: Bacterial cells were cultured and exposed in liquid media as
explain above in the ‘Bacterial Culture and Colony Counting’ section. After the 15-
minute exposure in HEPES, the bacteria and associated QDs were harvested as pellets
by centrifugation at 2,000 x g for 10 min. At this low speed of centrifugation only
QDs associated to the bacterial cells were precipitated, and the free QDs in the
supernatant were discarded. The QD-treated bacterial cell pellets were analyzed using
ICP-MS to determine the levels of cadmium and zinc, and to confirm QDs’

association with bacterial cells.

4.3.5 Cytoviva Hyperspectral Imaging

Dark-field Cytoviva hyperspectral imaging (HSI) was used to obtain images
of S. oneidensis and QDs before and after incubations. For imaging, 3—4 uL of
sample solutions were drop-casted onto a glass slide, which was then sealed with a
coverslip and clear nail polish. Slides were examined at 100 x magnification with an
oil immersion lens under an Olympus BX-41 microscope. Spectral data were acquired
with a Cytoviva spectrophotometer and integrated CCD camera in both the visible
and near-infrared range (400—1000 nm). Analysis of the HSI spectra was performed
by the Environment for Visualization software (ENVI 4.4 version). Spectral libraries
of CdSe and CdSe/ZnS QDs and S. oneidensis MR-1 cells were used to help analyze
HSI spectral angle mapper (SAM) spectral patterns and characterize the association

of the QDs with bacterial cells.

4.3.6 Biological Transmission Electron Microscopy

Biological transmission electron microscopy (BioTEM) images of Shewanella

oneidensis MR-1 cells exposed to QDs were obtained using a FEI Tecnai T12 TEM
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after the following preparation. S. oneidensis MR-1 cells were cultured in LB broth
overnight. The next day, the bacterial cells were washed with DPBS buffer, diluted to
an ODeoo of 0.8 in HEPES buffer (pH 7.4), then exposed to 0.1 mg/L selenium
equivalents of CdSe/znS QDs for 15 min. This bacterial cell suspension was
centrifuged down to a pellet, washed three times with 0.1 M sodium cacodylate buffer
solution, then resuspended in a fixation buffer of 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer and fixed for 50 min. The fixed bacterial cells were
centrifuged, washed with sodium cacodylate buffer, and dehydrated stepwise with
increasing concentrations of ethanol (30, 50, 70, 80, 90, 95, and 100%) in water.
After ethanol rinsing, the pellet was washed with propylene oxide three times. The
resin infiltration steps were performed in the following manner. The pellet was
soaked first in a 2:1 propylene oxide/epoxy resin mixture for 2 hr, and then in a 1:1
propylene oxide/epoxy resin mixture overnight. On the next day, the 1:1 propylene
oxide/epoxy resin mixture was removed and replaced with a fresh batch of 1:1
propylene oxide/epoxy resin mixture for 5 hr, and finally incubated in a pure resin
mixture and infiltrated overnight. The resin sample was then cured in a 40 °C oven
for 1 day and then 60 °C oven for 2 day. A Leica UC6 microtome and a DIATOME
diamond knife were used to make ultrathin sections (65 nm) of this resin-embedded
bacterial sample, and uranyl acetate and lead citrate were used to stain them. These

sections were placed on copper TEM grids (Ted Pella Inc.) for imaging.

4.4 Reference to QDs’ Synthesis, Ligand Exchange, and Liposome Interactions
The cadmium-containing and cadmium-free QDs used in these studies are the

DHLA-PEG750-OCHzs-coated CdSe, ZnSe, CdSe/ZnS, ZnSe/ZnS, and Mn:ZnSe/ZnS
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QDs described previously in this dissertation. Chapters 2 describes the hot injection
synthesis of the QDs and their optical characteristics. Chapter 3 describes the QDs’
ligand exchange which enabled their miscibility in aqueous solvents (Scheme 3.2).
This current chapter aims to extrapolate the QD-liposome interactions observed in
Chapter 3 to the QDs’ effects on Shewanella oneidensis MR-1 viability. Further, QD-
bacteria association was also probed since the level of QD-induced liposome

membrane disruption was correlated to QD association.

4.5 Investigating Cadmium-containing and Cadmium-free QDs’ Association with

Shewanella oneidensis MR-1

4.5.1 Using ICP-MS to Investigate QD-Bacteria Association

Following S. oneidensis incubation with QDs, ICP-MS measurements of
washed and digested samples were used to provide a quantitative assessment of the
QDs’ association with bacterial cells (Figure 4.1). Measurements of digested bacteria
pellets that were incubated with 0.05 to 0.5 mg/L selenium equivalents of QDs in
HEPES buffer show levels of
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Figure 4.1: ICP-MS of QD-incubated bacteria exposures. (N=3;
Error bars are omitted for figure clarity.)
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bacteria (comparing Figure 4.1 to Figure 3.3). For example, the 0.2 mg/L selenium
equivalents of CdSe/zZnS(3ML) QDs’ dissolution samples (no bacteria) had a
measured cadmium level of 0.01 ug/L (Figure 3.3). However, when bacterial cells
were exposed to 0.2 mg/L selenium equivalents of CdSe/ZnS(3ML) QDs the level of
cadmium pelleted with the bacteria was 200 pg/L, a 20,000-fold higher (Figure 4.1).
Measuring these significantly higher levels of metals indicates that bacteria-
associated QDs are being detected, and not just free ions that had dissociated from the
QDs. These higher levels of cadmium and zinc in the QD-incubated bacteria provided
the initial evidences of QD-bacteria association.

Interestingly, the levels of cadmium and zinc detected in the QD-bacteria
samples which were exposed to CdSe/ZnS and ZnSe/ZnS shelled QDs were three-
fold higher than the levels of cadmium and zinc in QD-bacteria samples which were
exposed to CdSe and ZnSe core QDs, respectively. This higher affinity of CdSe/ZnS
QDs for the bacterial cells compared to that of the CdSe core QDs is consistent with
the liposome lysis assays described in Chapter 3, and further explains the increased
membrane disruption of the shelled QDs. However, the higher affinity of ZnSe/ZnS
QDs for bacterial cells compared to that of the ZnSe core QDs was an unexpected
result considering the lower membrane disruption activity of the shelled QDs. This

finding shows the limitations of using simple liposomes to model complex bacteria.

4.5.2 Using Hyperspectral Imaging to Investigate QD-Bacteria Association

Hyperspectral darkfield microscopy was the first qualitative assessment used
to visualize QD-bacteria association. This technique is capable of identifying and

locating objects so long as they show unique optical reflectance signatures.?®® The
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hyperspectral data cube acquisition, namely hyperspectral ‘pushbroom’ scanning,
generates 3D data consisting of two spatial (x,y) dimensions and one spectral (z)
dimension.?%® Hence, a hyperspectral image can be treated as a darkfield image with
the spectral information associated with each pixel of the image.?’” This spectral
information is built into libraries by the instrument’s region of interest (ROI) tool,
which converts the pixels’ information into spectral libraries specific to the imaged
object. These libraries are loaded into the spectral angle mapper (SAM) function
which uses an algorithm to differentiate spectral libraries, and allows the mapping of
different objects within mixed samples. Summatively, the hyperspectral imaging
process includes darkfield imaging, hyperspectral data acquisition, spectral library
construction, spectral library filtering, and object mapping. The method has a limited
ability to localize individual QDs due to its diffraction limits, but it is able to
colocalize the QDs with the much larger bacteria cells.

Figure 4.2 shows the lone object hyperspectral images (left column) of S.
oneidensis (A), CdSe QDs (B), and CdSe/znS(3ML) QDs (C), and their
corresponding spectral libraries (right column). The right column was built from 499
pixels for the S. oneidensis library, 438 pixels for the CdSe QDs’ library, and 403
pixels for the CdSe/ZnS(3ML) QDs’ library. Maximum (max), minimum (min), and
mean reflectance intensity are determined from these libraries’ files. These values
qualitatively demonstrate that the average reflectance intensity of the S. oneidensis is
much lower than that of the tested QDs. In addition, cross-comparisons of the

bacteria’s and QDs’ spectral libraries indicated that they were indeed unique.
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Figure 4.2: Hyperspectral reflectance microscopy library images of S. oneidensis (A), CdSe QDs
(B), and CdSe/znS(3ML) QDs (C). The QDs are false-colored red. The spectral
reference libraries are shown to the right of each image. (Previously published as
Figure 6 in Williams et al. Applied Nano Materials. 2018, 1 (9), 4788-4800.1%)
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Figure 4.3 shows hyperspectral images of S. oneidensis incubated with CdSe
(A) and CdSe/ZznS(3ML) (B) QDs. The pixels representing the QDs were pseudo-
colored ‘red’ after SAM analysis. The overlapping proximity of the QDs and bacterial
cells is observable in both images. This proximity preliminarily supports claims of the
QDs’ association with the negatively charged bacterial membranes of the S.
oneidensis. However, the diffraction limit of this imaging technique limits the
assuredness of these conclusions, as even the overlap of spectral signatures does not
guarantee direct physical contact between the micron-scale bacteria (which can be

resolved with this technique) and the nanoscale QDs (which cannot be resolved).

Figure 4.3: Images of QD-incubated bacteria which were analyzed using the reference spectral
libraries in Figure 4.2. S. oneidensis (gray) were exposed to CdSe core (A) and CdSe/ZnS
(B) QDs (red). In many cases, QDs are in the vicinity of bacteria, which is indicative of
QD-membrane association. (Published as Figure 7 in Williams et al. Applied Nano
Materials. 2018, 1 (9), 4788-4800.148)

4.5.3 Using BioTEM to Investigate QD-Bacteria Association

BioTEM provided a qualitative assessment of QDs’ association with bacteria
with greater resolution than the hyperspectral imaging. Representative BioTEM
images of bacteria which were exposed to 0.1 mg/L selenium equivalents of
ZnSe/ZnS and CdSe/ZnS QDs are shown in Figure 4.4. The low magnification used

in the figure is required to view the bacteria, and only enables the observation of the
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dark spots of QD aggregates associated with the cells, but not individual QDs which
are only nanometers in diameter. However, these dark QD aggregate spots have been
imaged at higher magnification to differentiate between QD aggregates and cell
organelles (images not shown). These QD aggregates are evident in all panels and
demonstrate the colocalization of QDs with the bacteria. S. oneidensis incubated with
ZnSe/ZnS QDs (Figure 4.4 A and B) appear to maintain their expected cell shape and
integrity. However, S. oneidensis incubated with CdSe/ZnS QDs (Figure 4.4 C and D)
appear distorted—with released cell organelles and disintegrated cell membranes. The
CdSe/znS QDs, the most disruptive QDs to liposomes and most associated with
bacterial cells, appear to cause significantly more damage to the cells than ZnSe/ZnS

QDs, which is consistent with our QD-liposome lysis assay results.

0.5;um 3 0:5:um

Figure 4.4: Representative BioTEM micrographs of S. oneidensis treated with ZnSe/ZnS QDs (A-
B) and CdSe/zZnS QDs (C-D). Images A-B show ZnSe/ZnS QD-associated bacteria with
expected cell shape and integrity. Images C-D show CdSe/ZnS QD-associated bacteria with
significant cell malformations, membrane disintegration, and release of cell organelles.
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4.6 Investigating the Impact of QDs on Shewanella oneidensis MR-1 Viability

4.6.1 Cadmium-free and Cadmium-containing QDs’ Impact on Cell Viability

Having observed qualitative differences in the QDs’ cell impact via BioTEM,
drop plate viability studies were conducted to quantitatively assess the impact of QDs

on cell viability. Figure 4.5

A
Tncreasing QD shows qualitative images of
Concentratio .
bacterial cell culture plates
following S.  oneidensis
exposures  to  increasing
C

concentrations, ranging from 0
to 0.5 mg/L Se equivalents, of
cadmium-containing and

Figure 4.5: S. oneidensis colony growth after exposure to cadmium-free  QDs. The

increasing concentrations of ZnSe (A), ZnSe/ZnS (B), CdSe
(C), and CdSe/znS(3ML) (D) QDs compared to negative ZnSe and ZnSe/ZnS QDs
controls (NC, QD free bacteria) on each plate. The QD

concentration increases counterclockwise around the plates. had negligible impact on cell

viability even at the highest tested concentration (0.5 mg/L selenium equivalents)
(Figure 4.5 A and B). In contrast, exposure of S oneidensis to 0.01 mg/L selenium
equivalents of CdSe and CdSe/ZnS(3ML) QDs led to an almost total reduction in the
measured cell viability (Figure 4.5 C and D). Colony counting was used to
quantitatively assess these drop plate cultures. Figure 4.6 describes the viability of S.
oneidensis—normalized to negative control bacteria growth—as a function of the
QDs’ concentration. As observed in the plates of Figure 4.5 and in the liposome

assays of Figure 3.1, the cadmium-containing QDs have a greater impact on bacterial
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viability than the cadmium-free QDs. Neither the ZnSe core nor ZnSe/ZnS QDs cause
a reduction of S. oneidensis’s viability, even up to 0.5 mg/L selenium ion equivalent
exposures (Figure 4.6A). However, there is an even greater decrease in viability
observed with the CdSe/ZnS(3ML) QDs compared to the evident decrease in viability
caused by the CdSe core QDs (Figure 4.6B). These results support the hypothesis that
the substitution of the cadmium core for a zinc core can reduce the toxicity of QDs
against model environmental organisms without further modification of the QD
system. However, as was similarly concluded in the liposome studies, these results do
not support the hypothesis that coating the cadmium-containing QDs with a ZnS shell
could mitigate viability impacts.
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Figure 4.6: Normalized S. oneidensis viability as a function of ZnSe and ZnSe/ZnS QDs’ (A) and
CdSe and CdSe/ZnS(3ML) QDs’ (B) concentration. (N=4; Note the different x-axis scales.)

4.6.2 Additional Modifications Which Impact QDs’ Viability Implications

We investigated the impact of CdSe/ZnS QDs with varying shell thickness on
the viability of S. oneidensis. Figure 4.7 describes the normalized bacterial cell
viability as a function of the CdSe/ZnS QDs’ concentration (in selenium equivalents)

for CdSe QDs (black) and CdSe/ZnS QDs with shell thickness of one ML (red), three
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and bacteria. On one hand, passivating exposure to CdSe/ZnS QDs of increasing shell
thickness. (N=4)

CdSe QDs with a higher energy bandgap shell of ZnS is known to decrease the rate of

ROS generation when irradiated and lower their toxicity.?” 2% 51161 On the other hand,
the chemical instability of the shell due to crystal plane mismatches along the
core/shell interface?®® 2%° particularly in complex aqueous solutions, increases their
rate of zinc ion dissolution and increases QDs’ toxicity against the Shewanella
oneidensis MR-1 bacterium.

We also investigated the impact of manganese doping in ZnSe/ZnS QDs
(Mn:ZnSe/ZnS) on S. oneidensis viability. This was investigated since transition
metal doping is often used to red shift the optical properties of ZnSe QDs.14 173 174,210
Additionally, Mn is often used for doping and has known beneficial effects on the
viability of S. oneidensis due to this bacterium’s ability to reduce it for metabolic
purposes.*3 172 174,203 gpacifically, 0.4 mmol of manganese stearate and 0.6 mmol of
zinc stearate was used to make the Mn:ZnSe core which was then shelled with the

same size ZnS shell as the undoped ZnSe core QDs. S. oneidensis exposed to
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increasing concentrations of the

Mn:ZnSe/ZnS QDs observed a
concentration-dependent  stimulated
growth compared to the negative
control bacteria (Figure 4.8). In the
literature, this phenomenon has been
owed to the specific manganese

reducing capabilities of the MR-1
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Figure 4.8: Normalized S. oneidensis viability after

; ot 172, 203
strain used in this study. exposure to Mn:ZnSe/ZnS QDs. (N=3)

Lastly, we investigated the viability of S. oneidensis with exposures to ligand
and ion controls. The DHLA-PEG-OCHz ligands alone did not significantly impact
the viability of S. oneidensis (data not shown). Salts which would readily generate
Cd?*, Zn?*, and Se** were chosen to conduct ion control exposures as these are the
predominately expected oxidation states on these ions in water.'®" 18 Appendix
Figures 4.1 shows the results of the S. oneidensis ion control exposures. The cadmium
ion control did not result in any significant decrease in bacterial cell viability until 2
mg/L, the amount of cadmium in about 0.2 mg/L selenium equivalents of CdSe and
CdSe/zZnS QDs as determined by ICP-MS. The relevant concentrations for selenium
ion controls never caused a significant decrease in cell viability for the bacteria. The
zinc ion controls resulted in significant decreases in bacterial cell viability only at
concentrations relevant to shelled CdSe and ZnSe QDs. The impact of these zinc ion

controls on S. oneidensis and the previously demonstrated dissolution of the ZnS
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from shelled CdSe QDs may explain the increased impact of CdSe/ZnS QDs

compared to all other QDs in this study.

4.7 Conclusions

These studies support the findings of the liposome assays with cadmium-
containing and cadmium-free QDs in Chapter 3, and exemplify the relevance of QDs’
semiconductor material and structure for their environmental implications. ICP-MS,
hyperspectral imaging, and BioTEM measurements suggest that all tested QDs
associate with Shewanella oneidensis MR-1 cells. After this association, the
cadmium-free ZnSe and ZnSe/ZnS QDs minimally impact the viability of the cells,
while the cadmium-containing CdSe and CdSe/ZnS QDs significantly reduce their
viability. Surprisingly, shelling the CdSe core QDs with a ZnS shell increases—rather
than decreases—the impact of these QDs on bacterial cell cultures. These are
unwelcome findings, since it is generally accepted that shelling cadmium-containing
QDs with a ZnS shell should lower QD toxicity due to a reduced rate of ROS
generation and a mitigating layer between the toxic material containing core and
essential organisms.

The increased viability impact from the CdSe/ZnS QDs can be attributed to
the increased affinity and association between these QDs and bacterial cells, and to
the increasing the chemical instability of these QDs as their shell size grows—due to
the crystal plane mismatches—which lends to a high rate of shell dissolution from the
QDs. The dissolution of the ZnS shell while the CdSe/ZnS QDs are associated to
bacteria lends to a high concentration of zinc ions near the membrane, which

additional destabilizes the bacteria and lends to greater viability impacts. Further, the
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ion control experiments show that even if the most impactful CdSe/ZnS QDs are
completely dissolved in solution, the resulting ion levels are not sufficient to induce
the level of viability impact we observe with the QD incubations. This highlights that
the impacts in this study are QD structure specific, rather than just relevant to the

metals used.
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Chapter 5: Investigating the Activity of Polymer- and Peptide-

coated CdTe QDs with Human Health Cell Models.

This chapter includes text and figures that are a modified reproduction of work
published in Williams et al. Poly(oxanorbornene)-Coated CdTe Quantum Dots as
Antibacterial Agents. ACS Applied Bio Materials. 2020, 3 (2), 1097-1104.14°

5.1 Purpose

This chapter discusses the investigation of the antibacterial and hemolytic
activity of novel peptide- and polymer-conjugated QDs, and their potential to be
synergistic antibacterial entities. The peptide, polymer series, and QDs used were
specifically chosen because of their demonstrated antimicrobial activity and
selectivity. The LL-37 peptide is a naturally occurring, human-derived antimicrobial
peptide which has a demonstrated preference for interacting with pathogenic
microbes over mammalian cells. The synthetic poly(oxanorbornene) (PON) polymers
are mimics of antimicrobial peptides which have demonstrated tunable, broad-
spectrum antibacterial activity. The CdTe core QDs have demonstrated light-activated
antibacterial activity against multidrug resistant bacteria. These entities were used to
the hypothesis that conjugated PONs-QD and peptide-QD treatments would result in
synergistic light-activatable antibacterial activity due to the combination of the

coatings’ and QDs’ varying antibacterial mechanisms of action.

5.2 Introduction
Globally, health organizations have deemed drug-resistant organisms to be
amongst the top threats to human health, with multidrug-resistant (MDR) bacteria

being of the greatest concern since they have the greatest mortality and morbidity

92



rates.®” 2 In the US alone, the U.S. Centers for Disease Controls and Prevention
estimate that more than 2.8 million people are infected with various MDR bacteria
each year, which lends to about 35 thousand deaths.®® Additionally, the occurrence of
MDR bacterial infections is especially concerning considering the ESKAPE
(Enterococcus  faecium,  Staphylococcus aureus, Klebsiella  pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and the Enterobacter species)
list of hospital-acquired bacterial infections; which accounts for the majority of
hospital-acquired infections in general.!% %2 More than 15% of ESKAPE infections
are MDR, which has owed hospital-acquired bacterial infections an estimated 6-10%
death rate every year since 2002, globally.® %1% The high occurrences of drug-
resistant bacteria are being attributed to: 1) the fact 60% of food industry antibiotics
are also being used for human treatment, 2) the improper and over prescription of
antibiotics, and 3) the improper and self-prescribed use of antibiotics.3 87 212

The overwhelming and increasing occurrences of drug-resistant bacterial
infections intensify the need for the development of new antibacterial agents. Despite
this need, the slow development of traditional small molecule antibiotic candidates is
not successfully filling the clinical pipeline with promising drug candidates.'® So,
while research into new classes of these traditional antibacterial molecules is ongoing,
concurrently, there are increasing studies aimed at developing nontraditional
antibacterial agents. Antibacterial polymer, peptide and nanoparticle conjugates are
some of the nontraditional antibacterial agents currently under investigation for
potential use in hospital and dentistry settings—where antibacterial surface and

wound treatments are essential to preventing the spread of drug-resistant bacteria

93



between immune compromised patients.*> 213 214 As with molecular antibiotics, the
literature has shown that these alternatives have the greatest clinical outcomes if they
are multitargeting, can inhibit bacteria from mounting self-defense mechanisms, and
are not readily recognized by efflux pumps.14°

In general, the conjugation of antibacterial entities to nanoparticles has led to
mixed outcomes. The conjugates range between being synergistic, effective
treatments toward a specific bacterial target, and being completely antagonistic with
the properties of the surface-bound antibacterial being disrupted by the conjugation.?
31,37, 44, 50, 131, 140, 141, 215, 216 Brogd-spectrum, synergistic activity has been realized by
conjugating  functionalized thiol molecules'®®, cationic  peptides!®, the
photosynthesizer toluidine blue O%, small molecule antibiotics (such as
vancomycin®, ceftriaxone3!, polymyxin-B*, indolicidin*, and penicillin**!), and
other antibacterial entities to different nanomaterials. The observed synergism is
typically the result of 1) the combination of the nanoparticles’ inherent activity with
the activity of their antibacterial coating, 2) the high localized delivery of the
conjugated antibacterial molecules to the bacterial targets, and 3) the reorganization
of the surface antibacterial agent into a conformation with increased antibacterial
activity after conjugation to the nanoparticles’ surface. In contrast, there are other
examples where conjugating antibacterial agents to nanoparticles has diminished their
antibacterial activity. For example, zinc oxide nanoparticles have been shown to
decrease the activity of amoxicillin, penicillin, nitrofurantoin, vancomycin, and
carbenicillin against S. aureus and the activity of erythromycin against E. coli.?*> 26

Other potential problems with the conjugation of antibacterial molecules to
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nanoparticles include a decreased uptake rate and
the emergence of off-target toxicity which is
introduced by the nanoparticles.?'®

In this chapter, the antibacterial activity of

CdTe QDs is combined with the antibacterial

mechanisms of cationic polymers and peptides

through direct conjugation. CdTe core QDs—with a

Figure 5.1: The solution structure of
bandgap of 2.4 eV—were chosen as they have well human LL-37 shown as an ensemble

of 28 out of 200 backbone residues

studied broad-spectrum antibacterial activity in the (A), a ribbon representation with the
hydrophobic side chains labeled (B),

and a potential energy surface (C).

dark, which can be enhanced by direct irradiation
due to light-induced increased generation of the ROS responsible for their anticellular
activity.*” LL-37 (Figure 5.1), a 37 amino acid cationic segment of the human
Cathelicidin peptide, was chosen for its documented activity against a broad-spectrum
of bacteria, viruses, fungus, parasites, biofilms, and enzymes.1!? 125 217 218 The non-cell
selective activity of this antimicrobial peptide is correlated to its structure and association
behavior at neutral pH. Upon association with zwitterionic lipid membranes, this peptide
forms a tetramer which burrows and forms cell lysis- inducing membrane pores.2l: 21
Upon electrostatic association with anionic membranes, this peptide adopts a disordered
C-terminal which carpets’ and destabilizes the membrane to induce cell lysis.>* #° The
poly(oxanorbornene)-based synthetic mimics of antimicrobial peptides, or PONs, are
facially amphiphilic polymers with tunable hydrophobicity due to varying
combinations of a charged ammonium-terminated side chain and a hydrophobic alkyl
side chain in each repeat unit (Figure 5.2; Synthesis discussion is in the

Appendix.).??° The polymers’ mechanism of antibacterial activity involves the
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positive side chains of the molecules attracting
them to the negatively charged bacterial outer
envelope, and then the alkyl side chains
potentially partitioning into the membrane’s
hydrophobic interior.?? PONs of appropriate

amphiphilicity have shown selective, broad-

spectrum activity against bacteria as free

Figure 5.2: Structure of the BOC-
r protected butyl amine (B) and diamine
(D) oxanorbornene monomers.

molecules and  surface-attached  polyme
networks, 115 127. 214, 221-224 £ rther, a recent study in our lab with PONs-conjugated
gold nanoparticles has shown that their conjugation to nanoparticles enhances their
membrane penetration activity.!”’

We hypothesized that the cationic LL-37 and PONSs surface coatings would
facilitate the association of peptide-QD and PONs-QD conjugates with bacterial cells.
After association, the surface coatings could act at the cell surface to disrupt the
membrane and the CdTe QDs would generate ROS in close proximity to cell
membranes and organelles in order to induce bacterial cell death. Further, we
hypothesized that 1) the activity of all conjugates could be enhanced by direct
irradiation and that 2) varying the amine content of PONs would affect the activity of

PONs-QD conjugates.

5.3 Materials, Instrumentation, and Methods

5.3.1 Materials and Reagents

2-(N-morpholino)ethanesulfonic acid (MES) buffer (1.0 M) was purchased

from Alfa Aeser. LL-37 (antimicrobial peptide, human) was purchased from
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Anaspec, Inc. Tris buffer was purchased from AppliChem. Sterile water was either
purchased from BBraun or prepared by autoclaving Millipore water. Mueller Hinton
Broth (MHB) was purchased from BD Difco. An Ultrathin LED Light Panel (Neutral
White) was purchased from Environmental Lights (San Diego, CA). EDTA-blood
was either drawn fresh every day of assay from an approved volunteer or purchased
from Innovative Research, Inc. (Michigan, U.S.). E. coli (Strain ATCC25922) and S.
aureus (Strain ATCC6538) cells were purchased from the Leibniz-Institute DSMZ. 1-
ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC), 2',7'-dichlorofluorescein
(H2DCEF), Tris(hydroxymethyl)aminomethane acetate-ethylenediaminetetraacetic acid
(Tris-EDTA) buffer, and Triton X-100 were purchased from Sigma-Aldrich.
Poly(oxanorbornenes) (PONs) were synthesized and characterized as previously

reported.??% 222 These synthesis details are reported in the Appendix.

5.3.2 Ethics Statement

Red blood cells that were drawn the day of some hemolytic assays were
obtained from human volunteers who had previously given their written consent
according to the Helsinki declaration, which was approved by the Ethics Board of the

Albert-Ludwigs University, Freiburg, Germany.

5.3.3 Instrumentation

Hydrodynamic size and zeta potential were measured using the Malvern
Zetasizer Nano ZS instrument. The PerkinElmer Pyris 1 instrument was used to
conduct thermogravimetric analysis. UV/Vis absorption spectra were obtained using a
Thermo Scientific Evolution 201 UV/Vis spectrophotometer. Fluorescence

spectroscopy measurements were performed using a PTI-Horiba QuantaMaster 400
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fluorimeter. A Molecular Devices SpectraMax M5 Microplate reader was also used to

measure changes in absorbance and fluorescence intensity over time.

5.3.4 Coupling LL-37 and PONS to MPA-CdTe QDs

LL-37 and PONs were conjugated to the MPA-QDs’ surface via EDC
methods, similar to a PONs coupling procedure reported for gold nanoparticles
(Scheme 5.1).1"7 In a 20 mL vial with a stir bar, 10 nmol of purified CdTe cores and
1.4 umol of LL-37 or PONs were combined in 3 mL of 0.1 M MES buffer (pH 5).
While stirring, 10 umol of EDC was added to the solution. The reaction was stirred
overnight and then ran through a pre-rinsed 30,000 MWCO centrifugal filter, at 2,000
x g, to rid of excess reactants. The conjugates were suspended in fresh 0.1 M MES

buffer and stored in the fridge and protected from light until use.

Ho‘KAS ' 1. EDC
0 —
o O‘S’\)‘OH 2. X=PONs or LL-37 .

HO*' s~ »
MPA =0
On

0.1M MES Buffer (pH 6)

Scheme 5.1: Conjugation of poly(oxanorbornenes) and LL-37 peptides to CdTe quantum dots.

5.3.5 H>DCF Fluorescence Assay for Detection of ROS

H>DCF was used to detect the inherent ROS generation of the MPA-QDs and
PONs-QDs following the procedures of a previously reported cell-free assay.?® A 50
uM H2DCF in Millipore water solution was prepared under inert gas. In 96 well
plates, duplicate wells with 100 uL of 50 uM H>DCF, 90 uL of Millipore water, and
10 pL of the respective MPA-QDs and PONs-QDs samples were prepared.
Concentrations for the PONs-QDs ranged from 6.25 to 400 pg/mL PONs equivalents,

and MPA-QDs equivalents in both the PONs- and MPA-QDs samples ranged from
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12.5 to 800 nM in these wells. ROS generated from MPA-QDs and PONs-QDs, with
and without irradiation with a neutral white LED plate, was detected in relative
fluorescence units using a Molecular Devices SpectraMax M5 Microplate reader with
Aex: 495 nm and Xem: 500—600 nm. An initial reading was taken and followed by a
reading every hour for 6 hr in the plate reader. These readings were also measured
with a PTI-Horiba QuantaMaster 400 fluorimeter under the same conditions for

MPA-QDs and H.DCF control samples.

5.3.6 Thermogravimetric Analysis (TGA) of MPA-QDs and QD Conjugates

Prior to TGA, MPA-QDs and QDs conjugates were pelleted via centrifugation
at 2,000 x g for 5 min in order for the supernatant to be removed. The pellets were
suspended in minimal Millipore water for transfer to a TGA heating pan, which was
placed into a PerkinElmer Pyris 1 TGA instrument. The pan was heated for 15 min at
100 °C to evaporate the water. Then the temperature was ramped from 100 to 900 °C
at 25 °C/min. The mass loss between 100 and 700 °C was used to determine the total
amount of MPA, LL-37, and PONs originally on the QD surface. All mass values
were normalized to the mass at 700 °C, a temperature where all organic content is

desorbed from the QD surface, for analysis.

5.3.7 Minimum Inhibitory Concentration (MIC) Assay with Bacteria

E. coli and S. aureus suspension cultures were inoculated in 5 mL of MHB the
day before conducting the MIC assays. After shaking overnight at 37 °C, 500 uL of
the bacterial suspension were transferred to an Eppendorf tube and centrifuged at

8,000 rpm for 1.5 min. The supernatant was removed, and the bacterial pellet was
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190 pL bacterial suspension(ODsos) + 10 uL Substrate =200 pL/well

Scheme 5.2: Example 96 well plate layout for one biologiEaI replicate of the bacterial
MIC assay.( Note: Empty wells were filled with 200 uL of sterile water.)

resuspended in fresh MHB. These washed cells were diluted to a final ODsgs of
0.001—corresponding to a bacterial concentration of about 108 cells/mL.

The bacterial MIC assays were performed with controls and varying
concentrations of the substrates in a MHB system (pH 7.3), in 96 well plates (Scheme
5.2). First, 10 uL of polymers, peptides, MPA-QDs, QD conjugates, and controls—at
prepared stock concentrations—were pipetted into the wells in duplicate. (One
duplicate = one biological replicate.) Then, 190 pL of the washed bacterial cells or
control solvents were transferred to each appropriate well in the plates. MES buffer
and DMSO were tested with bacteria to ensure the solvents alone did not influence
bacteria growth. MHB alone, and with DMSO and MES buffer were tested as
negative controls. The final well concentrations ranged from 6.25 to 400 pg/mL

PONSs equivalents for the free PONs and PONs-QDs samples, from 1.25 to 80 ug/mL
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LL-37 equivalents for the free peptides and peptide-QDs samples, and from 0.001 to
1 uM QD equivalents for the MPA-QDs and QD conjugate samples. The plates were
mixed well before being placed into a 37 °C incubator. For exposures with
irradiation, plates were rested directly on top of the neutral white light LED plate for
2 hr at the beginning of the incubation in the 37 °C incubator. After incubating
overnight, the ODsgs was evaluated to quantify bacteria cell viability. The percent cell
growth was calculated via the equation:

OD595, Substrate ‘OD595, Medium Control ) x 100
D595, Growth ControI'ODSQS, Medium Control

Percent Cell Growth = ( 0

5.3.8 Hemolysis Assay

Red blood cells (RBCs) were either purchased or harvested from a volunteer
the morning of hemolysis assays and preserved in Tris-EDTA. Per 96 well plate, 30
uL of EDTA-blood in 10 mL of Tris buffer was centrifuged at 3,000 rpm for 5 min.
The supernatant was removed from the RBC pellet. Ten mL of Tris buffer was added
to resuspend the pellet, and this washing was repeated for three total wash and
resuspension cycles. The number of RBCs was counted using a Neubauer chamber to
check for blood quality.

Hemolysis assays were performed with controls and varying concentrations of
the substrates in a Tris buffer system (pH 7.0), in 96 well plates (Scheme 5.3). First,
40 uL of the controls or substrates—at prepared stock concentrations—were added to
wells in duplicate. (One duplicate = one biological replicate.) Then, 160 uL of the
RBCs in Tris buffer solution or solvent controls were added to each sample well; for
a total well volume of 200 pL. A 10% Triton-X solution was used as positive control

in this assay. Aqua, MES buffer and DMSO were used as negative controls. Tris
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160 pL red blood cells (OD4y4,,) + 40 plL Substrate = 200 pL/well

Scheme 5.3: Example 96 well plate layout for one biological replicate of the hemolysis assay.

buffer was tested as a solution blank. The final well concentrations of free PONs and
PONs-QDs samples ranged from 0.1 to 8,000 ug/mL PONs equivalents. The final
well concentrations of free peptide and peptide-QDs ranged from 0.15 to 80 pg/mL.
The final well concentrations of MPA-QDs and QD conjugate samples ranged from
0.001 to 10 uM QD equivalents. The plates were incubated at 30 °C for 30 min, and
then centrifuged at 3,000 rpm for 5 min. For exposures with irradiation, plates were
rested directly on top of the neutral white light LED plate for the entire incubation
period. 100 pL of the wells’ supernatant was transferred via multichannel pipet to
new plates for OD414 measurements, which was used to quantify the amount of RBC
lysis. The percent RBC lysis was calculated via the equation:

OD414, Substrate 'OD414, Solvent Blank ) x 100
OD414, Positive ControI'OD414, Solvent Blank

Percent Hemolysis = (
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5.4 Investigating the Activity of MPA-coated CdTe Core QDs

5.4.1 Reactive Oxygen Species Generation of CdTe QDs

Luminescent mercaptopropionic acid-coated (MPA-) CdTe QDs were
synthesized as aqueous-miscible colloids via microwave methods, as described in
Chapter 2. In addition to the optical and physical characterization previously
described, the reactive oxygen species (ROS) generation from the MPA-CdTe QDs
was characterized since this is the predominant antibacterial mechanism of action for
semiconductor nanomaterials like CdTe QDs. For this, the oxidation-dependent
changes in the fluorescence spectrum of the minimally fluorescent 2',7'-
dichlorodihydrofluorescein (H2DCF) molecule oxidizing into the highly fluorescent
2" 7'-dichlorofluorescein (DCF) molecule was evaluated (Figure 5.3). Figure 5.3A
shows a fluorescence emission spectrum of HoDCF at t = 0 (Aex = 495 nm, black)
compared to a spectrum at t = 6 hr (Aex = 495 nm, red)—when the dye has been

oxidized to DCF by air exposure. Figure 5.3B shows the rate of H,DCF oxidation by
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Figure 5.3: Fluorescence emission profile of H,DCF (t = 0, black) compared to the air-oxidation
derived DCF (t = 6 hr, red) (Aex= 495 nm) (A). The rate of the oxidative ROS generation with
increasing MPA-QDs concentration is faster than air oxidation of H,DCF samples (Aex = 495 nm,
Xem =525 nm, N = 3) (B).
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air alone as a control (purple) and with increasing concentrations of the free MPA-
QDs through monitoring the emission intensity at the emission peak wavelength of
525 nm. The emission increase of the control sample indicates a slow oxidation of
H>DCF to DCF under these experimental conditions. MPA-QDs increase the rate of
H>DCF oxidation, with the greatest change happening between 0 and 15 min. There
are also minimal increases in the rate of QD ROS-induced oxidation with increasing
QD concentration within this time frame. After 30 min, the oxidation of the available
H>DCF by the MPA-QDs is complete, as indicated by the fluorescence of DCF

reaching its maximum intensity.

5.4.2 Biological Characterization of MPA-CdTe QDs

Figure 5.4 describes the activity of MPA-QDs against E. coli, S. aureus, and
RBCs with and without direct broad white light irradiation from a neutral white LED
light panel. The panel’s emission spectrum is shown in Appendix Figure 5.4. Figure
5.4A describes the antibacterial activity of the MPA-QDs. MPA-QD treatments, with
(red) and without (black) irradiation, have concentration dependent activity against E.
coli growth. This light-enhanced antigrowth activity of the QDs is what we aim to
combine with the membrane-penetration activity of the PONs molecules in the PONs-
QDs conjugates. S. aureus is are not affected by nonirradiated treatments of MPA-
QDs (blue). Irradiated MPA-QDs vs. S. aureus data was not collected due to the lack
of QD conjugates’ activity against S. aureus, as discussed later in this chapter. Figure
5.4B shows that the MPA-QDs had negligible hemolytic activity without direct
irradiation. Further, irradiation had no significant effects on this hemolytic activity

(data not shown).
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Figure 5.4: MPA-QDs cause a concentration dependent decrease in E. coli cell growth with (red) and
without (black) irradiation, but do not affect S. aureus cell growth (blue) at tested

concentrations(A). The MPA-QDs had no significant hemolytic activity at tested concentrations
(B). (N>3 biological replicates.)

5.5 Investigating the Activity of PONs-coated CdTe QDs

5.5.1 Characterization of PONs-CdTe QDs

{-potential measurements were used to preliminarily determine if the PONs
series was conjugated to the MPA-QDs. Figure 5.5A shows that prior to conjugation,
the MPA-QDs were negatively charged with a (-potential of —38 mV. Following
conjugation, the C-potential values of PONs-QDs ranged between +15 and +30 mV,
which confirms the conjugation of the positively charged PONs to the MPA-QDs.

Thermogravimetric analysis (TGA) measurements before and after PONs
conjugation were used to determine the amount of MPA and PONs on the CdTe QDs’
surface. The TGA traces of MPA-QDs (purple) and PONs-QDs with PONs of
varying amine/alkyl ratio (red, black, green, and blue; in order of increasing amine
content) are shown in Figure 5.5B. MPA-QDs showed a mass loss of 29 + 2%

between 100 and 700 °C due to the desorption of MPA molecules from the QDs’
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surfaces. When correcting for the 29 + 2% mass
loss due to the loss of MPA from the QDs, the
mass losses due to the desorption of PONs from
the PONs-QDs were 54 + 8% for the 55% amine
PONSs (red), 50 + 8% for the 75% amine PONSs
(black), 51 + 5% for the 95% amine PONSs
(green), and 51 + 2% for the 100% amine PONs
(blue). These values indicate that the surface
coverage of PONs on the QDs does not vary
significantly even though the PONs have
varying amine/alkyl side chain ratios. This
contrasts with the previously observed
significant dependence of PONs’ surface
coverage on their amine/alkyl ratio when
conjugated to 30 nm diameter gold
nanoparticles.!’” These findings suggest that the
ratio between the polymer length and the
diameter of the nanoparticles also affects the
polymers’ surface coverage of nanoparticles.

Since the PONs surface coverage on our CdTe
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Figure 5.5: Zeta potential measurements show the MPA-QDs to be negatively charged and the PONs-
QDs to be positively charged (A). TGA analysis show similar mass losses due to desorption of 55%
(red), 75% (black), 95% (green), and 100% (blue) amine PONs from the surface of MPA-CdTe QDs
(purple) with weak dependence on the amine/alkyl ratio in the conjugated PONs (B). Cell-free H,DCF
ROS measurements with 6.25 pg/mL PONs/12.5 nM QDs equivalents demonstrate higher ROS
generation levels for free MPA-QDs with 2 hr of irradiation, but not for PONs-QDs (C). Further, the
ROS levels of PONs-QDs depend on the PONs molecular structure. (N = 3 for panels A and B; N = 2

for panel C.)
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QDs does not significantly depend on the PONs molecular structure, any changes in
the activity of PONs-QDs coinciding with varying amine content is due to changes in
PON:Ss structure, and not due to differences in surface coverage.

With the similar number of varying amine content PONs per QD we expected
to observe a greater difference in the (-potential values between PONs-QDs of
varying amine content, but interestingly we do not. The fact that we observe very
similar C-potential values between the varying amine content PONs-QDs indicates
there is a likely a difference in orientation and packing of the PONs around the QDs,
as was observed in the PONs-AuNPs study.'’” The hydrophilic amine side chains are
oriented towards the surrounding solution, whereas the hydrophobic butyl side chains
are packed against the QDs’ surface. This would primarily leave only the amine side
chains available for detection via (-potential measurements, and could explain why
there is minimal difference between the varying PONs-QDs (-potential values.
Further, this would result in the PONs-QDs with lower amine content PONs having
tighter packing against the QD surface than the conjugates with higher amine PONs.

Figure 5.5C shows the effect of PONs conjugation on ROS generation from
PONs-QDs in the absence (black) and presence (red) of irradiation during incubation.
In agreement with previous studies,?® irradiation of free MPA-QDs increases the ROS
generation level by about 25% under our experimental conditions. However,
conjugating the MPA-QDs to PONs prevented the same magnitude of ROS
generation that was observed with free MPA-QDs. These observations might be
attributed to the restricted access of water molecules, which are required for ROS

generation, to the surface of QDs once they are coated with PONs. Further, without
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irradiation the ROS generation from the PONs-QDs depends on the molecular
structure of the PONSs. This may be attributed to the access of water molecules to the
PONs-QDs’ surface being lower with increasing hydrophobicity (decreasing amine
content) of the coating PONs. As previously discussed, the lower amine content
PONSs likely have a tighter packing around the QD surface than the higher amine
content PONs, since the lower amine content PONs would have more hydrophobic
side chains packed against the QD surface than the PONs-QDs with the higher amine
content PONs. With irradiation, the ROS generation of the higher amine content
(75—100%) PONs-QDs increases to similar levels observed for nonirradiated MPA.-

QDs.

5.5.2 Antibacterial Activity of the free PONS and PONs-QDs Series

The anti-S. aureus activities of the PONs-QDs, with varying amine content
PONSs, were characterized parallel to the S. aureus MIC assays for the free PONs and
the MPA-QDs. Figure 5.6A shows the normalized bacterial growth (in %) of S.
aureus when incubated with free PONs of varying amine content and increasing
concentration (6.25—-100 pg/mL) without irradiation. The curves show a
concentration dependent inhibition of S. aureus which—contrary to the literature!*>—
only weakly depends on the PONs’ molecular structure. These curves can be
summarized by extrapolating the free PONs’ concentration that inhibited at least 90%
of bacterial growth (MICgo). The MICyo values of the free PONs were 12.5 pg/mL for
55% amine PONSs and 50 pg/mL for the remaining PONs. Figure 5.6B shows that the
PONs-QDs are not at all effective against S. aureus growth. Considering the proven

molecular weight-dependent activity of the PONs against gram-positive bacteria due
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to their thick outer, cross-linked peptidoglycan layer preventing permeation of larger
molecules to the inner plasma membrane!?’, the lack of PONs activity against S.
aureus upon conjugation to a large nanoparticle makes sense. Because of the loss of
inherent activity against S. aureus growth with QD conjugation, we did not pursue

investigating the impact irradiation may have on this system.
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Figure 5.6: S. aureus growth after incubation with 6.25-100 pg/mL of free 55% (red), 75% (black),
95% (green), and 100% (blue) amine content PONs show that lower amine content PONs are more
active than the higher amine content PONs (A). S. aureus growth when incubated with 6.25-100
pug/mL PONs equivalents (corresponding to 12.5-160 nM QD equivalents, as determined by TGA) of
PONSs-QDs without irradiation show that these cells are not sensitive to PONs-QD conjugates (B). (N
> 3 biological replicates.)

The anti-E. coli activities of the PONs-QDs, with varying amine content
PONSs, were characterized parallel to the E. coli MIC assays for the free PONs and the
MPA-QDs (Figure 5.7). Figure 5.7A shows the normalized bacterial growth (in %) of
E. coli when incubated with free PONs of varying amine content and increasing
concentration (6.25—100 pg/mL) without irradiation. The MICgo values of the free
PONs were 12.5 pg/mL for 55% amine PONSs, 100 pg/mL for 75% amine PONSs, and
higher than 400 pg/mL for the 95% and 100% amine PONs. This data shows that the

free PONSs maintain the literature established trend of the lower amine content PONSs
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having greater activity against bacterial cell A 50
growth than the higher amine content PONs.%® §
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equivalents on the PONs-QDs. Without §

o
irradiation (Figure 5.5B), the PONs equivalent g 100 %§< -k
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increasing amine content PONs. With irradiation 0 ‘1‘0 ‘ ;;O
(Figure 5.5C), the PONSs equivalent MICg [PONs] on QDs (pug/mL)

Figure 5.7: E. coli growth after incubation with 6.25—-100 pg/mL of free 55% (red), 75% (black), 95%
(green), and 100% (blue) amine content PONs show that lower amine content PONs are more active
than the higher amine content PONs (A). E. coli growth when incubated with 6.25—-100 pg/mL PONs
equivalents (corresponding to 12.5-160 nM QD equivalents, as determined by TGA) of PONs-QDs
without (B) and with 2 hr irradiation (C) show that higher amine PONs-QDs have increased
antibacterial activity compared to their respective free PONs. Lower amine content PONs have
decreased activity once conjugated to QDs. (N > 3 biological replicates.)
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values of 100, 100, 200, and 50 pug/mL for PONs-QDs, in order of increasing amine
content. These values only demonstrate an irradiation-induced increase in activity
against bacterial growth for PONs-QDs with 75% and 100% amine/alkyl ratios.
Regardless of irradiation, the lesser activity of the 55% and 75% amine content
PONs-QD conjugates, compared to their activity as free PONSs, coincides with their
decreased ROS generation efficiency compared to the free MPA-QDs (Figure 5.5C).
On the contrary, the higher amine content PONs-QDs do not have a significant
difference in their ROS generation compared to the MPA-QDs; so their increase in
anti-E. coli growth activity, compared to the respective free PONs, can be attributed
to the preservation of the ROS generation-based activity of the QDs being combined
with the anti-membrane activity of the PONs surface coatings. Regardless of the use
of irradiation, conjugating the higher amine content PONs to the QDs increases their
activity against E. coli growth compared to the same mass used as free PONs. This is
likely due to there being more positively charged hydrophilic amine/ammonium
groups directed toward the aqueous medium ready to interact with the negatively
charged bacterial. While free PONs molecules have only a few charges under
physiological conditions, the QD-bound PONs are able to fully behave like

polyelectrolytes—which strongly enhances their interactions with the bacteria.

5.5.3 Hemolytic Activity of the free PONs and PONs-ODs Series

Figure 5.8 compares the concentration of the free PONs and the PONSs
equivalents of PONs-QDs that led to 50% hemolysis (HCso). The corresponding
hemolytic curves with PONs concentrations between 0.1 to 8,000 pg/mL, from which

the HCsp values were extrapolated, can be found in Appendix Figure 5.5. PONs-QDs
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. .. Figure 5.8: RBCs exposed to 0.1-8000 pg/mL
hemolytic activity of the MPA- and PONs equivalents of free PONs and PONs-QDs,
the PONs-QDs (red) were found to have lower
PONs-QDs samples were not  hemolytic activity than free PONs molecules
(black). N = 3 biological replicates. (*Note: HCso
values for 95% and 100% amine PONs-CdTe QDs
were not found within the tested concentration
range, and are thus represented as bars to the
during incubation with RBCs (data not highest tested concentration.)

statistically affected by irradiation

shown). The hemolytic activity of all PONs-QDs is at least 2 orders of magnitude
lower than that of the free PONs (Figure 5.8, black) which had measured HCso’s of 1,
15.6,31.25, and 41 pg/mL in order of increasing amine content.

Once the PONs are attached to the QD surface, the restricted motility of the
PONs and the QD surface-hugging orientation of the hydrophobic butyl side chains
likely results in a lower effective concentration of hydrophobic groups interacting
with the RBCs, and thus lesser hemolytic activity. Numerous studies have shown that
synthetic mimics of antimicrobial peptides become toxic to mammalian cells (at the
same cationic charge density) when they are too hydrophobic—for example, when the
length of the alkyl side chain is increased by one repeat unit.!*® This is because

increased molecular hydrophobicity results in an increased insertion of these surface-
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active molecules into the hydrophobic part of the mammalian cell membrane. Thus,
the decrease in toxicity of the QD-bound PONs can be interpreted as a reduced

effective hydrophobicity compared to free PONs.

5.5.4 Therapeutic Indices of free PONs vs PONs-ODs Series

Taking into consideration the change in anti-E. coli and hemolytic activities
once the PONs were conjugated to the MPA-QDs, we calculated the therapeutic
indices of the PONs-QDs and compared them to the therapeutic indices of free PONSs.
We defined the therapeutic index as a sample’s HCso divided by its MICg. We
calculated the indices for free PONs against E. coli to be 0.08 for 55% amine PONSs,
0.12 for 75% amine PONs, and inconclusive for 95% and 100% amine PONSs due to
the lack of antibacterial activity for these two free PONSs at tested concentrations. The
free PONs tested in this study had a smaller therapeutic window than found in the
literature®®, but the trend of higher amine content PONs having a larger therapeutic
index than the smaller amine content PONs remained due to the higher amine content
PONs having a lower hemolytic activity than the smaller amine content PONs. With
irradiation, the therapeutic indices for PONs-QDs were 0.63, 40, > 40, and > 160, in
order of increasing amine content. (>’ is used when the sample had no detected
hemolytic activity.) The indices for the PONs-QDs are significantly larger in
magnitude than the free PONs’ therapeutic indices, especially for the 95% and 100%
amine content PONs-QDs for which minimal hemolytic activity was detected even
though there was antibacterial activity. The lower hemolytic activity of the PONs-

QDs compared to free PONs against E. coli and the resulting therapeutic index
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improvement demonstrates the potential for a higher PONs concentration to be used

when in conjugate form (rather than free polymer form).

5.6 Investigating the Activity of LL-37-coated CdTe QDs

5.6.1 Characterization of LL-37-coated QDs

LL-37-coated QDs (peptide-QDs) were characterized via (-potential and TGA
measurements. After conjugation and thorough cleaning, the peptide-QDs had a
positive potential. This positive {-potential confirmed the conjugation of the cationic
peptides to the MPA-QDs’ surface. After correcting for the 29 + 2% mass loss due to
the loss of MPA from the QDs, TGA analysis determined the peptide accounted for

57 + 2% of the total peptide-QDs’ mass (Figure 5.9).

5.6.2 Biological Activity of LL-37-coated QDs

Only the anti-E. coli and hemolytic activity of the peptide and peptide-QDs,
with and without irradiation, was compared to the activity of PONs-QDs since the

PONs-QDs showed no anti-S. aureus

activity. Figure 5.10A and B show the 100
normalized bacterial growth (in %) of E. % 0)-
—
coli when incubated with free peptide and % 60
peptide-QDs of increasing concentration 40
5 ]
Q
(1.25-20 pg/mL), with (B) and without (A) QE:)
o _ 201 —— MPA-QDs
irradiation. The curves show concentration Peptide-QDs
0 : .
dependent inhibition of bacterial viability 300 600 900

. . Temperature (°C)
for both samples. Without irradiation Figure 5.9: TGA analysis illustrate that 57 + 2%

of the peptide-QDs’ mass was LL-37 peptides.
(N=3)
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(Figure 5.10A), the MICgo values were 20
ug/mL for both samples. With irradiation
(Figure 5.10B), the MICgo value remained the
same for the free peptide, but decreased to 10
ug/mL  for the peptide-QDs, which
demonstrates a light activated increase in
antibacterial activity at a similar magnitude as
that observed with the 75% and 100% amine
PONs-QDs.  Figure 5.10C shows the
normalized hemolytic activity (in %) when
RBCs were incubated with free peptide and
peptide-QDs of increasing concentration
(1.25-20 pg/mL) with irradiation. (Without
irradiation, the activity is statistically similar.)
The hemolytic activity of the free and
conjugated peptides are similar, as expected
since this peptide does not have a hydrophobic
region that can be effectively buried to prevent
it’s insertion into the hydrophobic region of

mammalian membranes, like the PONs do.
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Figure 5.10: Without irradiation, E. coli cells exposed to 1.25-20 pg/mL LL-37 equivalents of the
free LL-37 peptide (black) and peptide-QDs (red) show a concentration dependent decrease in
growth (A). With 2 hr irradiation at the beginning of incubation, the peptide-QDs have irradiation
enhanced activity, while the free peptides activity is maintained (B). The free LL-37 peptide and
peptide-QDs had similar concentration dependent hemolytic activity at tested concentrations, with
and without light activation (C). (N = 3 biological replicates.)
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The therapeutic index for the irradiated peptide-QDs, 8, is smaller than the PONs-
QDs of the highest amine contents. We interpret this to mean that the conjugates with
the tunable synthetic antimicrobial peptide mimics, PONs, may be the better
alternative antibacterial treatment compared to the conjugates with the naturally

occurring antimicrobial peptide.

5.7 Conclusions

A series of PONs with varying amine/alkyl ratios and the LL-37 peptide were
conjugated to the surface of MPA-CdTe QDs in order to study the PONs-QDs and
peptide-QDs conjugates’ antibacterial and hemolytic activity. Prior to conjugation,
the free MPA-QDs—at a concentration range of 1-160 nM—only exhibited
significant antibacterial activity when they were irradiated, and had no significant
hemolytic activity with or without irradiation. Prior to conjugation, the free PONs’
antibacterial and hemolytic activity decreased as the amine content increased from
55% to 100%, in agreement with previous studies.!*® PONs conjugation to the surface
of the CdTe QDs resulted in a general loss of the trend of amine content-dependent
antibacterial activity and loss in activity against S. aureus viability. However, we did
observe 1) irradiation-enhanced anti-E. coli activity from the PONs-QD conjugates
which was comparable to that of the free PONs of similar PONs mass, 2) a decrease
in hemolytic activity especially for the higher amine content PONSs-containing
conjugates, and 3) an increase in the therapeutic index. Similarly, conjugating the LL-
37 peptide to the CdTe QDs resulted in increased irradiation-enhanced anti-E. coli
activity and increased therapeutic index. The larger therapeutic indices may enable

the use of both PONs-QDs and peptide-QDs at greater and more effective
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concentrations against drug-resistant gram-negative bacteria, such as E. coli, with
reduced concerns about hemolytic and toxic activity against mammalian cells.

Further, our studies demonstrate that the light activated PONs-QDs treatments may be

the better of the two options.
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Chapter 6: Conclusions

6.1 Summary

This dissertation is a composition of fundamental studies which elucidate
molecular interactions between quantum dots (QDs) and cells in the context of
antibacterial QD technologies. These studies specifically investigate how systematic
changes to the material, structural, and surface ligand compositions of antibacterial
QDs affect their interactions with pathogenic and essential cells relevant to human
and environmental health.

The studies of Chapter 3 developed a foundational understanding of how QDs
of varying compositions interact with the outer interface of the cell—the membrane—
using simple liposome models. The liposome models varied in lipid composition in
order to mimic some of the differences between bacterial and mammalian cell
membranes of various species. Additionally, different dyes were incorporated into the
liposomes in order that optical signals could be detected and interpreted to tell if the
QDs interacted with the membranes and, if so, how. Experiments with calcein-labeled
liposomes confirmed the literature-sourced hypothesis that cadmium-containing QDs
tend to have more toxic interactions with bacterial membranes than cadmium-free
QDs. Experiments with nitrobenzoxadiazole-labeled liposomes demonstrated that
nonirradiated QDs can destabilize the membrane through membrane depolarization,
but that this was not always a significant cause of destructive cytotoxicity since the
cadmium-free QDs depolarized the membrane without causing significant membrane

lysis. Experiments with unlabeled liposomes and ICP-MS measurements revealed
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how the structure of QDs impacted their stability in various mediums and their anti-
membrane activity. The cadmium-free QDs were more stable in the HEPES buffer
than the cadmium-containing QDs. Thus, there was minimal toxic heavy metal
dissolution from the cadmium-free QDs compared to the cadmium-containing QDs.
FRET experiments with rhodamine-labeled liposomes revealed the dependence of
QD-membrane association on both the QDs’ and liposomes’ ({ potential, and
demonstrated electrostatic interactions as a major driver of QD-liposome association.
Furthermore, all the outcomes of this chapter imply that QDs’ miscibility and
stability—in every medium—needs to be considered before inferring the potential
interactions between them and surrounding organisms.

Chapter 4 studies further reiterated the need to consider QDs’ chemical
behavior, but in the context of an environmentally-relevant bacterial model’s
interactions with QDs of varying material and structural composition. The same
cadmium-containing QDs that showed greater anti-membrane activity in Chapter 3
had greater antibacterial activity against Shewanella oneidensis MR-1, a prevalent
gram-negative bacterium with a unique metal-reducing metabolism. Even though S.
oneidensis has resistance to some heavy metals—because of its metabolism—and was
not affected by exposures to ZnSe and ZnSe/ZnS QDs in these studies, its viability
was inhibited after exposures to cadmium-containing QDs with concentration and
shell size dependency. ICP-MS and ion control incubation studies revealed that S.
oneidensis’s responses to QD incubations could be explained by the same
phenomenon’s that distinguished the cadmium-containing and cadmium-free QDs in

Chapter 3.

119



Chapter 5 studies built upon the QD-membrane affinity trends observed
between the QDs and membrane models in the literature and Chapter 3, but brought
these trends into the context of human health models’ interactions with unique
antibacterial polymer- and antimicrobial peptide-coated QD conjugates. Cadmium-
containing core QDs were chosen for these conjugates as our prior studies revealed
that these were optimal for maximizing the intended bacterial cell death. Thus, the
QD conjugates were built from the base of CdTe core QDs, which have demonstrated
light-enhanceable antibacterial activity though ROS interactions. The second piece of
prior information that was incorporated into the design of these conjugates was the
role of electrostatic attractions in QD-membrane association. We wanted to design
cytotoxic QD conjugates that would have an inherently greater attraction for bacterial
membranes than mammalian membranes in order to limit off target toxicity. Thus, a
PONs polymer series and the LL-37 peptide were conjugated to the surface of the
QDs as these entities have demonstrated antibacterial selectivity and activity. We
found that all QD conjugates had greater activity against Escherichia coli growth and
larger therapeutic indexes than any of the entities alone, with and without irradiation.
Further, we found that the higher amine density PONs-QD conjugates had the
greatest activity and therapeutic indexes of all the tested conjugates. Digressing, in
general, the increase in therapeutic indexes observed with the conjugates is likely due
to 1) the increased cationic charge density of the antibacterial coatings once they were
conjugated to the QD surface—effectively increasing the attraction between the

conjugates and the bacterial cells—and 2) the minimized effective hydrophobic
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character of the coating entities after their conjugation, which further minimized their

potential to interact with mammalian cells.

6.2 Future Directions

While this work has made deconvoluted conclusions about the interactions
between QDs and bacteria that have enabled the design of unique antibacterial QD
conjugates, there are still some fundamental questions and some missing project
complexities that can be addressed in future work. First, an obvious shortcoming that
can be identified is the simplicity of the liposome models. Membrane vesicle models
with cholesterol and other lipids, with lipid rafts, with peptidoglycan layers, and of
larger sizes would be closer to genuine bacterial membranes. There are increasingly
more vesicle formulations and available vesicle components that can be used in future
experiments to achieve more realistic model formulations. Moving forward with these
more complex vesicle formulations may improve upon the conclusions that can be
drawn from observing QD interactions with them. Another concept that would be
interesting to investigate is whether the QDs are instantaneously bursting the
liposomes used in Chapter 3, or simply inducing a slow leakage. Single molecule
fluorescence microscopy may be a useful technique to employ for investigating this
curiosity. A third area of valuable future work would be to expand these same QD-
bacteria interaction studies to panels of human and environmental health bacteria. It
would be valuable to determine if the found trends of activity remain; such as, will
the PONs-QDs be effective against other gram-negative bacteria—even if MDR—

and remain ineffective against other gram-positive bacteria.
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While the aforementioned experimental approaches would certainly provide
valuable insight into the robustness of this dissertation’s findings, theoretical and
computational chemistry approaches may be more suitable for considering the full
extent of variables which may affect the interactions between antibacterial QD
constructs, pathogenic cells, and essential cells in reasonable timeframes. Even
hands-on experiments designed to consider all the possible cell compositions with
just one QD construct requires the efforts of several scientists, over several years, and
immense financial support. The improving chemical modeling capabilities at the
molecular and cellular levels may allow simulative approaches to inform the design
of experiments to include investigations of only the ‘most important/necessary’
variables, and remove some of the time and resource burdens that considering all the
variables would require.

Clearly, there is more work to be done to fully elucidate the complexity of
interactions between QDs and cells. Nevertheless, this dissertation does conclude
fundamental information on well characterized QD-bacteria interactions which can be
harmonized with other works and used to support the design of the next generation of

effective antibacterial entities.
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Appendices
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Appendix Figure 2.1: Glassware set-up for the hot injection synthesis technique (A).
Diagram of microwave for dielectric QD synthesis (B), modified from
the CEM website.
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Appendix Figure 2.2: HRTEM images, with size distribution inserts showing 3.9 +
0.5 nm CdSe cores (A), 4.2 £ 0.8 nm CdSe/ZnS (1 ML) (B), 5.0 £ 0.9nm
CdSe/znS (3 ML) (C), and 5.9 = 0.8 nm CdSe/znS (6 ML)(D) QDs.
Figures were previously published in Williams et al. Applied Nano
Materials. 2018, 1 (9), 4788-4800.148
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Appendix Figure 2.3: Additional HRTEM images of the CdTe QDs. DLS-measured
number size distribution of MPA-QDs in Tris buffer (pH 7) determined
their hydrodynamic diameter to be 5.2 + 1.3 nm (A); N=3. DLS-
measured number size distribution of MPA-QDs in water (pH 7)
determined their hydrodynamic diameter to be 5.2 + 1.2 nm (B); N=3. A
representative HRTEM image of MPA-QDs (C) and the binned ImageJ
analysis of several HRTEM images (D) represent their diameter to be 4.0
+ 0.6 nm; N=381. Figures were previously published in Williams et al.
Applied Bio Materials. 2020, 3(2), 1097-1104.14°

125



Frequency
o wu
Less
4
<)
6

Appendix Figure 2.4: HRTEM images of 3.5 + 0.4 nm ZnSe core QDs (A) and 5.0 £
1.2 nm ZnSe/ZnS QDs (B). Inserts show size distribution of all analyzed QDs.
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Appendix Figure 3.1: Molecular structures of the lipids used in Chapter 3.
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Appendix Figure 3.2: Liposome lysis of calcein-containing liposomes when exposed
to the DHLA-PEG ligands controls. The concentrations of the ligands used at the

respective QD equivalents are as calculated on the next page.
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Calculations of QD Ligand Coverage

Step 1: Calculating the number of ligands per OD. Literature, which characterized the

number of surface binding sites for nanoparticles via XPS, has estimated moderately
covered nanoparticles to have 4.5 surface binding sites/nm?.2%% This ratio was used to

calculate the number of binding sites and ligands on these QDs. Note: The DHLA-

PEG ligand is bidentate, which means it will occupy two binding sites on a QD.

For a ~3.5 nm diameter QD at 173 sites/particle:
For a ~4.0 nm diameter QD at 226 sites/particle:
For a ~4.3 nm diameter QD at 260 sites/particle:
For a ~5.0 nm diameter QD at 353 sites/particle:
For a ~6.0 nm diameter QD at 509 sites/particle:

Step 2: Calculating the number of ligands per exposure. ICP-MS was used to convert

between mg/L and moles of QDs so that we could determine the number of ligands
per QD exposure. The ligand control assays illustrated in Appendix Figure 3.1
involved DHLA-PEG ligand concentrations up to the amount of ligand that

theoretically exists on the surface of the largest concentration of the largest QDs

87 bidentate ligands/QD

113 bidentate ligands/QD
131 bidentate ligands/QD
177 bidentate ligands/QD
254 bidentate ligands/QD

tested, 0.5 mg/L CdSe/ZnS(6 ML) QDs. The calculations are as follows:

A 1 mL sample at 0.5 mg/L selenium equivalents of CdSe/ZnS(6 ML) QDs

Step 3: Extrapolate the calculations to all tested CdSe/ZnS(6 ML) OD concentrations.

0.7 pmol QDs (as determined by ICP-MS)

1.07 x 10 ligands (converted using Step 1)
165 ng ligands (converted using MW of ligand = 927 g/mol)
0.165 mg/L DHLA-PEG ligands

For 0.01 mg/L selenium equivalents = 0.0033 mg/L DHLA-PEG750-OCH3
For 0.05 mg/L selenium equivalents = 0.0066 mg/L DHLA-PEG750-OCH3s
For 0.1 mg/L selenium equivalents = 0.033 mg/L DHLA-PEG750-OCHjs
For 0.2 mg/L selenium equivalents = 0.066 mg/L DHLA-PEG750-OCH3s
For 0.5 mg/L selenium equivalents = 0.165 mg/L DHLA-PEG750-OCHjs
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Appendix Figure 3.3: Liposome lysis of calcein-containing liposomes when exposed

to the Cd?*, Zn?*, and Se** controls. (N>3)

Cadmium and zinc ion controls caused minimal liposome lysis. Zinc ions
induce significant lysis at concentrations relevant to the full dissolution of CdSe/ZnS,
ZnSe core, and ZnSe/ZnS QDs. This zinc ion behavior further supports the notion
that ZnS dissolution from the CdSe core may contribute to its toxicity, and that the
stability of (ie: lack of ion dissolution from) the ZnSe and ZnSe/ZnS prevents zinc ion
toxicity. (High concentrations of all ions quenched calcein fluorescence. Hence, 0.5

mg/L of all ions are plotted but not included in the linear projection.)
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Appendix Table 3.1: Size and zeta potential characterization of POPC-based
liposomes with varying amount of rhod-lipids.

Liposome Formulation | Diameter Zeta_
(mole : mole) (nm) St. Dev. | Potential | St. Dev.
' (mV)
POPC 73.04 20.29 -2.54 11.8

0.01 rhod-POPE:1 POPC 57.67 19.98 -6.58 12.0

0.02 rhod-POPE:1 POPC 74.80 19.70 -7.81 9.44

0.03 rhod-POPE:1 POPC 70.17 19.79 -9.43 10.2

0.04 rhod-POPE:1 POPC 64.91 18.31 -23.2 15.0

0.05 rhod-POPE:1 POPC 74.74 20.31 -15.3 9.88

0.06 rhod-POPE:1 POPC 73.73 32.26 -24.7 7.46

0.07 rhod-POPE:1 POPC 69.59 18.97 -20.2 11.7

0.08 rhod-POPE:1 POPC 70.05 18.02 -20.5 12.0

0.10 rhod-POPE:1 POPC 65.68 18.33 -26.7 14.6

0.20 rhod-POPE:1 POPC 83.00 32.46 -34.6 175

0.30 rhod-POPE:1 POPC 66.78 17.24 -38.3 14.2
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Appendix Table 3.2: Size and zeta potential characterization of the 5 membered 3
mol% rhod-liposome charge series. The liposomes’ lipids that are not rhod-POPE or
the table indicated charged lipid are the zwitterionic POPC lipids.

Liposome Diameter Zeta
P . St. Dev. Potential St. Dev.
Formulation (nm)
(mV)
20% POPG 70.91 18.97 -32.70 19.80
10% POPG 77.34 19.37 -26.90 17.30
Just POPC 81.30 21.46 -12.20 11.10
10% EPC 67.70 18.75 17.90 10.00
20% EPC 62.03 18.83 39.80 12.20
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Appendix Figure 4.1: S. oneidensis viability after exposure to ion controls.
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Butyl Poly(oxanorbornene) Polymers (PONs) Synthesis and Characterization
This section on PONs synthesis is a modified reproduction of Supporting
Information for Williams et al. Poly(oxanorbornene)-Coated CdTe Quantum Dots
as Antibacterial Agents. ACS Applied Bio Materials. 2020, 3 (2), 1097-1104.14°

Materials. All chemicals and solvents were used as received from Sigma Aldrich,
Fluka, or Acros Organic.

Instrumentation. Gel permeation chromatography (GPC) was performed on a
Polymers Standards Service styrene-divinylbenzene (SDV) copolymer network
column using chloroform as the solvent system at a 1.0 mL/min flow rate and 30 °C.
GPC was calibrated with poly (methyl methacrylate) standards. Nuclear Magnetic
Resonance (NMR) spectra were recorded on a Bruker 250 MHz spectrometer.
Deuterated methanol and chloroform were used as solvents, and tetramethylsilane
was used as the internal reference.

0 O
S ¢ 5
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Appendix Figure 5.1: Structure of the two BOC-protected oxanorbornene monomers
B (left) and D (right).

Polymer Synthesis and Characterization. The polymers in this study are the same
as reported in the publication by Zheng et al. on the membrane disruption activity of
PONs-covered gold nanoparticles.’” Figure S1 shows the two monomers, one with a
butyl and an amine side chain (B) and the other with two diamine side chains (D),
synthesized and polymerized according to previously reported protocols.??% 222 The
monomers were synthesized with tert-butyloxycarbonyl(BOC) protection on the
amine functional groups. For polymerization (Scheme S1), dichloromethane mixtures
of the monomers and Grubbs’ third generation catalyst, synthesized as described by
Love et al.??’, were allowed to react for 30 minutes under inert N, gas. The ratio of B
to D monomers was varied in order to obtain polymers with varying amine content
(Table S1). The reaction was stopped with the addition of excess ethyl vinyl ether.
BOC-protected polymers were precipitated with cold hexane and dried under
vacuum. To remove the BOC protecting groups, polymers were dissolved in a 1:1
mixture of dry chloroform and 4M HCI in dioxane. The precipitated, deprotected
polymers were dissolved in dry methanol and finally re-precipitated in cold diethyl
ether under vacuum. NMR and GPC were used to confirm the polymer structure and
mass according to previous literature.
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Appendix Scheme 5.1: Grubbs’ third generation catalysts initiated polymerization of

BOC-protected B and D monomers via ring opening metathesis.
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Appendix Figure 5.2: NMR data of BOC-protected PONs in deuterated chloroform.
!H-NMR (250 MHz, CDCl3) § = 5.85 - 5.93 (br m, C=CH, trans), 5.55 - 5.66 (br m,
C=CH, cis), 5.32 - 5.46 (br s, NH), 5.07 - 5.19 (br m, C=CH-CH, cis), 4.65 - 4.76 (br
m, C=CH-CH, trans), 4.04 - 4.26 (m, O-CH), 3.27 - 3.45 (br m, N-CH>), 3.05 - 3.21
(br m, CH), 1.55 - 1.63 (m, CH2), 1.23 - 1.49 (m, B-CHz & 3 x boc-CHj3), 0.93 (t, B-

CHs). Note: * Indicates water peak.

Appendix Table 5.1: The properties of the BOC-protected PONs with 10 repeat units
and varying amine content. *Determined via GPC analysis.

PONs Sample Np: NB Average Average
MW Monomer (g/mol) MWpolymer* (g/mol)
55% Amine 1:9 391.89 3900
75% Amine 5:5 426.71 4000
95% Amine 9:1 461.53 4700
100% Amine 10:0 470.23 4700
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Appendix Figure 5.3: NMR data for deprotected PONs. H-NMR (250 MHz,
MeOD-d4, peaks corresponding to C=CH-CH (trans) and CH overlapped with the
solvent signals) & = 8.05 - 8.20 (br. m, NHz"), 5.89 - 6.05 (br m, C=CH, trans), 5.63 -
5.84 (br m, C=CH, cis), 5.01 - 5.29 (br m, C=CH-CH, cis), 4.01 - 4.53 (m, O-CH),
3.30 - 3.70 (m, N-CHy), 1.55 - 1.73 (m, CH), 1.30 - 1.50 (m, B-CHy), 0.97 (t, B-

CHa).

Appendix Table 5.2: The properties of the deprotected PONs, which were
synthesized to have 10 repeat units of varying amine content.

PONs Sample Nb: Ns Average Average
MWwionomer (g/mol) | MWopolymer (g/mol)
55% Amine 1:9 281.74 2800
75% Amine 5:5 276.52 2800
95% Amine 9:1 271.30 2700
100% Amine 10:0 270.00 2700
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Appendix Figure 5.4: Emission spectrum of the Environmental Lights Ultra Thin

LED Light Panel (Neutral White), which was characterized using an EO Edmund
CCD Spectrometer.

Additionally, the panel was measured to have an average output of 3 mW using the
Newport Corporation 843-R Optical Power Meter, with the 919P-030-18 thermopile
sensor placed on the opposite side of an empty 96 well plate from the LED panel.
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Appendix Figure 5.5: Hemolytic activity curves of the free PONs (A) and the PONs-
QDs (B). All PONs-QDs have lower hemolytic activity than free PONs molecules.
Incubations were done with and without LED panel irradiation during incubation.
Irradiated incubation did not change the hemolytic activity of the MPA-QDs or
PONs-QDs samples (data not shown).
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