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Abstract

Nanoparticle (NP) safety concerns stem from their unique physiochemical properties such as high
surface area to volume ratio and small size, and reactivity otherwise not present in the bulk form.
These NP properties contribute to the potential toxicity and altered tissue function when in
contact with biological systems. Since skin is one of the major routes of NP entry into the system
upon contact with NP-enabled products, researchers have focused on determining if NPs can
penetrate the stratum corneum, which is the outermost skin barrier layer. Semiconductor quantum
dots (QDs) and metal oxide NPs (titanium dioxide (TiO,)) have been widely used to study NP-
skin interactions due to their commercial importance. However, studies show varying results on
NP skin penetration depending upon the NP size and surface chemistry, skin model used and the
NP detection techniques employed. Conventional techniques employed to detect NPs in tissues
such as transmission electron microscopy coupled with energy dispersive x-ray spectroscopy
offer superior nanoscale resolution, however pose limitations due to the high cost of sample
processing and limited sample analysis throughput. Confocal and fluorescence microscopy are
also common techniques used to detect fluorescent NPs, however their detection ability is often
obscured by tissue autofluorescence and are limited to detecting fluorescent NPs. Therefore, a
simple economical technique which can provide information on both the presence of NPs and
their form in biological systems and the environment is required.

We have developed NP binding antibodies to commercially important NPs including
QDs and TiO, NPs using phage display technology. Phage display is used to identify protein or
peptide binders to a wide variety of targets. Typically, nucleotide sequences encoding the

protein/peptide library are fused to a gene encoding a phage coat protein thus allowing them to be
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displayed on the phage exterior. An affinity based selection technique (biopanning) is used to
identify binders from the library. In this work, we have developed antibodies to NPs from a phage
library containing ~2x10° unique single-chain variable fragment (scFv) antibodies each displayed
monovalently on the gene Il coat protein of a M13 filamentous phage. The scFv antibodies are
engineered with a FLAG tag to allow for secondary detection using standard
immunohistochemistry methods.

This thesis discusses the discovery of novel antibodies binding QDs and TiO, NPs and
their functionality by demonstrating their binding both in vitro and in an ex vivo human skin
model. The antibodies isolated against GSH-QDs and TiO, NPs by panning in solution, can
recognize the respective NPs in skin and did not show any non-specific binding to skin samples
without NPs. Non-fluorescent TiO, NPs were detected using simple microscopic techniques with
the scFv antibody isolated against them. The antibodies do not exhibit non-specific binding to
dissimilar NPs such as gold NPs or carbon nanotubes as demonstrated through custom-designed
in vitro assays. Additionally, the antibodies have been characterized for their binding and cross-
reactivity properties to several other NPs, and some challenges associated with the isolation of the
antibodies from a large library and alternative method for selection of antibodies have been
discussed. It was found that enrichment on NPs in solution does not render off-target clones or
false positives when compared to enrichment on immobilized target, conventionally used in

phage display. This is the first time antibodies to dispersed NPs in solution have been isolated.

The novel antibodies isolated when used in conjunction with other existing techniques for
NP detection will comprise a powerful tool kit, and enable researchers to use them to detect NPs

both in the environment and in a biological milieu.
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1.1 The Promise of Nanotechnology

The world is rapidly progressing towards the nanoscale of things. The global total market
value for nanoparticles (NPs) in biotechnology is estimated to reach $53.5B US dollars in
2017M. This continuous drift towards the use of nanomaterials and NPs could potentially
increase levels of NP exposure to humans. NPs are defined as particles having a size less
than 100 nm in one dimension, and nanotechnology is defined as the manipulation of
materials at the atomic and molecular level to create materials with unique size-
dependent physiochemical properties, otherwise not present in the bulk form. These
properties are attributed to the quantum confinement effect and their high surface area to
volume ratio, which has led to a multitude of applications NPs can offer ranging from
healthcare and life sciences to electronics, and consumer goods including textiles and
food products®. In medicine, nanotechnology has been applied to drug delivery
(fullerenes, polymer NPs), gene therapy (silica NPs), diagnostics (gold (Au) NPs),
biomedical imaging (quantum dots (QDs)) including MRI contrast enhancement (iron
oxide NPs)™. Nanomaterials can be used for passive tumor targeting as they demonstrate
enhanced permeability and retention effects®™®®, and active targeting using tethered tissue
homing ligands®™. Carbon nanotubes have been used extensively in sports equipment!®
and nano-sized titanium dioxide (TiO2) and zinc oxide (ZnO) are formulated into ~70%
of all sunscreens™ in the market available for daily consumer use (33 million people in
the United States including children use a sunscreen product daily™), and contain 5-10%
by weight NPs™. TiO, and ZnO NPs offer broad protection against ultraviolet (UV)-A

(320-400 nm) and UVB (290-320 nm) radiation by absorbing the light energy and
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scattering and reflecting incident radiation'*?. Nano-TiO, is an important industrial
material and has always been used as the white pigment in a variety of consumer goods
such as paint, paper, ceramics and plastics, among othersi*®. In food industry, some
nanomaterials have been used for beneficial effects on foods leading to an increased
shelf-life, enhanced flavor release and increased absorption of nutrients. Additionally,
traditional methods of food manufacturing processes such as grinding and spray-drying
can produce nanoscale variants of natural materials that would otherwise not be found in
such a size range!*l. Other applications pertaining to consumer products include nano-
engineered membranes for water purification systems medical implants and use of nano-
zirconium oxide in medical implantst®. Therefore, given the expansive advantageous
properties of nanomaterials and the endless possibilities for their exploitation to the
benefit of humans, our contact with these nanomaterials via the skin, respiratory system

and digestive tract is inevitable and only increasing by the day.

1.2 Quantum Dots

QDs are fluorescent semiconductor NPs which exhibit size-dependent quantum
confinement properties. They are widely used in biomedical imaging, biosensing and
photovoltaic applications due to their advantageous properties such as broad excitability,
narrow emission bandwidth, easily modifiable surface properties and high quantum yield.
Fluorescent QDs and near-infrared QDs that can overcome tissue autofluorescence have
been used for in vivo tumor and sentinel lymph node tracking. QDs are estimated to have

a commercial value of $1.1 billion in 2016™°. Core-shell type composite QDs are widely
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used in experimental and practical applications due to their novel properties. Coating the
nanocrystalline core with inorganic shell materials has been shown to improve the
photoluminescence quantum vyields by passivating surface recombination sites. For
example, various core-shell QD structures have been reported such as CdS on CdSe, ZnS
on CdS, ZnS on CdSe and ZnSe on CdSel*”). ZnS overcoated CdSe particles have higher
efficiencies, greater photostability and greater quantum yields, making them more useful
for optoelectronic device structures, and electroluminescent and photovoltaic devices*®.,
QDs used widely in biolabeling applications are synthesized in an organic phase and have

good monodispersity and photoluminescencel*”).

However, their surface chemistry
dictates their biocompatibility. QDs are often capped with hydrophobic ligands such as
trioctylphosphine oxide (TOPO) and octadecylamine (ODA) thus making it a challenge
to use them in aqueous biocompatible environments. Ligand exchange methods allow for
the substitution of an organic ligand with a hydrophilic ligand. The key to choosing the
right ligand is to maintain colloidal stability (no aggregation) in a biological milieu, low
or lack of cytotoxicity and a high quantum yield™. The ligand exchange method also
allows for stabilization of the core and minimizing any toxic effects, which come into
question due to QDs often being composed of a heavy metal core (eg. Cd). Many such
ligands have been successfully used and reported such as thiol-polyethylene glycol
(PEG)?Y, dihydrolipoic acid (DHLA)?! and glutathione (GSH)*. GSH is an
antioxidant and imparts a negative charge to the QDs, previously has been reported to

exhibit superior optical properties and stability™, and will be the choice of ligand used

for all QD studies described in this thesis.
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Due to above mentioned widespread applications of QDs, which is on the steady
rise, their potential exposure to researchers and consumers has been of primary interest
resulting in a spike of studies investigating QD interaction with skin??%l. In this thesis
QDs were used as a model NP as they have a size comparable to commercially important
TiO, and ZnO NPs. Moreover, QDs generate reactive oxygen species (ROS)?™ and
carboxylated QDs (such as GSH-QDs) have a similar negative oxide surface chemistry to

TiO, and ZnO NPs!?®l.

1.3 Titanium dioxide Nanoparticles

The global production of TiO, for all uses is in the millions of tons per year!?®!. TiO, as a
bulk material is primarily used because of its brightness, high refractive index and
resistance to discoloration. Nearly 70% of all TiO, produced is used as a bulk material as
a pigment in glazes, enamels, plastics, paper, foods, pharmaceuticals, and toothpastes®.
Applications of nano-TiO, include cosmetic formulations, antimicrobial applications and

catalysts for air and water purification®”

. Therefore, many sources of pigment and
nanoscale TiO, can result in human exposure and subsequent entry into the environment
(air, water, soil). Pigment and nanoscale TiO, are synthesized with a crystalline structure
(anatase, rutile, brookite), each of which have their own unique properties. The most
common TiO, NP synthesis procedure utilizes the hydrolysis of Ti salts in an acidic
solution®Y. In order to increase photostability and prevent aggregation, TiO, NPs are

commonly coated with aluminium, silicon or polymerst®**3l, TiO, nanomaterials in foods

and consumer products are discharged into the environment as feces/urine, washed off of
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surfaces or disposed to sewage that enters wastewater treatment plants. Although sewage
treatment plants are efficient in removing larger TiO, from sewage waste water, particles
measuring 4-30 nm in size were still found in the treated effluent™® ®], Extensive fate,
transport and toxicity studies have used a readily available TiO, NP (Evonik Degussa,
P25) because the primary crystals are <50 nm in size, uncoated and is present in
commercial products. P25 is advertised as “titanium without pigment properties” and is
primarily used as a photocatalyst and heat stabilizer for silicone rubber®!. P25 exists as
an aggregate in the dry powder state and readily aggregates to several hundred
nanometers in water®. Although not a direct representative of the food-grade TiO.
(E171), in this thesis all the studies with TiO, NPs have been reported based on the use of

P25 in experiments.

1.4 Nanotoxicology

Nanotoxicology can be defined as the “science of engineered nanodevices and

»[371 " Numerous

nanostructures that deals with their effects in the living organisms
experimental studies have focused on the enhanced toxicological potential of engineered
NPs in contrast to the larger sized particles of the same material®®*, There is also
evidence that the nano-sized fraction of particles associated with air pollution is a major
contributor to the adverse effects attributed to air pollution***Y. The benefiting high
surface area to volume ratio in NPs can elicit a greater biological reactivity per unit mass

in an organism compared to the bulk form of the same materials due to the increasing

ratio of surface to total atoms with decreasing particle size. This increased biological
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reactivity can elicit positive and desirable responses (antioxidant activity, drug delivery)
or be negative and undesirable (toxicity, oxidative stress, cellular dysfunction)!%4.
Nanomaterials and NPs may elicit toxic effects in biological systems via various
mechanisms. Primarily, the production of ROS leading to oxidative stress is a
mechanism, which can lead to DNA damage, unregulated cell signaling, cytotoxicity,
apoptosis and even tumor initiation[*>*4. Other potential side effects due to long-term
presence of NPs in cells include leaching of toxic ions*”!, exposure of cryptic epitopest®!
and genotoxicity™". The toxicity effects of metal oxide NPs such as TiO, and ZnO and
semiconductor NPs such as QDs has been well reported**>%. Yin et al., studied the
photocytotoxicity of different sizes of TiO, NPs in both forms (anatase and rutile) in vitro
using human keratinocytes, and found that upon UVA irradiation all the TiO, NPs
induced photocytotoxicity and cell membrane damage mediated by production of
ROSPY. Wu et al., observed pathological lesions of varying degrees on mice skin after 8
weeks of nano-TiO, application accompanied by wrinkles, excessive keratinization and

(131 The skin from these mice also showed

atrophy of dermis implying skin aging
oxidative stress due to exposure to TiO, suggested by increased lipid peroxidation
products and reduced collagen contents. It was also found in these mice that the liver had
focal necrosis sections due to localization of Degussa P25 TiO, NPs (21 nm), which may
lead to its functional impairment. Upon application of 0.4 mg/cm? TiO, NP on hairless rat
skin, Adachi et al., observed focal parakeratosis in the SC and epidermal spongiosis with

dermal inflammatory infiltration using light microscopy, absent in control groups®. This

recent study concluded that the histopathological changes including eczema-like lesions
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suggested the irritation action caused by TiO, NP and possible ROS production leading
to contact dermatitis and spongiosis respectively. Titania has also been linked to Crohn’s
disease, asthma and has been classified as a possible carcinogen*%.

QDs have also been shown to induce toxicity based on their composition, size and
surface chemistry. Mahto et al., have shown that QDs (CdSe/ZnS core/shell) dispersed in
aqueous cell media induced ROS formation and released calcium leading to toxicity™®.
Hoshino et al., showed QD induced reversible DNA damage in vitro using WTK1 cells at
a 2 UM concentration®®”. Shiohara et al., showed coated CdSe/ZnS QDs to be cytotoxic
to HeLa cells and primary human hepatocytes at a 100 pg/mL concentration®®,
Cadmium and selenium, the widely used constituent metals in QDs are known to cause
acute and chronic toxicities to vertebrates and are a human health and an environmental
concern**°!. Some gaps and discrepancies exist in literature studies focusing on the
metabolic processes, and the systemic localization and excretion mechanisms of QDs in
vivo. Given their metalloid core, uniqueness of their physiochemical properties, their
oxidative and photochemical lability and the prevalence of QD-based products in the

market accelerates the need to understand their localization in tissue and bridge the gaps

in the current understanding of QD impact on human health and the environment.

1.5 Nanoparticle Entry into the Body

NPs may breach epithelial barriers and reach various target organs in the body. Three
main routes of NP entry into the body include the respiratory tract, the gastrointestinal

tract and skin. Both the anatomical features of the target organ, and NP surface and
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physiochemical properties play a role in determining the ultimate fate of NPs. Surface
properties of NPs include chemical composition, surface functionalization, shape, surface

(37431~ \whereas NP

crystallinity, heterogeneity and hydrophobicity or hydrophilicity
physiochemical properties include size, surface charge, surface coating, dissolution
characteristics, aggregation state and core/shell composition, both of which play a role in
determining the NP dose reaching a specific organ!®®®*. However, the surface charge is
cell-type specific (type I alveolar epithelial cells have no or few anionic sites, type Il cells
have anionic sites®), and correspondingly QDs whose surface chemistry has been
modified using carboxyl moieties show enhanced retention by lung tissue and greater
interaction with type | alveolar epithelial cells®®. In the gut, a highly specialized cell
lineage knows as microfold cells (M cells) uptake particles less than 1 pm and transport
them across the lymphoid follicles grouped as patches (Peyer’s Patches). These M cells
represent a unique site in the gastrointestinal tract for NP binding and uptake!®®. In order

to understand NP interaction with skin, which is the goal of this thesis, it is important to

first consider the skin barrier formation and its architecture.

1.5.1 SKkin Structure and Barrier Function

Of all the routes of entry of NPs into the body, skin is a major route with a surface area of
1-2 m? in human adults®®!. Among the multitude of functions provided by the skin, it
serves a very important function by acting as a two-way barrier between the body and the
external environment. It behaves as an inside-out barrier to prevent water loss from the
body and an outside-in barrier to protect the body from harmful environmental insults.

The epidermis and the dermis are the two main layers in skin varying vastly in their
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morphology and function. While the dermis is highly vascular and is composed of the
extracellular matrix elements, adipose cells, mast cells and sweat glands, the epidermis is
avascular and composed of primarily Kkeratinocytes interspersed with melanocytes,
Langerhans cells (LCs) and Merkel cells. Particle beam analysis and cytochemical
studies®®! have shown the presence of an extracellular calcium (Ca®*) gradient in
mammalian skin in vivo, with low Ca®" in the basal proliferating layers and progressively
higher Ca®* content as the epidermis stratifies and differentiates. This gradient is a
driving force for the transitioning of a keratinocyte into a corneocyte (terminally
differentiated keratinocyte) with an intermediate granular form (Figure 1.1). The
epidermis comprises the physical, the chemical/biochemical (antimicrobial, innate
immunity) and the adaptive immunological barrier functions of skin. The physical barrier
consists of the stratum corneum (SC), the nucleated epidermis, and the cell-cell junctions.
The SC presents a long, torturous, interdigitated paracellular pathway™®. The
chemical/biochemical barrier is composed of lipids (ceramides, free fatty acids and
cholesterol), antimicrobial peptides, hydrolytic enzymes and macrophages. Lipids
prevent water loss from the body (inside-out barrier) and form the outside-in barrier by
preventing permeation of hydrophilic substances (>500 MW)®". Penetration of
hydrophilic substances occurs via a transcellular polar pathway!®®!, and the polar channels
present within the lipid lamellae can also support the paracellular transport of hydrophilic
substances®®. The adaptive immunological barrier is composed of humoral and cellular
constituents of the immune system®®. LCs are antigen-presenting cells, which sequester

foreign substances invading the skin (microbes, particles as large as 0.5-3.0 umt™) and
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Figure 1.1 Skin Anatomy

A) Structure of skin showing various layers (adapted from https://
voer.edu.vn/m/layers-of-the-skin). B) Micrograph showing
different epidermal layers and part of the dermis (adapted from
micrograph by Michigan medical school). C) Scheme showing SC
structure and various modes of drug and particle transport namely
intercellular (via the lipid matrix between corneocytes) and
transcellular routes (across corneocytes and intercellular lipid
matrix)!2l.
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present it to T cells in local lymph nodes. Hair follicles are a major feature in the skin
forming about 0.5-2% of the skin surface areal™ and play an important role in skin
permeation of various substances. It has been well documented that their invaginated
structure is a site for accumulation and storage of substances including NPs!>". The
base of the hair follicle is located in the dermis and is connected to the blood and lymph

systems through which NPs can potentially be shuttled into systemic circulation!>"®!.

1.5.2 Nanoparticle Interaction with Skin

Aging, chemical, and physical stressors can cause a skin barrier disruption resulting in
the skin becoming susceptible to environmental insults. Immersing the SC in water
causes the intercellular lipid complex to be disrupted resulting in the SC being more
permeable to polar molecules and tropically applied drugst’”. Skin extraction using
solvents such as acetone can leech lipids and proteins causing a barrier disruption’®. In
addition, although the SC is resistant to injury, the cellular component of the skin
predominantly the basal keratinocytes are not. Injuries to the skin via exposure to UVA,
UVB, and other radiation can cause a barrier defect with abnormal transepidermal water
loss and triggers an inflammatory response with production of cytokines and
prostaglandins!’®®!. Tape stripping, which is an accepted method of inducing barrier
disruption, has also been used to study skin penetration of various compounds including
NPsl2884 This involves repeated pressing and removal of tape from skin to physically
remove the upper layers of the SC and corneocytes. Understanding the fate and transport
of NPs that contact skin has been an area of active research in the fields of toxicology and

for therapeutic applications. Various types of nanomaterials have been extensively
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studied in terms of their skin penetration potential including metalsl’®®] metal
oxidest®®l carbon-based NPs®®¥ silica® and semiconductor nanomaterials’?*%2%, A
very expansive literature collection fails, however, to draw a general conclusion
regarding the penetration profiles of NPs through skin. This can be attributed to the wide
variety of NP types used, ex vivo models, animal models, skin barrier status being intact
or disrupted, and the limitations and sensitivity of the analytical and detection techniques
employed. This thesis will be limited in scope to discussing studies pertaining to skin
interaction with NPs namely TiO,, ZnO, QDs, iron NPs, beryllium NPs and Au NPs.

Tan et al., conducted one of the first studies in the field where nanosized TiO,-
containing sunscreen was applied onto excised human skin for 2-6 weeks, following
which inductively coupled mass spectroscopy (ICP-MS) was used to detect TiO,
successfully in the lower epidermis. Upon excluding one extreme value from cadaver
samples, the authors found a significant increase in the level of TiO, NPs in the dermis of
skin®1. Another study showed presence of nanosized TiO, in the dermis of rabbit skin
when applied as a castor oil suspension whereas an aqueous solution did not™. TiO,
water/oil (w/0) emulsions applied to ex vivo human skin found that the emulsion
remained on the SC® while TiO,/ZnO formulations (80-200 nm) applied in vitro on
porcine skin for 24 h showed no penetration[zg]. However, 20 nm TiO, NPs in a w/o
emulsion applied for 5 h in vitro on human skin showed no penetration into the viable
epidermal layers whereas TiO, oil/water (o/w) emulsions applied to in vitro human
cultures for 24 h showed penetration evidence. This was further supported by a study

where TiO, NPs in an o/w suspension and aqueous solution were applied and the SC was



Chapter 1 14

tape stripped and the TiO, content on the tape was determined. It was found that more
TiO, were found in the upper layers when applied as an o/w suspension than the aqueous
suspension. This penetration was also enhanced by 10-fold when applied on hairy skin
suggesting that hair follicles could be a route of NP penetration®%?, Menzel et al., on
the contrary, suggested that hair follicles might not be important for penetration but were
able to detect four different formulations of TiO, in the SC and stratum granulosum (SG)
using ion beam analysis®®3. Upon compromising the skin barrier, NPs have been found to
penetrate the skin®®¥, and specifically, TiO has been found to penetrate the disorganized
SC of psoriatic skin than normal skin but did not reach the viable epidermis. However,
Monteiro Riviere et al., found that topical application of TiO,-containing sunscreens to
UVB-compromised pig skin resulted in no evidence of systemic absorption and TiO, to
be localized in the upper layers of the SC in both normal and UVB treated skin, and
slightly more penetration in the case of barrier defected skin.

While ex vivo topical application studies of TiO, on skin shows limited
penetration through skin (confined to the upper layers of SC), it is important to consider
the effects of repeated application in addition to UV-mediated barrier disrupted skin to
mimic the event of chronic exposure of NPs to humans. This was achieved via repeated
dermal exposure of nano-TiO, to a porcine model, which presented very different
resultst®®]. It is well known that the structure and morphology of porcine skin is very
similar to that of humans?®%!. In this study, dermal exposures of 5% (amount of TiO,
NPs in formulation)TiO, NP (4 and 60 nm) for 30 days showed that the particles can

penetrate the SC, reach deeper epidermal layers even up to the basal cell layer, and that
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the penetration was size dependent (smaller NP reach deeper layers). The same group
also performed tissue distribution studies with BALB/c hairless mice where after 60 days
of repeated exposure to nano-TiO, (Degussa P25, 21 nm, also used in this thesis) showed
localization to various organs including liver, spleen, heart, lung and even the brain.
Effects of repeated topical application of TiO, NP have been considered in other studies
as well. Sadrieh et al., applied three different TiO,-containing sunscreen formulations to
minipigs for 22 days and found TiO, to be localized in the upper SC layers and follicular
lumen using transmission electron microscopy (TEM) and energy dispersive X-ray
spectroscopy (EDX). The group also found scattered particles in the dermis, which they
rendered as contamination®,

ZnO NPs are often studied in conjunction with TiO, NPs and have been found to
penetrate the skin minimally even under the conditions where the skin barrier was
disrupted using UV radiation (UVR)™®. Other studies have shown almost no evidence of
penetration of ZnO NP beyond the SC upon application to the forearms of human
volunteers and the particles to be predominantly localized on the surface of the SC®!.

QDs have been used as a model NP by researchers in the context of NP skin
penetration where their fluorescence can be used to track their location in the tissue.
Modifying their surface chemistry with carboxyl moieties renders them to have a similar
negatively charged surface chemistry to TiO, NPs, and have been the choice of particle
for studying skin interaction of nanomaterials for many decades. Researchers have
studied QD-skin interaction using a variety of QDs varying in size, shape, charge and

surface chemistry on different animal models. Studies involving ex vivo porcine skin



Chapter 1 16

using polyethlylene glycol (PEG)-coated neutrally charged QDs (40 nm hydrodynamic
diameter®?), ex vivo rat skin using negatively charged carboxylated QDs (round and
ellipsoid of sizes 14 and 18 nm hydrodynamic diameter®), ex vivo human skin using
negatively charged carboxylated QDs (round, 14 nm hydrodynamic diameter® in vivo
SKH-1 hairless mouse skin with PEG-ylated nail-shaped QD (40 nm hydrodynamic
diameter®) have supported the absence of QD penetration through intact skin. However,
research in our 1ab®®® using depilatory agents to remove hair from an ex vivo human skin
model or tape stripping the skin, and others!®! using low frequency sonophoresis in a
porcine skin model, all inducing a barrier defect in the process have shown a substantial
increase in QD penetration compared to intact skin. The effect of barrier impaired skin on
NP penetration has also been studied by quantifying systemic levels of NPs in vivo in
studies employing animal models.

Elemental analysis studies of PEG-ylated QDs (nail-shaped, CdSe/CdS core/shell,
37 nm) through dermabraded SKH-hairless mice skin showed that ~2% of the applied
dose accumulated in the liver 48 h post-exposure®. This is higher than the systemic
levels of negatively charged DHLA QDs (sphere-shaped, CdSe/ZnS core/shell, 14 nm)
from studies conducted in our lab, which showed <0.001% of the applied dose to be
localized in the lymph nodes of mice 24 h after UVB radiation exposure®!, which may
suggest an effect of surface charge®. This is consistent with an in vivo human study
which quantified systemic Zn levels in blood to be <0.001% of the applied dose
following repeated application of ZnO NP-containing sunscreen to UVR-exposed skin!®®,

Other NPs such as iron NPs and Au have also been implied in the context of skin
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penetration. Baroli et al., found that 10 nm rigid iron NPs were able to passively penetrate
full-thickness human skin through SC lipidic matrix and hair follicle orifices and reached
the deepest layer of the SC and SG, and even found in small amounts in the viable
epidermis®. They claimed that their results were in accordance with another work!%!
studying penetration of rigid particles through skin (100-130 nm size) where rigid
particles were only found in the superficial layers of the SC. The authors conclude that
the extremely small dimensions of iron NPs might have been responsible for
exceptionally deeper penetration in the viable epidermis. Tinkle et al., in this context
however, reported that berryllium oxide particles of size ranging from 0.5-1 um could
penetrate the SC and reach the epidermal layers and occasionally the dermis only when a
flexing-like motion was applied on the skin surfacel™. Au NPs have also been shown to
be able to penetrate healthy intact skin in a particular size range. Au NPs of 15 nm
hydrodynamic diameter were able to penetrate ex vivo rat skin®!, whereas particles of
sizes 102 and 198 nm hydrodynamic diameter could not. Considering the above studies,
despite the availability of significant amount of literature evidences warranting the ability
of NPs to more efficiently penetrate barrier disrupted skin than intact healthy skin, some
challenges need to be overcome in order to draw definitive conclusions from all the skin

penetration studies of hard, insoluble metallic NPs.

1.6 Thesis Motivation

The development of more sensitive techniques and new assays that can be exploited to

detect intact NPs in skin and organs have been indicated as a key challenge to advancing
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the field of nanotoxicology and nanomedicine®**!%. While all the penetration studies
discussed above show ability of NPs to penetrate barrier disrupted skin, some contrasting
reports exist. For example, Zhang et al.,’*? and Gopee et al.,*” have conducted research
suing PEG-ylated QDs on ex vivo rat skin and in vivo mouse skin and have shown that
tape stripping, although a well-accepted technique for causing barrier disruption has no
impact on QD skin penetration. Other techniques of inducing barrier disruption including
abrasion and mechanical flexing have been used. Skin abrasion is often used in clinical
settings for skin resurfacing and drug delivery*®%! where the SC and the epidermis are
almost removed completely to allow free access of penetrating substances to the dermal
vasculature. Skin flexion is a method that simulates flexing movements (eg. repetitive
wrist bending). It was found that QDs penetrated abraded skin but not flexed skin, as
there were no differences when compared to a non-flexed control. Barring minute details
in the method of barrier disruption, the detection techniques employed in each case is
different resulting in different sensitivities of the NP study. In TiO, and ZnO NP skin
penetration studies conducted by Monteiro-Riviere et al., it was found that TEM and
tissue histology results suggest that NPs predominantly localize as aggregates on the skin
surface when using intact skin and that UVR exposure slightly enhances penetration into
the deeper SC layers. However, upon using a more sensitive technique albeit with a low
spatial resolution namely time-of-flight secondary ion mass spectrometry (TOF-SIMS),
higher levels of both elemental Ti and Zn was found in the epidermal Iayers[lo], which
emphasizes on the importance of considering the detection sensitivity of the analytical

technique employed to detect NPs (detection limit may be too high to detect low levels of
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NP absorption). A wide variety of NP detection techniques are employed including mass
spectrometry, wide-field fluorescent microscopy, TEM confocal microscopy
(occasionally with additional capabilities like raman spectroscopy or time delay gating)

and various forms of multiphoton microscopy.

1.6.1 Limitations of Current Nanoparticle Detection Techniques

Mass spectrometry has been widely used, mainly for its good sensitivity, however, it is a
destructive technique and can only be used on whole organs or skin that has already been
separated into transverse layers (eg. using tape stripping®?) at the time of completion of
the experiment to obtain a depth penetration report of NPs. Although this technique has
an advantage of quantification, it does not provide localization information of NPs in skin
(hair follicles, skin cellular structures) or skin layer (SC, terminally differentiating
epidermis, basal membrane or dermis)™.

Conventional TEM is widely and frequently used to characterize NP
structure™®1%! and to demonstrate intracellular localization of NPM % due to its
superior nanoscale resolution and elemental detection capability (with add-ins). However,
some limitations of this technique include long times, cost of processing, and sampling
error. The thickness of slices analyzed by TEM is typically around 70-100 nm which
makes it difficult to achieve a large sampling area; ~1000 slices need to be analyzed to
completely sample 1 mm? of skint*®"!. Therefore, NPs present at low levels in tissue may
be missed due to limited sample analysis throughput. Furthermore, NP can sometimes be
indistinguishable from cellular structures of the same size range. For example, TiO, NPs

which are electron dense can show similarity with glycogen granules or ribosomes
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whereas electron lucent particles such as polystyrene may be confused with spherical
cellular structures™®%!. This poses a technical bias, which using conventional TEM
alone cannot be overcome. Since quantification of TEM results are difficult, most of the
data analyzed are reported as supporting data®°"*'% and without further proof of particle
identity. Baroli et al., have also concluded in their studies that TEM may not be the
elective method to study penetration of metallic NPs. Although attempts were made to
visualize the NPs (iron NPs) in this study at a magnification of up to 200,000X, the
authors reported discriminating between the NPs and the skin structure to be a challenge.
Electron dense structures present in the sample and not in the control led them to believe
that the deposits could be iron NPs; however the authors concluded that
corneodesmosomes and other natural components of intercorneal space similar in
morphology could render the presence of iron NP deposits as questionable!®. Further
proof for presence of iron NPs in this study had to be obtained using a scanning electron
microscope (SEM) equipped with an energy dispersive X-ray spectrometer (EDX).
Despite its wide use, data from TEM needs to be accompanied by methods that
allow identification of every NP independent of size, shape and electron
transmissibility!’%®!. A colloidal silver strategy has been developed to image NPs better
using TEMM™™Y. In this, colloidal silver selectively deposits onto semiconductor/metal
NPs to produce larger particles that can be more readily distinguished from other
spurious dark features using the EDX technique. We have reported in previous work
using this technique higher QD presence in the viable epidermis compared to histological

analysis using fluorescence microscopy!?>'°. In studies focusing on NP interaction with
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lung tissue, one problem is the inability to distinguish between cellular structures and NP.
Energy filtered TEM (EFTEM) combines high resolution of TEM with electron energy
loss spectroscopy which allows analysis and visualization of the spatial distribution of
elemental composition of the particle™?. NPs often contain elements such as Ti, Zn or
Cd with no or low abundance in the living system. This differential atomic composition
allows elemental mapping, and therefore of NP. This technique however, requires
substantial technical expertise and a suitable microscope and hence is not widely
established in life sciences. Furthermore, EFTEM is not efficient if the NP atomic
composition is unknown or if the NP contains elements occurring in large amounts in
biological systems.

Confocal microscopy and wide-field fluorescence microscopy are also widely
used in order to detect NPs in tissues. For QD imaging, the brightness is adjusted by laser
wavelength and output band pass filter. While these techniques allow for background
noise reduction, tissue autofluorescence poses a significant challenge to image
fluorescence NPs, such as QDs, and detect them conclusively from surrounding tissue
features.

In vivo NP presence is quantified by elemental organ analysis, which is typically
performed on digested organs and tissues using techniques such as atomic absorption
spectroscopy (AAS) or ICP-MS. The tissue digestion process, however, obfuscates the
ability to distinguish the transport of intact NPs from soluble ion transport™. For
example, in the study by Gulson et al.,”® it was unclear whether ®Zn used in the study

(ZnO NP-containing sunscreen) was absorbed as ZnO NP or Zn ion in the case where
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small increases of Zn were found in blood and urine of the human subjects in the study
following UVR exposure. For some elements, the detection may also be masked by
interference from trace metals or from endogenous elements such as carbon. For
example, while Monteiro-Riviere et al., found in their flow-through studies in a porcine
model that although TEM only detected ZnO on the surface of the SC in both intact and
barrier disrupted skin'%, ICP-MS analysis of the perfusate found Zn in all samples as
reported by Cross et al™*®!. This is expected since Zn is the most abundant trace metal ion
after iron and is ubiquitous in the body, especially in skin, and also is found in powdered
gloves, glass and stainless steel™® The isotopic enrichment method described by
Gulson et al.,”®® can be used to eliminate the uncertainty pertaining to background levels
of trace elements; however, this method is prohibitively expensive and therefore
impractical for routine NP studies.

Taken together, this suggests an urgent need for compositional analysis
techniques and detection systems which can provide information on NP presence and
form. The use of immunogold labeling has been described in the context of detecting and
differentiating NPs from cellular organelles with the aid of TEMI %, In this method,
antigens are made visual by labeling them with a primary antibody, which in turn is
visualized by a secondary antibody conjugated to colloidal Au NPs of a defined size.
These Au NPs are visible under TEM due to their electron density and in contrast to light
microscopy, allow determining the localization of antigens in the subcellular structures at
the nanometer range. This concept can further be applied to nanostructures, where

development of a probe such as an antibody or a protein that can bind the NP will allow
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bio-recognition using a secondary reporter or an antibody. However, the availability of
such recognition molecules for nanostructures is limited™. To this end, this thesis
focuses on developing antibodies reagents (single-chain variable fragment (scFvs)) that
bind intact whole NPs, which will further allow us to qualitatively detect NP presence
and form at the same time using phage display technology. These antibodies function
similar to those used in conventional immunohistochemistry (IHC) and can detect NPs in
a biological milieu even when surrounded by a protein corona which in turn is dictated by
the NP surface chemistry. Prior reports suggesting a development of an immune response
in mice to carbon-based and TiO, NPs™®!*"] and isolation of peptides capable of binding
NPst812% jndicate that antibodies (scFvs) can indeed be isolated from a library of bio-
recognition molecules such as antibodies. While little is known currently about the ability
of the immune system to recognize NPs™*?2l NP immunogenicity is not a requirement
for enrichment of scFv binders through in vitro phage display technology. This is the
first time antibodies to NPs such as QDs and TiO, have been isolated and tested for their
binding to NPs in vitro and in a biological milieu. This approach when used in
conjunction with to the existing techniques to quantify the dosage of NPs, will serve as a
powerful universal tool to detect and understand NP behavior and interaction in
biological systems and the environment. The phage display technology used to isolate the

scFvs has been discussed next.
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1.7 Phage Display

1.7.1 Introduction

In this thesis, phage display will be used to isolate scFv antibodies against QDs and TiO
NPs. Phage display technology was first introduced by George Smith in 1985. Phages are
viruses that infect bacterial cells and many of the widely used vectors in recombinant
DNA research are phages that infect the host, bacterium Escherichia coli (E.coli). Phage
display is the term used to describe the presentation of proteins, peptides or antibody
libraries on the surface of a filamentous phage which leads to the selection of the
displayed entity with high binding capability and specificity to almost any target!!*!. A
large number of such phage display libraries have been constructed and used™**%! The
technology is widely used in the fields of cell biology, pharmacology, immunology and
drug discovery. The key feature of recombinant DNA vectors including phages is their
ability to accommodate foreign pieces of DNA which are natural (eg. human) or
chemically synthesized. The foreign DNA replicates when the vector DNA does in the
host. In a phage display vector, the foreign DNA is expressed as a protein and upon
incorporating the genetic sequence encoding the foreign DNA as a fusion to the genetic
sequence encoding one of the phage coat proteins, the expressed protein is displayed on
the surface of the phage coat protein. All the phage particles released from the E.coli host
will have the ‘hybrid’ coat protein thus displaying the protein (or antibody) of interest. A
phage display library is a heterogeneous mix of such phage particles (clones) each

carrying a unique foreign DNA and thus displaying a unique protein on its surfacel*?.
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Phage particles can withstand harsh conditions such as low pH, low temperature without
losing bacterial infectivity™®®. Therefore, low pH is used to dissociate a bound phage
from its target. The strength of the technology lies in its ability to identify interactive
regions of proteins and other molecules without preexisting notions about the nature of

the interaction(*>3,

1.7.2 Phage Display Applications

Phage display of peptides and antibodies has been implicated in a variety of applications.
Since more than 80% of cellular proteins work in conjunction or as complexes with other
proteins, phage display has been used to study protein-protein interactions™*" 2% and in
identifying novel interacting partners of proteins™.. Phage display has also been used in
enzymology to study substrate specificity™**? to display mutant enzymes in order to
study their mechanism of action™®], and identification of substrates to proteasest**!l,
Phage display has been used to select stably folded proteins despite containing protease
substrate sites. Such selections can be used to link the protein sequence to its structure
and help engineer proteins with improved folding and stability™*. Peptide inhibitors to
anthrax toxin have also been developed using phage display, which can further give
information on the mechanism of cytotoxicity of the toxin!***!. Identification of epitopes
of an antigen involved in antibody interaction has been mapped using phage display.
Both libraries displaying peptides and gene fragments have been used!****"1 where gene
fragment libraries are useful in identifying epitopes that adopt a structural conformation
or are longer™®. Mimotopes, which are peptides mimicking discontinuous epitope

structures can be affinity selected using phage display!”’. Peptide phage display libraries
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have also been used to select against targets like G-protein coupled receptors. Antibodies
specific to the receptor ligand can be used as a target to select mimotopes from the
library, which then can be used to study the binding mechanism and interaction of ligand
with the receptor to develop powerful agonists or antagonistst**. Phage display has also
found applications in material science and photovoltaics. The Belcher group™? has
shown the selection of peptides through phage display that bind to semiconductor
surfaces with high specificity depending on orientation and composition of the material.
These peptides allow the controlled placement and assembly of structurally similar
materials thus broadening the scope for ‘bottom-up’ fabrication of electronic devices. The
same group has also shown the incorporation of single-walled carbon nanotubes
(SWCNTs) into nanocomposites to create efficient photovoltaic devices using phage
display. The SWCNT-TIO, nanocomposite generated using genetically modified
filamentous phage M13 was used as a photoanode in solar cells, where even small
fractions of nanotubes improve the power conversion efficiency by increasing the

electron collection efficiency™*!

. Phage display of antibody fragments has been
successfully used to generate antibodies which have found use in multiple fields
including proteomics, diagnostics approaches, immunotherapy and vaccine development;

this has been discussed next.

1.7.3 Antibody Phage Display

The first uses of phage display focused on peptides****%? in which displayed peptides

were fused to one of the phage coat proteins. Peptides recognizing numerous inorganic

[143]

materials including metalsi*®!, semiconductorst*®®**! and NPsi8195371 have been
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reported using commercially available peptide libraries (eg. New England BioLabs). The
majority of this work has been dedicated to forming controlled NP-phage assembly
structures for novel device fabrication as discussed in detail above. However, antibody
phage display has arguably been one of the more successful uses of phage display™*.
This is because peptide libraries are limited in amino acid sequence which can pose a
structural constraint on binding affinity. Moreover, antibody display libraries yield high
affinity and specificity binders due to the increased size of interaction surface and rigidity
of the scaffold as opposed to a floppy peptide.

The production of monoclonal antibodies (mAbs) for research and clinical use has
been revolutionized by the use of phage display!*®!. Traditionally this process involved
immunizing animals with the desired antigen and the use of hybridoma technology to
generate mADb clones. However, with the advent of phage display of antibody fragments,
the time to isolate a defined antibody has been reduced to about couple of weeks4"),
Additionally, antibodies with affinities comparable to those obtained using hybridoma
technology can be selected from large antibody libraries and their affinity can be further
increased through a variety of mutagenesis strategies™**'“%). A large number of scFv and
fragment antigen binding (Fab) repertoires have been generated using phage display™**®.
While mAbs are composed of two 50 kDa heavy chains and two 25 kDa light chains
linked by disulphide bonds to form a Y-shaped molecule, scFvs are composed of a heavy
and a light chain connected by a linker (Figure 1.2A). This thesis will focus on the use of

a scFv library to generate antibodies with specificity towards different NPs.

Expression of scFvs in E.coli ensures that sufficient quantities of scFvs are produ-
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ced for screening and characterization with relative ease. Moreover, antibodies to toxic
targets such as doxorubicin can be obtained, which is a difficult task with
immunization/hybridoma techniques™. Antibody libraries can be constructed either
from a natural repertoire (immunized, or non-immunized (naive)) of a B-cell population
or synthetically. Naive human antibody libraries are constructed from mRNA from
human donors (typically >100 donors) cell source (eg. peripheral blood lymphocytes
and/or bone marrow), which is reverse transcribed into cDNA followed by polymerase
chain-reaction (PCR) with specific primers in order to amplify the V and V. segments
from the cDNA template, and linked together with a synthetic linker sequence (usually
~15 amino acids (aa) in length). The assembled segments are cloned into a phagemid
display vector, which is then transformed into E.coli cells to generate the antibody
repertoire. Upon electroporation, libraries with 10%-10" unique antibodies can be
constructed. While an antibody repertoire formed from immunized donors is limited to
generating antibodies to the antigen of the original response, naive libraries can be used
against a wide variety of antigens. In contrast, synthetic libraries contain defined

frameworks with variable residues introduced using synthetic oligonucleotides.

1.7.4 M13 Phage Biology

M13 (or Fd) used in this thesis project is a filamentous bacteriophage. It is cylindrical in
shape and 6-7 nm in diameter and ~1 um long™?. It contains a single-stranded DNA,
which encodes 11 genes*®®!, 5 of them being coat proteins. The major coat protein is
gene VIII protein (gVIllp), which is present at about 2700 copies per particle

encapsulating the DNA. The distal end is capped by gV1Ip and gIXp. At the proximal end



Chapter 1 29

A IgG
SCrvV
FLAG VL
AN
variable domains light chain
VH
constant domain
heavy chain

00000000000000000000

VAN

gVip @ gVilp

=
C HlndIIII (294)
/ glllp D glXp .
Nhel (669)
O gvup S= displayed scFv 5
j - sall (1059)
g
&
Xhol(1626)

Cla e
Mase Peptide [Spiit}

Figure 1.2: Components of a Phage Display System
A) A whole antibody (IgG) molecule and scFv molecule (heavy and light chain
connected by a linker). B) M13 filamentous phage displaying scFv on the gene III
coat protein. The phagemid containing the gene encoding the scFv fused to gene III
has been highlighted in the blue box and C) detailed description of phagemid vector
containing M13 origin of replication, antibiotic resistance and FLAG tag-containing
scFv fused to gene III of M13.
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3-5 copies each of glllp and gVIp exists (Figure 1.2B). The function of gllip is well
studied; it is essential for phage infection and phage particle release following assembly
in the host™*. Phages infect male E.coli that bears the F.pilus through glllp. The glllp
has a tripartite structure composed of three domains separated by glycine-rich regions
(G1, G2): two exposed N-terminal domains (N1, N2) that binds F.pilus and enables
phage entry into the bacterial cell and the buried C-terminal domain, which is an integral
part of the capsid structure and is associated with phage morphogenesist*?®***). No
specific function apart from passive connectors of the three domains has been ascribed
for regions G1 and G2. However, it has been observed that they do provide the flexibility
necessary to enhance the infectivity of phage™®. Filamentous phages do not lyse the host
cell, but are able to replicate and be released from the cell membrane while the host cell
continues to grow and divide in contrast to lytic bacteriophages such as T4. The circular
DNA enters the host cell and is converted by host DNA synthesizing machinery into the
double-stranded plasmid replicative form. By rolling circle amplification, this replicative
form produces single-stranded DNA which is then packaged into phage particles or

‘virions’ and extruded from the cell**"],

1.7.5 Phagemid Vectors and Monovalent Display

Phagemids are plasmids that contain a phage replication origin in addition to the plasmid
replication origin, the phage coat protein fused with the gene of interest (antibody or
peptide) and an antibody resistance marker (Figure 1.2C). In most display applications,
including the one described in this thesis, glllp is used for antibody or peptide expression.

Although the protein has a low copy number and antibodies have also been fused to
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gVlllp, in direct comparisons between glllp and gVIlip, glllp has been found to be far
more efficient™®. In this work, the site at the N-terminus of glllp is used to display the
scFv antibody introduced as a fusion protein. The scFv itself is engineered with a peptide
FLAG tag (DYKDDDDKL) to enable secondary detection with anti-FLAG antibodies.
Phagemids cannot produce infective phage without the addition of helper phage such as
VCSM13 that provides the proteins necessary for phage replication and assembly,
including the wild-type glllp used for display. Thus two types of progeny virions are
produced: particles carrying wild-type phage DNA and those carrying the phagemid
DNA. During bacterial infection stage, virions infect E.coli cells and upon selecting for
antibiotic resistance, only the phages carrying the phagemid DNA (with gene Ill-scFv
fusion protein) are recovered. In order to achieve monovalent display, low levels of gllip-
scFv fusion expression is ensured and the degree of display was quantitatively observed
to be about 1% (in vitro anti-FLAG antibody panning assay), while 99% of the packaged
phagemid-containing phages do not display the scFv fusion protein (antibody). The
assembled phage particle displaying an antibody contains both the genotype (phagemid)

and the phenotype (glllp-scFv fusion), which is the key feature of phage display.

1.8 Thesis Approach

This doctoral thesis describes three primary areas:
I.  Selection of scFv antibodies that can bind to commercially important NPs such as

QDs and TiO, using phage display technology.
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Il.  Studying and understanding the binding and cross-reactive properties of the
developed antibodies through various in vitro assays in order to determine their
versatility in detecting different NPs with the same composition and similar NPs
with different composition.

1. Validating the antibodies for their function in ex vivo tissue studies to prove their

applicability and efficacy in detecting NPs in both the environment and in tissues.

1.9 Thesis Organization

The goal of this thesis is to develop antibodies (scFvs) against commercially important
intact NPs such as QDs and TiO, NPs for the first time, test their binding and specificity
in vitro to these NPs, and validate their functionality ex vivo in human skin tissue. These
reagents can then be used to give information about NP form and presence, and following
quantification using existing techniques can comprise a powerful tool kit that can be used
to better understand NP interaction with biological systems. The first chapter of all the
results and research findings in this thesis entitled ‘Identification of Phage Clones that
Bind QDs and TiO, NPs, and Verification of Binding in vitro’ deals with the methods
used to identify for the first time phage binders to GSH-QDs and TiO, NPs using phage
display, and assays used to prove binding of the phage clones to NPs have been
discussed. The next chapter is entitled ‘In vitro Verification of Binding of Isolated scFvs
with Affinity to QDs and TiO, NPs’. Results discuss the proof-of-concept studies with
purified scFv antibodies using custom-designed in vitro assays where the binder clones

are shown to bind the NPs with specificity. Attempts to use the purified scFvs in
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detecting NPs in an ex vivo human skin model has been discussed in the next chapter
‘Verification of Binding of scFvs to NPs in a Biological Milieu’. Results proved that
using an enzymatic colorimetric reporting method, both fluorescent and non-fluorescent
NPs could be detected using standard IHC techniques by the scFvs isolated against the
NPs. Upon using elemental detection and SEM, the colored areas under brightfield were
shown to contain NPs thereby proving that these antibodies could be used to detect NPs
in tissue. The next chapter entitled ‘Characterization of Binders and Challenges
Associated with Discovery of Binders to NPs’ deals with characterization of the clones in
terms of their binding and cross-reactivity properties to other NPs (similar and dissimilar
NPs). The challenges involved in identifying binders to GSH-QDs using target
immobilization techniques as conventionally used in phage display were investigated.
Attempts to find a better binder to GSH-QDs were also made using chain shuffling
experiments. Lastly, some preliminary attempts to identify binders to carbon-based
nanomaterials have been discussed in the chapter entitled ‘/solation of Binders to
Carbon-Based Nanomaterials’. While potential binders from the phage display library
were not identified, this chapter nevertheless paves way to the use of phage display in
finding antibodies to some of the widely used commercially important nanomaterials
such as CNTs. A summary of the research findings has been included as the final chapter
entitled ‘Conclusions and Future Directions’ in this thesis along with potential future
directions that can lead to the use of these novel antibodies as a tool kit to expand our

understanding of NP-tissue interactions.
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2.1 Biopanning

Antibody phage display is robust, highly versatile and a simple-to-use platform
technology, where the antibody selection process can be done on a multitude of targets
including proteins, inorganic materials, whole cells, tissues and animalst™. The basic
antibody phage selection process or biopanning on a target involves 5 stepsi?: i)
preparation of library or amplification of existing library ii) exposure of phage library to
target iii) removal of non-specific binders by repeated washing iv) recovery of target
bound phage by elution v) back to step (i) three to four more times. The ultimate goal of
the selection process is to discover phages that bind to the target (antigen) with high
affinity from the large starting library of phage clones (~10° unique clones) of phages, the
majority of which do not bind or have very low affinity®®!. Although ideally, only one
round of selection would be required, iterative rounds of selection and amplification are
required to eliminate background non-binders and select the best binders to the target

from the library™.

2.1.1 Phage Exposure to Target

The screening protocols in phage display can be tailored to meet the needs of the specific
target. The most widely used method is to immobilize the target on a solid support and
expose phage solutions to the immobilized target. Successful panning strategies have
included immobilization of targets to plastic plates, on surface of magnetic beads, surface
modified tubes (eg. MaxiSorp™)**! and even targets on whole fixed or living cells,

tissue sections or animals®®”. In addition, biopanning has been performed on BlAcore
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sensorchipst® and on biotinylated antigen in solution and capturing phage-bound antigen
on streptavidin-coated surfaces®. However, a known problem with physical methods of
selection such as those described above is that the epitope may be partially denatured
after immobilization which may lead to selection of antibodies that do not recognize or
bind to the native antigen (off-target antibodies)!*®. Moreover, a potential problem with
using biotinylated antigen is that upon using streptavidin beads to isolate phage bound to
antigen-biotin complex, antibodies to streptavidin are also isolated, especially in non-
immune libraries. In this thesis work, panning was done on antigen (nanoparticles)

dispersed in solution to mitigate some of these off-target effects described above.

2.1.2 Washing, Elution and Amplification Steps

Next, it is important to perform the selection in the presence of a blocking agent to hinder
phage non-specific binding. Milk powder, bovine serum albumin (BSA), and casein are
common blocking agents™™. Selection is usually performed at room temperature.
Excessive washing to remove unbound phage and weakly bound phage is also done in
presence of a detergent (eg. 0.05-0.5% Tween-20) to minimize non-specificity. The target
is rinsed 5-10 times in a suitable buffer solution (tris-buffered saline (TBS)) containing
Tween-20 (TBST). Washing in the first cycle when the phage copies are in a low number
(for a 1% display system, only ~100 copies of each phage is present) should be less
stringent, after which more stringent wash conditions are used since phages are present
at much higher copies post amplification in bacterial cells!®. After washing the phages
bound to the target are eluted using one of several mechanism that include: introducing a

dramatic drop in pH™, or a reducing agent, or enzymatic cleavage reaction®*!. In this
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thesis we drop the pH using a 0.1 M glycine (pH 2.2) solution. Following elution of the
bound phage, they are collected and used to infect E.coli host cells, which amplify them.
The amplicons are collected and form the input pool for the next round of biopanning.
The number of rounds required is not predicted in advance, but is dependent on the
degree of enrichment in the selection method and also on affinities of the antibodies in
the population. The degree of enrichment is the ratio of binders to non-binders before and
after selection™™. This typically varies between 5 and 1000-fold depending on the target
(NPs in this thesis). The diversity and thereby the enrichment if any, is monitored after a
couple of rounds using BstN1 endonuclease fingerprinting analysis of the
immunoglobulin genes where the presence of repeating patterns was considered to be an
evidence of clonal abundance and enrichment!*?. This method first involves amplifying
scFv antibody sequences from the colonies using PCR, and subsequent digestion of the
product using BstN1 enzyme, gives different band patterns unique to each scFv on an
agarose gel. Amino acid sequencing of the clone is done once binders if any, have been
identified using the BstN1 fingerprinting analysis to reduce the number of clones to a
manageable amount.

This thesis describes a novel approach of panning in solution to obtain antibodies
that are reactive with intact, dispersed NPs, namely QDs and TiO, NPs as opposed to
immobilizing them on a solid support. Binders to NPs were selected from a phage library
consisting of ~2x10° unique scFvs derived from natural antibody variable region

sequences, each displayed monovalently on the minor coat glllp of M13 filamentous
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phage. This library has been previously used to generate antibodies against a wide variety

of proteins, haptens and cell surface antigens!*?*°!,

2.2 Materials and Methods

2.2.1 Nanoparticle Preparation and Characterization

QDs were used as a model NP to first develop antibodies and validate binding.
Commercially available CdSe/ZnS core/shell QDs capped with octadecylamine (ODA)
(NN-Labs, 5.8 nm core diameter, and 620 nm emission wavelength (Figure 2.1)) was
purchased. Previously described™ ligand exchange methods were used to prepare water-
soluble GSH-QDs. Briefly, 300 pL of ODA-QDs were precipitated by the addition of 1:1
methanol: acetone and separated by centrifugation at 14,000 rpm for 5 min (Eppendorf
5417 C). The ODA-QD pellet was re-suspended in 300 pL tetrahydrofuran (THF). Next,
30 mg GSH (Calbiochem, Cat. number 3541) was added to 1 mL methanol, and the
solution was adjusted to a pH of 11.0 with the addition of tetramethylammonium
hydroxide pentahydrate powder (Sigma Aldrich Inc.). The ODA-QD-THF solution was
slowly added drop-wise to the GSH-methanol solution while stirring in a 4 mL glass vial
(VWR) immersed in a mineral oil bath at 60 °C for 2 h on a hotplate/stirrer (VWR), after
which they are stirred overnight at room temperature. The QDs were precipitated by the
addition of excess ether (1-2 mL) and centrifuged at 14,000 rpm for 5 min at room
temperature. The supernatant was discarded and GSH-QDs were re-suspended in 300 pL
of a 0.01 N NaOH and dialyzed using a 5 kD molecular weight cutoff DispoDialyzer

filter (Harvard Apparatus Inc.) against excess deionized water (pH=6.5, 50 mL water,
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Figure 2.1: QD Excitation and Emission Spectra

Excitation (grey) and emission (red) spectra of CdSe/ZnS core/shell
GSH-functionalized QDs with an emission peak of 620 nm. The
excitation spectrum of organic QDs in toluene is shown in black.
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changed once) for 48 h. The concentration of prepared GSH-QDs was determined by
measuring the UV-vis absorbance previously described™”. Briefly, the absorption at first
exciton was measured and an excitation coefficient value was used from Yu et al., to
calculate the concentration using Beer-Lambert’s law. The hydrodynamic diameter was
measured by dynamic light scattering (DLS) and the surface charge was determined from
zeta potential measurements in water (pH=6.7) using a Malvern Zetasizer Nano ZS

(Malvern Instruments Inc.) prior to all experiments.

2.2.2 Phage Library Construction

Detailed description of phage library construction is described elsewhere™**3. The
bacterial host strain used for all antibody selection and expression was TG1™! (Agilent).
Briefly, a large human naive antibody library was constructed by using PCR
amplification of cDNA derived from peripheral blood lymphocytes of a pool (>100) of
donors (Sullivan Lab, University of Rochester Medical Centre, (URMC)). Primers were
designed to amplify human light and heavy chain variable regions. The amplified regions
were cloned as scFvs with an amino acid linker region (amino acid sequence
EGKSSGSGSESKAS) between V| and Vi domains. The phagemid vector used was
PAP-111s, which is a derivative of pAP-111,8. This vector expresses the scFv-M13gllIp
fusion protein under the control of E.coli alkaline phosphatase (AP) promoter. This
specific promoter was chosen to allow a low level expression of fusion protein in
standard LB medium (high in phosphate) to favor monovalent display™. Upon removal
of the viral glllp fragment, by restriction digestion and re-ligation, His and FLAG-tagged

scFvs can be expressed after growth in low-phosphate growth medium!®®. The diversity
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of the library is approximately 2x10° unique clones.

2.2.3 BstN1 Fingerprinting

This method involves picking randomly chosen single colonies (~12-20) from the titer
plates after panning ‘round 4’ into a PCR master mix with primers designed to amplify
the scFv insert. The primers used were ompA (TCGCGATTGCAGTGGCACT) and -
266: (CCCCTTATTAGCGTTTGCCATCTT). A 2-step PCR was run: 30 s at 95 °C,
1’30”’at 60 °C, for 25 cycles followed by 5’ at 72 °C. The PCR products of ~1,000 bp
were digested with Mval restriction endonuclease, which is an isoschizomer of the
widely used BstN1 (termed BstN1 fingerprinting) and loaded onto a 1.8-2% agarose gel
for electrophoresis, after which the gel was photographed. The selected clones were
sequenced at the University of Rochester Functional Genomics Core Facility or at
GeneWiz. The complementarity determining regions (CDRs) are identified according to

Kabat et al?!),

2.2.4 Phage Stock Preparation

Individual phage stocks and phage pools for enrichment rounds were prepared following
infection with a helper phage by PEG precipitation. Phage cultures were centrifuged for 5
min, and phages in the supernatant were precipitated by addition of PEG 6000 and NaCl
to final concentrations of 4% and 0.5 M, respectively. After incubation at room
temperature for 60 min, the solution was then centrifuged (14,000 rpm, 10 min) to obtain
the phage pellet, which was then re-suspended in TBS with 0.5% casein (Blocker™,

Pierce). Fresh phage pools were used for enrichment whenever possible; 15% glycerol
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was added to the phage stocks before freezing them at -80 °C to ensure stable antibody

display for future use.

2.2.5 TEM Analysis

Briefly™®, 10 pL of the sample (phage with NPs) was placed into a carbon coated nickel
grid and 10 pL of 2% phosphotungstic acid was added and allowed for 2-5 min. Excess
fluid was wicked off and samples were allowed to air-dry. The samples were imaged
using a Hitachi 7650 Transmission Electron Microscope and an attached Gatan 11

megapixel Erlangshen digital camera system (Electron Microscopy Core, URMC).

2.3 Results

2.3.1 Selection of Binders to QDs and TiO: NPs

2.3.1.1 NP selection criteria and pre-panning considerations

We used GSH-QDs (CdSe/znS core/shell) and TiO, NPs (Evonik/Degussa P25, 80%
anatase and 20% rutile crystal, ~21 nm primary particle size). GSH-QDs were selected
for their superior stability to resist agglomeration in water and buffer systems compared
to other commonly used water soluble coatings such as DHLA (Appendix A, Figure Al).
The hydrodynamic diameter and polydispersity of the GSH-QDs measured in water using
DLS were 14.1+2.5 nm and 0.33+0.06 respectively, and they were negatively charged (-
22.82 mV) as determined from zeta potential measurements (pH= 5.3-5.6). The Evonik
TiO, was selected because of its wide use in commercial skin care products. TiO, NPs

dispersed in water form aggregates that range from ~100 nm to ~1.5 um when visualized



Chapter 2 58

under TEM (Appendix A, Figure Al). DLS was not used since TiO, NPs cannot be
dispersed in water. Prior to performing panning, the NPs were tested for their dispersion
and pelleting properties using centrifugation in the absence of phage but in the phage
buffer systems (TBS, TBST) at NP concentrations that would be used during enrichment.
This was done in order to define protocols for successful pelleting and re-suspension of
the NPs for solution-phase panning. Due to their small size and solution stability the
GSH-QDs required extremely high speeds (83,000 g and above) to pellet out of solution.
In contrast, due to their tendency to aggregate, TiO, NPs were pelleted using much lower
speeds on the order of 1200-1500 g (Sorvall Biofuge centrifuge). Through
experimentation, an optimal speed of 83,000 g (55,000 rpm, Optima TLX ultracentrifuge,
Beckman Coulter) was determined for pelleting GSH-QDs, which allowed minimized
phage pelleting and easy re-suspension of the formed pellet; although higher speeds could
have also yielded visible pellets. Minimizing amount of phage pelleting was important in
order to ensure that phages did not pellet along with NPs as an artifact of centrifugation
but by virtue of a potential binding interaction.

2.3.1.2 NP panning process

The GSH-QDs (400 pL, 100 nM) and TiO, NPs (400 pL, 0.5 mg/mL) were diluted in
TBS mixed with the phage library (10** phages/mL, 100 pL) present in diluted TBS plus
0.5% casein with gentle agitation for 2 h at room temperature. For GSH-QDs panning,
the input phage stock was pre-centrifuged to pellet phage agglomerates at 116,000 g
(65,000 rpm). After incubation to allow binding of phage to QDs, the QD/phage mixture

was centrifuged at 83,000 g (55,000 rpm) for 10 min and the TiO,/phage mixture was
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centrifuged at 1300 g (4000 rpm) for 5 min to pellet phage-bound NPs. The unbound
phage-containing supernatant was removed and the phage-bound NP pellet was re-
suspended in TBST and centrifuged. This wash cycle was repeated 5 times, after which
the pellet was washed once with deionized water. After washing the bound phages were
eluted from the NPs using 200 pL of 0.1 M glycine (pH 2.2, containing 0.01% BSA) and
neutralized using 12 pL of 2 M Tris base (3 puL per 50 pL of glycine). The titer of the
eluted phages was quantified by transduction of serial dilutions of the phage into TG1
cells to ampicillin resistance and the resulting colonies on the plates were manually
counted. A phage pool for ‘round 2’ of enrichment was generated by transduction of
100% of the eluate from the first round. The transductants were grown at 37 °C, infected
with VCS M13 helper phage and grown overnight at 30 °C. The phage stocks were
prepared on the following day by PEG precipitation. Typically, after four rounds of
enrichment a BstN1 fingerprinting analysis was carried out to identify binders if any,
through the presence of identical restriction enzyme patterns among the clones tested,
taken as an evidence of specific enrichment as previously shown!*?. Upon performing
BstN1 fingerprinting of 12 randomly selected clones, it was found that following 4
rounds of panning on GSH-QDs and TiO, NPs, phage clones termed GSH43¢ and Ti49¢
respectively, showed a clonal abundance of 17-25% (Figure 2.2). These individual phage
clones were then tested for binding to GSH-QDs and TiO, NPs using various custom-

designed assays described below.
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Figure 2.2: BstN1 fingerprinting images for GSH-QDs and TiOz NPs

BstN1 fingerprinting analysis showing unique scFv patterns for A) GSH-QDs at the
end of 4 rounds of panning. Yellow boxes represent an example of repeating patterns
(GSH43) and B) TiO2 NPs showing presence of multiple pattern repeats out of which
Ti49 was selected (9t clone from left).
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2000m 200nm)

Figure 2.3: TEM Images of Phage binding NPs

TEM images showing (A) Ti49¢ (black arrows) binding TiO; NPs whereas (B)
there is no evidence for IL-12¢ (negative control) to bind TiO, NPs. Scale bar=200
nm. Insets are images enhanced to highlight the phage. (C) GSH43¢ exhibit
strong association and clustering with GSH-QDs whereas (D) the negative control
IL-12¢ shows no affinity for the GSH-QD, which appear highly dispersed. Scale
bar=50 nm.



62

Chapter 2

‘paurfIapun pue a2ej adA) p[oq ur a.Je souanbas yoea utr sYqy 9y, ‘sauop
6L pue SHFHSDH jo ureyd Aaeay (g pue 1y3i| (v Jo saouanbas proe ouruy

6¥LL Pue £HHSH Jo saduanbag pry ourwy :§°Z 3.1n31f

SSALATLDdOM AQTAAIWSSSOHM dVIAANYLAVVIASNINTSIONNVLAYSIIVY STISdNAALLDYASINS DIMITONDddOYIM DMAASSS LISODOSALIVISTLISINATOIDSITOND orilL
SSALATLODOM AQ4dDATdA41DdAAAGLEA YADAAAVLAASHISYTITAVLLLILAALNLIAY DOTNDANLNDONSYSI MOWMITODDdVOUAM SIDHL NILADSYNISANASYOININAIVOSOTOAD EVHSO
zy4ad THAD S

€4adn

9IALANLD994IA UNOSHAH SADAAIVIAIVOVOLILISVLNISSSOSIAdIO SAUNNMID AINTAIVOOINODAM SVAASHISADD JLIMALODTVASAVAADLIISS

9IALTILODDIAM DNISAAM VVIAAQYIAISHIOSIVISYSLOSHSOSIHAIAD SAHONNS AMTIAYLOITODAM NAINSDINSS SOSISILAYDOISOSYSdOLIAdT

6¥IL

EYHSO <

€4a’ cdan 12-[€0]

INOTO




Chapter 2 63

2.3.2 Validation of Phage Clones Binding to NPs in vitro

In vitro binding and TEM assays were conducted to validate the binding of phage clones
isolated after four rounds of panning to GSH-QDs and TiO, NPs. Appropriate negative
controls such as an arbitrary phage clone from the library were included in each
experiment. In these experiments, phage clone against interleukin-12 (IL-12¢) was used
as a negative control.

2.3.2.1 In vitro binding assay

Binding to NPs in vitro was tested using a panning assay. Here, the GSH43¢ and IL-12¢
were mixed with GSH-QDs in separate tubes at room temperature for 2 h with gentle
agitation. Similarly, Ti49¢ was incubated with TiO, NPs along with IL-12¢ with TiO;
NPs in a separate tube. Following centrifugation using appropriate speeds for each NP as
described above, the unbound phages from the supernatant were removed, the pellet
containing bound phages to NPs was washed multiple times and the phages eluted. Upon
evaluating phage titers as described above, we found that GSH43¢ bound GSH-QDs and
Ti49¢ bound TiO, NPs 10-fold and ~150-fold more than negative control (IL-12¢),
respectively (Appendix A, Figure A2).

2.3.2.2 In vitro TEM binding assay

To further confirm phage binding to their target NPs, we used TEM analysis. In this
assay, GSH-QDs were mixed individually with GSH43¢ and IL-12¢ , and TiO, NPs were
mixed separately with Ti49¢ and IL-12¢. After a 2 h incubation period with gentle

agitation, the samples were washed to remove unbound phages using the above described
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procedure. The pellets after the final wash were re-suspended in TBS buffer, and
prepared for TEM imaging. Results showed evidence for binding of Ti49¢ with TiO, NPs
(Figure 2.3A) while IL-12¢ did not (Figure 2.3B) and GSH43¢ binding to GSH-QDs

causing formation of phage clusters (Figure 2.3C) whereas IL-12¢ did not (Figure 2.3D).

2.4 Conclusions

We have shown that binders to GSH-QDs and TiO, NPs namely GSH43 and Ti49 can be
isolated using phage display from a naive human scFv library. The phage clones GSH43¢
and Ti49¢ bind their respective targets 10 and 150-fold more than a negative control
phage. The lower enrichment value observed for GSH43¢ is likely a result of
precipitation of unbound phage during ultracentrifugation causing higher background
colony counts despite our efforts to pre-clear the phage prior to exposure to NPs. The
high speed used in order to separate the QDs from solution is a potential cause for this
low level of enrichment due to high background (non-specifically binding phage).
Nonetheless, these values are in accordance with an 8-fold enrichment value reported in
literature for the isolation of peptides against solid ZnO susbtrates using phage display
technology'®. The complementarity determining regions (CDR) of both the antibodies
(GSH43, Ti49) isolated are comprised of a high percentage of polar uncharged amino
acids (serine and asparagine), 30% and 32%, respectively. More strikingly, the CDRs
lack a preponderance of cysteines (<3%) and histidines (<1%), which typically are the
ones enriched in metal ion binding peptides (Figure 2.4). This suggests an alternate

mechanism involved in binding to NPs. In the next section, the binding of purified scFvs
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has been investigated using various custom-designed in vitro assays. Moreover, binding
of GSH43¢ and Ti49¢ clones to similar materials (same core composition but a different
coating) and dissimilar materials were tested to better understand the mechanism of scFv

binding/recognition of NPs, which is discussed in the next chapter.
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Chapter 3

In vitro Verification of Binding of Isolated scFvs
with Affinity to QDs and TiO, NPs
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3.1 Introduction

As the global production and use of NPs have increased and are projected to be over half
a million tons by 2020™, the potential for release of engineered nanomaterials into the
environment is only going to increasel. NPs predominantly interact with the
environment as aggregates'. Many studies pertaining to NP aggregation-state exists, and
bring to light that the NP surface and the localized environment around that surface are
critical to NP transformation in the environment. Transformations including
aggregation/agglomeration can effect redox state reactions with biomacromolecules,
which can affect NP transport, fate and toxicity!?. For example, the surface of silver (Ag)
NP, in addition to containing surface adsorbed molecules, is susceptible to reaction with
oxygen, making it unlikely that Ag is the primary element on the surface. Similarly, it is
unlikely that free Ag"® is present in high concentration, as they have a tendency to form
Ag complexes. This property of dissolution and aggregation can affect the
physiochemical properties of the NP, how it interacts in biological systems and ultimately
its fate, transport and toxicity™. Current analytical methods give a limited insight to these
transformations; therefore more sensitive techniques are required™ to yield information
about NP state and presence in both, the environment and biological systems.

There is very little known about the ability of the immune system to recognize
NPs*®!. We have proved in the previous chapter that it is possible to obtain antibodies
recognizing and binding NPs using phage display technology without the need for NP
immunogenicity. Our work is novel in panning against NPs in solution in order to obtain

antibodies recognizing intact dispersed NPs as all other prior work published employed
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NP immobilization strategies, which is limiting as discussed in Chapter 57, Although
for a successful proof-of-concept demonstration, we will need to test the binding of scFvs
to NPs in a tissue environment, where the NPs interact with biomacromolecules such as
proteins, the in vitro tests described in this chapter nevertheless give us the confidence
that purified scFvs can be used as reagents to detect NPs, and even transformed NPs in
the biological environment. In this chapter we present work done with many types of
similar and dissimilar NPs to study the cross-reactivity and binding behavior of the scFvs
GSHA43 and Ti49. All the assays are custom-designed as there is no literature evidence on
the existence of antibodies (scFvs or otherwise) against NPs. Appropriate negative
controls such as ‘no-NP’ samples and arbitrary clones from the scFv library have been
included in all experiments. The negative control scFvs used in the assay described in this
chapter include human GRP78 (BiP), neurotrophin-3 (NT3) and a 15 amino acid
(PVSP(ps)SQKLKRKAEEDPE) peptide (Npep). These controls were chosen simply

based on ease of availability. Detailed descriptions of each assay are given below.

3.2 Materials and Methods

3.2.1 Protein (scFv) Synthesis and Purification

Preparation of the scFv protein from positive binders and negative controls was
performed by removing the gene III fragment from the display vector by digestion of the
plasmid with Sall and Xhol, followed by re-ligation of the compatible ends. This
manipulation also appends a hexa-histidine tag to the carboxy terminus of the scFv to

permit affinity purification of the protein on an immobilized Ni*" resin. The scFvs also
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contain a FLAG epitope (DYKDDDDKL) at the amino terminus of the light chain
domain to enable secondary detection with an anti-FLAG antibody. After removal of the
M13 gene Il fragment, scFvs were prepared by growth of the cultures in medium with
limiting inorganic phosphate to induce expression from the phoA promoter. The cell
pellets were lysed with BugBuster™ (Novagen) and the His-tagged scFvs were purified
on Ni*? magnetic beads using a Thermo KingFisher instrument to automate bead
washing. The scFvs were eluted from the washed beads using PBS containing 250 mM
imidazole, dialyzed against PBS and stored at 4 °C. Prior to using scFvs in experiments,
SDS-PAGE gel was used to confirm presence of scFvs in the sample. The gel was stained
with Coomasie Blue (Simply Blue, Invitrogen) and photographed. The approximate
concentration of the scFv purified was determined by measuring the absorbance at 280
nm and normalizing it with the reading for pure imidazole used during the above

mentioned elution step.

3.2.2 Dot Blot Assay

In this assay 1 pL of each NP was spotted onto three pieces of nitrocellulose membrane
(Optitran BA-S83, Whatman, Germany). The membrane was blocked with 5% non-fat
milk (LabScientific Inc.) in wash buffer (0.15 NaCl, 10 mL Tris HCI (pH=8), 1 mL
Tween 20 in water) at room temperature for 1 h, after which it was incubated overnight at
4 °C with scFvs (GSH-43, negative control BiP and Ti49) at a concentration of 4 pg/mL
in milk. The membrane was rinsed 3 times in wash buffer for 3 min each, and the anti-
FLAG antibody conjugated to horse radish peroxidase (HRP) at a 0.5 pg/mL

concentration was added in milk and incubated for 1 h at room temperature. For
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chemiluminescent detection, the membrane was incubated in ECL substrate solution
(Reagent A+B, Thermo Fisher Scientific) for HRP for 5 min and developed using an x-

ray film (Phoenix).

3.2.3 DLS Assay

GSHA43 and negative control (BiP)-scFvs were incubated with GSH-QDs (50 nM) for 2 h
at room temperature with gentle agitation, after which the solution was centrifuged at
55,000 rpm (Optima TLX ultracentrifuge, Beckman Coulter) for 10 min and the pellet re-
suspended in TBS. These samples were again re-suspended in deionized water to make a
1 mL solution for each sample. Hydrodynamic diameter of the NPs with and without
scFvs (only GSH-QDs in TBS) was analyzed using a Malvern Zetasizer NanoZS
(Malvern Instruments Inc.) by measuring dynamic light scattering properties of these NPs

in solution.

3.2.4 Image Stream Flow Cytometry

3.2.4.1 Cells

Squamous cell carcinoma cells (SCC cell line) were used for the experiment due to their
ease of availability (Pentland Lab, URMC). Trypsin (Invitrogen) was added to cells to
gently dislodge them from the flasks and fetal bovine serum (FBS, Invitrogen) was added
to neutralize trypsin. Cells were spun to form a pellet and re-suspended with GSH-QDs
(~1 pL in 300 pL phosphate buffer serum (PBS)) and allowed to uptake/associate with
the QDs for 1 h at room temperature. Cells were washed once in PBS and blocked with

rabbit serum (host of secondary antibody, Sigma Aldrich Inc.) diluted (1:10) in for 1 h in
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an ice bath. GSH43 and BiP scFvs were added to two different cell samples containing
GSH-QDs at 10 pg/mL concentrations in BSA, and allowed to incubate for 1 h (ice bath).
The cells were washed twice with ice-cold PBS to remove excess scFvs. An anti-FLAG
Alexa Fluor 647 -conjugated antibody (Cell Signaling Technologies) was added diluted
in BSA (1:100) and allowed to incubate with the cells for 1 h in an ice bath. The cells
were again washed in ice-cold PBS to remove excess secondary antibody. Cells were
then fixed in 2% formaldehyde in PBS for 20 min at room temperature. The cells were
spun and re-suspended in 60 pL PBS prior to analyzing them on Image Stream (Amnis
ImageStream GenX, URMC Flow core) Compensation controls such as cells stained with
only the secondary antibody or GSH-QDs and a ‘no-scFV’ control with GSH-QDs and
secondary antibody were included in all experiments. Samples were run on the Image
Stream instrument and images were collected under brightfield and florescence using
appropriate lasers for GSH-QDs (laser 405) and secondary anti-FLAG antibody (laser
647) at a magnification of 40X.

3.2.4.2 Beads

Anti-FLAG antibody coated commercially available beads (Sigma Aldrich Inc.) were
used to coat GSH43 and BiP scFvs passively overnight at 4 °C. Beads were collected and
centrifuged to remove excess scFvs. The beads were blocked in 2% BSA in TBS for 1 h
at room temperature. GSH-QDs at a concentration of 50 nM were added to samples
containing scFv-coated beads and to a sample of uncoated beads. QDs were not added to
the ‘beads only’ control. QDs were allowed to incubate with the beads for 2 h at room

temperature with gentle agitation, after which the beads were washed in TBS with
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repeated centrifugation and re-suspension. The beads were finally re-suspended in 60 pL
TBS and analyzed using Image Stream under brightfield and fluorescence using
appropriate lasers for QDs. Images were analyzed using IDEAS Application software
(version 6.0). A more comprehensive image analysis was done where the individual
samples mentioned above were transferred to individual wells in a 96-well plate. All the
wells were scanned using Celigo S Cell Cytometer (Nexcelom Bioscience) and analyzed
using the in-built software. Brightfield and fluorescent images were obtained using

appropriate threshold values.

3.2.5 Confocal Microscopy

To confirm Ti49-scFv binding, ~0.4 mg of TiO, NPs in water were dried at 100 °C
overnight on glass slides (VWR), after which the spot was enclosed in a barrier
(Appendix B, Figure B1A) using a hydrophobic pen (ImmEdge™ Pen, Vector Labs).
Slides were blocked in normal goat serum (Sigma Aldrich Inc., 1:10 diluted in TBS) and
incubated with Ti49 and negative control (Npep)-scFvs (5 pg/mL) overnight at 4 °C.
Slides were then washed with TBST and incubated with fluorescein isothiocyanate
(FITC)-conjugated anti-FLAG antibody (Abcam) for 1 h at room temperature. The slides
were again washed with TBST and mounted using in-house prepared mowiol for imaging
using confocal microscopy (Olympus IX81 inverted microscope, URMC) with
appropriate filters for FITC using a 60x oil objective. For quantitative analysis (ImagelJ),
fluorescence intensity for negative control and Ti49 images was calculated by the

formula, Fluorescence Intensity=Integrated Density-(Area of ROI*Mean Background
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Figure 3.1: Representative SDS-PAGE Gel

Figure shows presence of purified GSH43-scFv (green
arrow) and negative control (NT3, red arrow)-scFvs
indicated by the blue bands (25 kD) compared to a whole
antibody control (YerVoy antibody, yellow arrow).
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Fluorescence) and plotted. A similar protocol was used to test binding of the GSH43-
scFv compared to a negative control (Npep-scFv), where collagen (PureCol™,
Invitrogen) was coated onto the slides (1:4 dilution in TBS) and allowed for 15 min.
GSH-QDs (50 nM in sodium bicarbonate buffer) were incubated overnight at 4 °C. Slides
were washed in TBST and blocked for 1 h with normal goat serum (1:10 in TBS) prior to
staining. 5 pg/mL GSH43 and Npep-scFvs were added to the respective slides and
incubated overnight at 4 °C. After thorough washing, FITC- conjugated anti-FLAG
antibody was used to detect scFvs. Samples were mounted using mowiol and imaged
using confocal microscopy (Olympus IX81 inverted microscope, URMC) using
appropriate filters for FITC and QDs and a 60x oil objective. Image analysis was done
using Olympus Fluoview Software (FV1000, Version 3.1b) and Pearson’s coefficient of
co-localization was found to be 0.65 (where, a value of -1=perfect exclusion, 0=random

localization, 1=perfect co-localization).

3.3 Results

Upon confirming the presence of scFvs (expected MW=25kD) in the purified samples by
SDS-PAGE gel analysis (Figure 3.1, green and red arrows) and determining their
concentration of scFvs by absorption spectroscopy, different assays were used to confirm
the binding and cross-reactivity properties of GSH43 and Ti49 scFvs to GSH-QDs and
TiO, NPs respectively. Binding of GSH43-scFvs to similar and dissimilar materials with
respect to GSH-QDs was tested using dot blots. For dissimilar materials, Au NPs (20

nm, citrated, Sigma Aldrich) and CNTs (multi-walled, MWSusp-100, NanoLab, Inc) w-
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Figure 3.2: Dot Blot Analysis
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Dot blots investigating scFvs (5 pg/mL) binding to similar and dissimilar materials. A)
For dissimilar materials, spots on a nitrocellulose membrane (left column) showing
GSH-QDs (orange), Au NPs (pink) and CNTs (black) spots. Chemiluminescence
detection of scFv binding with HRP (right column). Results show that GSH43-scFv
binds GSH-QDs but not Au NPs and CNTs (i), negative control BiP-scFv (ii) and Ti49-
scFv (iii) do not bind any of the NPs. B) For similar materials, GSH-QDs, Inv-QDs, DHLA-
QDs, and PEI QDs were spotted on a nitrocellulose membrane (left column). Upon
chemiluminescence detection of scFv binding using HRP (right column), results show
that GSH43-scFvs bind GSH-QDs and DHLA-QDs at 5 ug/mlL, but not Inv-QDs and PEI-
QDs (iv), whereas NT3 negative control scFvs (v) show faint background staining at the
same concentration.
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ere tested alongside GSH-QDs. Results showed strong binding of GSH43-scFvs to GSH
QDs indicated by the formation of a dark chemiluminescent spot (Figure 3.2A(i)),
whereas GSH43-scFvs did not bind Au NPs (pink spot) or the CNTs (black spot). In
addition, negative control BiP-scFvs did not bind any of the NPs indicating specificity of
GSH43-scFvs to GSH-QDs (Figure 3.2A(ii)). Moreover, Ti49-scFvs did not bind QDs,
Au NPs or CNTs (Figure 3.2A(iii)). To test GSH43-scFV binding to materials similar to
GSH-QDs, QDs with the same core/shell CdSe/ZnS composition but varying in surface
coated ligands, either prepared in-house or obtained commercially were used. DHLA
QDs (14 nm, negatively charged), polyethyleneimine (PEI)-coated QDs (23 nm,
positively charged) and carboxylated QDs (565 nm emission, negatively charged, 10 nm,
Invitrogen ITK 565™ (Inv-QDs)) were spotted on the membrane alongside GSH-QDs
and tested for binding to GSH43-scFvs. Results showed that shows that GSH43-scFvs
bind GSH-QDs and DHLA-QDs, but not Inv-QDs or PEI-QDs (Figure 3.2B(iv)). The
negative control NT3-scFv showed only a faint background staining to all these QDs
(Figure 3.2B(v)). This shows that GSH43-scFvs recognize QDs with a similar core/shell
composition with different binding affinity likely modulated by the composition and
lability of the surface ligand coating.

Next, we sought to measure the change in NP size upon scFv association as
evidence for binding. GSH-QDs bound to GSH43-scFvs along with a negative control
(BiP) and GSH-QDs alone in TBS in individual tubes were prepared as described above.

The samples mixed with scFvs were pelleted using an ultracentrifuge and re-suspended in
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Figure 3.3 Image Stream Experiment Using Cells

A) Representative Image Stream histogram data using SCC cells showing intensity of Alexa
Fluor 647-conjugated anti-FLAG antibody in QD+AF647 (no scFv), QD+BiP and QD+GSH43
samples. QD+GSH43 cell samples show a shift in the median intensity of Alexa Fluor 647
indicating binding of QDs to GSH43 which in turn binds to AF647 conjugated anti-FLAG
antibody, compared to negative control scFv containing sample and sample without scFvs.
B) Table showing values of median intensity for the three samples, the highest being GSH43
containing cells stained with GSH-QDs.
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Brightfield Brightfield

Brightfield

Figure 3.4 Image Stream Experiment Using Beads

Representative images showing brightfield and QD channels of beads flowing through
Image Stream flow cytometer where A) represents beads not coated with scFvs but treated
with GSH-QDs. No QD fluorescence is seen in the images as they did not bind anti-FLAG
coated agarose beads. However, upon coating beads with B) negative control BiP-scFv
shows weak background QD binding and upon coating beads with C) GSH43-scFv, QD
fluorescence is visibly higher due to binding of GSH-QDs to GSH43-scFvs. Scale bar=20 pum.
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TBS. The control sample (GSH-QDs in TBS) was also taken through the whole process
for comparison. It was found that the hydrodynamic diameter (Appendix B, Figure B1) of
GSH-QDs bound to GSH43-scFvs (~651 nm) was 1.5-fold larger than that of BiP-
associated GSH-QDs (p<0.05, one-way ANOVA) and 2.5-fold larger than GSH-QDs
alone in TBS with statistical significance (p<0.01, one-way ANOVA).

To further confirm scFv binding, we conducted image stream experiments
outlined in Section 3.2.4 employing a comprehensive gating scheme. First, the events
which were not in focus were excluded in the analysis. Within the population of events in
focus, the ‘cells’ were selected based on aspect ratio and area. The population of cells
containing QDs and stained with anti-FLAG Alexa Fluor 647 were analyzed for co-
localization of the fluorophores which was taken as an evidence of binding of GSH43-
scFv to GSH-QDs. Results showed that there was an increase in the median intensity
(Figure 3.3) of anti-FLAG Alexa Fluor 647 in the cell populations containing QDs and
GSH43-scFv (median=20233.22) represented by a slight shift in the histogram compared
to a negative control (BiP-scFv containing cells, median=15532.67), and cell samples
containing no scFvs (containing GSH-QDs and stained with anti-FLAG Alexa Fluor
antibody, median=13945.94). Since only a 30% increase in intensity was observed, we
attributed this to the potential varying QD uptake behavior in cells.

To eliminate these cell-to-cell differences in QD uptake, anti-FLAG antibody
coated agarose beads were used to perform the experiment. Upon binding scFvs to these
beads, GSH-QD binding to GSH43-scFvs was analyzed comparing it to beads coated

with a negative control scFv (BiP) and stained with GSH-QDs, and beads not coated with
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scFvs but stained with GSH-QDs (Figure 3.4). Results again showed an increase in QD
fluorescence intensity of beads coated with GSH43-scFv and stained with GSH-QDs
demonstrating a 2-fold increase in intensity compared to BiP-coated beads and a 3-fold
increase compared uncoated beads (Appendix B, Figure B2). This is almost a 10-fold
increase in QD intensity upon binding to GSH43-scFv coated beads compared to beads
coated with BiP-scFv. The observed increase in QD intensity on beads coated with
GSH43-scFv compared to the negative control scFv coated beads was found to be
statistically significant (student’s unpaired t-test, p=0.035). A potential issue was the
occasional clogging of the flow channels due to the heterogeneity in the size of the beads
and this was confirmed by observing the bead samples in a 96-well plate using brightfield
and fluorescence filters (Celigo Instrument). Results again showed greater QD
fluorescence intensity in the wells containing beads coated with GSH43-scFv compared
to BiP coated beads (Appendix B, Figure B3).

To test the binding of Ti49-scFvs to TiO, NPs we could not use dot blot analysis
since the presence of TiO, NPs on the nitrocellulose membrane could not be verified by
color. Hence to confirm Ti49-scFv binding to TiO, NPs, we dried the NPs on to a glass
slide and used confocal microscopy to quantify presence of FITC-conjugated anti-FLAG
reporter. Images were captured both under brightfield and fluorescence. ImageJ was used
for the analysis of line profiles of three regions of interest (ROIs) and the results
averaged. A control slide without TiO, NPs (Appendix B, Figure B4A) treated with
scFvs and anti-FLAG antibody shows no background staining (Appendix B, Figure

B4B). Figure 3.5A (row 2) shows binding of Ti49-scFv to TiO, NPs as it can be
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determined by the fluorescence signal from FITC-conjugated anti-FLAG antibody.
Although a slight background signal was detected for negative control treated (Npep-
scFv) on TiO, (Figure 3.5A, row 1), the quantification data (Figure 3.5B) clearly shows a
statistically significant difference in the level of binding of Ti49-scFvs to TiO, NPs
showing the ability of these scFv antibodies to detect NPs in vitro. A similar experiment
was done with GSH- QDs where they were immobilized on the glass slide using a
collagen coating (Appendix B, Figure B5A) and tested binding to GSH43-scFvs relative
to a negative control (Npep-scFv) using confocal microscopy. A strong specific binding
of GSH43-scFvs to GSH-QDs (Appendix B, Figure B5B) was observed as indicated by
the co-localization signal from FITC-conjugated anti-FLAG antibody and GSH-QDs

(Pearson’s co-localization coefficient=0.65, Appendix B, Figure B5C).

3.4 Conclusions

We have demonstrated that scFvs can be used successfully as reagents to detect NPs
employing standard immunolabeling using various custom-designed in vitro assays.
GSH43 and Ti49-scFvs show binding to GSH-QDs and TiO, NPs respectively over
negative control scFvs included in all experiments. The scFvs did not show binding to
other materials used in the experiments such as collagen or glass proving ability to
recognize NPs in a laboratory setting. Low numbers of events in the case of using beads
to verify QD binding to scFvs is due to the potential aggregation of anti-FLAG antibody
coated agarose beads causing blockage and a substantial decrease in the regular flow of

beads in the instrument thereby requiring longer times to collect all the beads in the sam-
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A Negative Control a Negative Control
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16,000 -
14,000 -
12,000 -
10,000 -
8,000 -
6,000 -
4,000 -
2,000 -

**p=0.0075 * %

Fluorescence Intensity (a.u.)

Npep Ti49

Figure 3.5: Confocal Microscopy

Brightfield and fluorescence images investigating the binding of Ti49-scFvs to TiO, NPs

immobilized on a glass slide using FITC-conjugated anti-FLAG secondary antibody
detection. A) Representative images of negative control Npep-scFv showing minimal
binding to TiO, NPs (row 1), whereas Ti49-scFvs shows strong binding to TiO, NPs (row 2).

Scale bar=20 pm. B) Quantitative analysis of the integrated fluorescence intensity shows
significant difference in the Ti49-scFv treated sample compared to negative control Npep-
scFv. Data shown is average of three ROIs from the images. Error bars indicate SEM.
**p=0.0075 using student’s unpaired t-test.
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ple. However, representative data from all the experiments performed (n=3 for cells and
beads) show evidence for scFv binding over the control samples included. It was also
demonstrated that these scFv antibodies could be used to detect NPs using standard
assays that can further be custom-designed for future applications such as to detect NPs
in environmental samples including water and soil samples. This is the first time to our
knowledge that antibodies against GSH-QDs and TiO, NPs have been developed using
phage display and have been shown to bind these NPs with good specificity. In the next
chapter, the functionality of these antibodies in their detecting of fluorescent and non-

fluorescent NPs in a biological milieu has been investigated.



Chapter 3 87

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

Robichaud, C. O., Uyar, A. E. et al. Estimates of Upper Bounds and Trends in
Nano-Tio2 Production as a Basis for Exposure Assessment. Environ Sci Technol,
2009, 43(12), 4227-4233.

Maurer-Jones, M. A., Gunsolus, I. L. et al. Toxicity of Engineered Nanoparticles
in the Environment. Anal Chem, 2013, 85(6), 3036-3049.

Levard, C., Hotze, E. M. et al. Environmental Transformations of Silver
Nanoparticles: Impact on Stability and Toxicity. Environ Sci Technol, 2012,
46(13), 6900-6914.

Chen, B. X., Wilson, S. R. et al. Antigenicity of Fullerenes: Antibodies Specific
for Fullerenes and Their Characteristics. Proc Natl Acad Sci U S A, 1998, 95(18),
10809-10813.

Izhaky, D. & Pecht, I. What Else Can the Immune System Recognize? Proc Natl
Acad Sci U S A, 1998, 95(20), 11509-11510.

Mardyani, S. & Chan, W. C. W. Quantification of Quantum Dots Using Phage
Display Screening and Assay. Journal of Materials Chemistry, 2009, 19(35),
6321-6323.

Rothenstein, D., Claasen, B. et al. Isolation of Zno-Binding 12-Mer Peptides and
Determination of Their Binding Epitopes by Nmr Spectroscopy. J Am Chem Soc,
2012, 134(30), 12547-12556.



88

Chapter 4

Verification of Binding of scFvs to NPs in a
Biological Milieu
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4.1 Introduction

As discussed in the previous sections of this dissertation, humans are increasingly
susceptible to interaction and subsequent contact with nanomaterials by the day, due to
the increased use of NPs/nanomaterials in the fields of engineering, oncology,
dermatology and chemistry to name a few!!. Skin is the first point of contact for
nanoparticles-from topical applications, clothing, sports goods and domestic utensils?,
although the respiratory and the gastrointestinal system are the other modes of NP entry
into the body. Researchers focusing on NP-skin penetration often report data based on the
use of a high acute dose of NP in animal models, which is unlikely to occur in an ambient
or occupational setting, which is more likely to be chronic low dose exposure. Diseases
such as cancer can take years to develop following low dose chronic exposure to
chemical carcinogens such as cigarette smoke® and asbestos!”. The acute model is
generally preferred in order to obtain a high signal to noise ratio; however, adverse
outcomes if any in humans and in the environment are dependent upon real-life
exposures at toxicologically relevant doses!™.

One of factors limiting our ability to predict the fate and transport of NPs in a
biological environment is the lack of sensitive analytical instrumentation to detect low
doses of NPs in the tissue. Quantification of NP dose in order to correctly understand NP
fate and effects on tissues and organs is vital and many techniques have been developed
in this regard. However, techniques such as atomic absorption spectroscopy (AAS)
currently used to quantify presence of NPs in organs and tissues, despite having good

sensitivities, fail to distinguish between metals in the elemental form (eg. free ion) or in
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the NP form. This can especially be crucial for drawing conclusions about NP
localization in the body. Proteins present in the biological milieu may also confound NP
fate, translocation and detection. Proteins may play the role of a stabilizing agent by
forming a protein corona on the surface of NPs!®. The adsorbed proteins likely dictate the
initial biological responses to the presence of the NPs. These ‘transformed’ NPs may
have altered physiochemical properties such as surface charge® and size, which may
change over time posing further challenges in detecting them and elucidating their
biological impact. Therefore, new sensitive methods must be developed in order to detect
transformed NPs and understand conditions under which NPs may enter the body and be
transported into systemic circulation.

In this chapter, the scFvs identified against GSH-QDs and TiO, NPs have been
tested for their functionality in binding to those NPs in a biological milieu using an ex
vivo human skin tissue model. Of the existing biomedical applied nanotechnologies to
date, the use of CdSe/ZnS core/shell nanocrystals (semiconductor QDs) has been at the
forefront of biomedical research!’®, and thus will be the choice of NP for the proof-of-
concept studies described in this chapter. Their unique fluorescence signature will enable
tracking them and thereby verify their binding to the scFv antibody using commonly used
detection techniques in these proof-of-concept studies. Following studies with GSH-QDs,
the ability of the scFvs isolated against TiO, NPs (P25 form) will be tested for the
detection of non-fluorescent TiO, NPs in a human skin model. Immunohistochemistry

(IHC) was used where the scFvs binding the NPs were detected using a secondary
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enzyme-conjugated anti-FLAG antibody, which yields a distinct color based on the

substrate used in the assay.

4.2 Materials and Methods

4.2.1 SKin Processing

All ex vivo studies were performed on fresh viable human skin obtained hours within an
abdominoplasty or mammoplasty (Strong and Highland Hospitals, University of
Rochester, NY). Ethical approval was obtained from the University of Rochester
Research Subjects Review Board (RSRB00031804). The skin was washed three times
with 1X phosphate buffered saline (PBS) and treated with 5 pg/mL fungizone
(Invitrogen) in 25 mL sterile PBS for 10 min. It was then rinsed thoroughly with 1X PBS
three times to remove excess fungizone before tissue processing. In a HEPA-filtered
tissue culture hood (SterileGARD Il Advance), using a sterile blade (Bard-Parker, BD
Acute Care, NJ, USA) and a scalpel (Fisher Scientific Inc.), the subcutaneous fat was
removed and the dermal layer was thinned down leaving the epidermis intact. The blades
were changed in regular intervals. For all experiments, skin pieces of ~5-6 cm® were cut
from the donor sample. In the case where skin barrier disruption was required to allow
NP penetration as a positive control, skin samples were tape stripped (Scotch 3M 3750
clear packing tape, USA) ten times prior to NP application by pressing a fresh piece of

tape firmly on to the skin and removed prior to the application of the next piece of tape.
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4.2.2 Nanoparticle Application to Skin

Skin samples were placed on gauze in a sterile petri-dish filled with media (RPMI media,
Invitrogen, 5-8 mL) to keep the skin viable during the course of the experiment. GSH-
QDs and TiO; NPs in water were applied on to the skin in quantities less than those
routinely used for cosmetic testing. Typically sunscreens are tested at 2 mg/cm?. Hence,
for a sunscreen with 5% w/w TiO, NPs this would be 0.1 mg/cm? NPs applied. In our
studies we applied 0.01 mg/cm? TiO, NPs and GSH-QDs by pipetting and spreading
them evenly on the epidermal side of the skin. GSH-QDs were also applied to the dermis
side of skin or injected (50 pL in 100 puL deionized water) using an insulin needle (skin
rested with stratum corneum facing upwards) from epidermis to dermis where positive
control samples were required. TiO, NPs in water were applied to dermis when positive
control samples were desired, and a TiO, NP-containing sunscreen (Eucerin SPF15) was
applied to skin samples (at 2 mg/cm?, 8 mg total) for validating Ti49-scFvs to detect TiO,
NPs in the sunscreen. Skin samples were placed in the sterile hood for 24 h, after which
excess NPs were wiped off the skin surface gently using gauze dipped in sterile 1X PBS.

All the skin samples post NP application were stored at -80 °C until analysis.

4.2.3 Immunohistochemistry

Frozen skin was mounted using TEK OCT compound, after which they were sectioned (5
um thickness) on to microscope slides (VWR) using a cryostat (Thermo Scientific). The
epidermis and the dermis were sectioned simultaneously to prevent accidental transfer of

NPs to the blade. Blades were changed between sections at regular intervals to prevent
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accidental transfer of NPs on the blade to the skin surface. The slides were fixed in
methanol (-20 °C, 10 min) prior to the experiment and dipped in water (Ultrapure™
water, Invitrogen) to remove the excess OCT compound. The slides were washed twice
with 1X TBS to wash off excess methanol and a hydrophobic pen was used to create a
water-repellent barrier to keep reagents localized on the tissue specimen. The slides were
blocked with normal mouse serum for 30 min (Sigma Aldrich) at room temperature, after
which GSH43-scFvs were added to the slides, diluted in 1% BSA in TBS (10 pg/mL) and
allowed to incubate overnight at 4 °C in a humidified chamber. The slides were washed
thrice with 1X TBST and incubated with anti-FLAG antibody conjugated to alkaline
phosphate (AP) (Sigma-Aldrich Inc.) for 1 h at room temperature at a 0.1-0.5 pg/mL
concentration. After removing excess antibodies by washing, the slides were incubated
with BCIP/NBT (KPL) substrate for AP with the addition of levamisole (Vector
laboratories Inc., CA) for 5 min at room temperature. Levamisole is an endogenous AP
inhibitor that enables visualization of AP staining due to the binding of scFv-anti-FLAG
AP-tagged antibody alone. Excess substrate solution was washed away with deionized
water and mowiol (Fluka, #81381, Sigma Aldrich Inc., prepared in-house) was used as a
mounting medium for imaging. The samples were analyzed under a fluorescent
microscope (Nikon Eclipse E800 with a Spot RTS Camera) at 40x magnification. Images
were captured using brightfield and appropriate fluorescence filters (for QDs), and

analyzed using ImageJ (NIH).
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424 Laser Capture Microdissection/Atomic Absorption

Spectroscopy

Samples (frozen sections post-IHC on glass slides) prepared for Laser Capture
Microdissection (LCM, Zeiss, Palmbeam) using the IHC method described above were
imaged under brightfield for AP staining and fluorescence using an appropriate filter for
QDs (exposure: 800 ms). Both, brightfield and fluorescence images were captured at 40x
magnification before laser catapult (cut) and after cut, and the skin sections collected onto
AdhesiveCap™ (Zeiss) microfuge tubes were analyzed using AAS for presence of
cadmium (Cd) for both QD containing samples and control specimens not containing
QDs. A total of three ROIs for positive control studies with GSH-QDs injected in skin
and two ROIs from control tissue sections were collected for AAS analysis. Cd
concentration analysis was performed using a Perkin-Elmer PinAAcle 900Z atomic
absorption spectrometer equipped with longitudinal Zeeman background correction and a
transverse heated graphite furnace (Perkin-Elmer Life and Analytical Sciences, Shelton,
CT 06484 USA). Cd absorption was measured at 228.8 nm using an electrodeless
discharge lamp source. A mixed matrix modifier of ammonium phosphate and
magnesium nitrate was used to stabilize Cd during the pyrolysis step. Both, positive
controls as described above and GSH-QDs (applied on the epidermis) samples were
prepared for AAS by adding 200 pL of 4% ultrapure nitric acid (PlasmaPure Nitric Acid,
SCP Science, NY) to the microfuge tube. The tube was then capped and inverted for 3 h
to dissolve the sample on the cap. After vortexing the tube, 100 puL was taken for AA

analysis.
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4.2.5 Scanning Electron Microscopy

Prior to imaging skin sections, TiO, detection limit quantification on the Zeiss Supra
40VP Field Emission SEM (University of Rochester) was done by preparing coverslips
with 50 pL each of 1, 0.1 and 0.01 mg/mL TiO, in water pipetted onto an area of 1 cm?.
EDX spectra were obtained for each of the samples where a discernable peak for Ti was
observed for 1 (50 pg/em?® TiO) and 0.1 mg/mL (5 pg/em?® TiO,) samples but not for
0.01 mg/mL (0.5 pg/cm? TiO,) sample (Appendix C, Figure C1).

Human skin sections containing TiO, NPs applied to the dermis or the epidermis
were cryosectioned on quartz coverslips to ensure an absence of inherent Ti contained in
the coverslips. Following IHC staining procedures described above, regions of AP
staining were visualized and marked for SEM imaging using the brightfield settings in a

light microscope.

4.3 Results

4.3.1 Validating GSH43-scFv Binding to QDs

The ability of GSH43-scFvs to bind to GSH-QDs in skin was verified using ex vivo
human skin. NPs were applied using previously established protocols™. Following skin
exposure to NPs, the tissue was cryosectioned for IHC analysis using scFvs and a
secondary anti-FLAG reporter conjugated to alkaline phosphatase (AP). Skin slices were
treated with levamisole (1 drop for every 200 pL of substrate) during incubation with
BCIP/NBT substrate for AP in order to eliminate endogenous phosphatase activity and

allow for visualization of only those bluish-purple regions formed due to binding of
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scFvs-anti-FLAG conjugate to NPs. Prior to experiments control skin samples (without
NPs) were tested for endogenous phosphatase activity and absence of AP staining was
ensured with the addition of levamisole.

Figure 4.1 shows bright-field and fluorescent images of a skin section following a
24 h application of GSH-QDs to the stratum corneum and a control sample (no QD
exposure). The control sample shows negligible AP staining (Figure 4.1A), indicating the
absence of non-specific GSH43-scFv binding to the skin sections. In contrast, the skin
sample exposed to GSH-QDs shows numerous punctate areas of strong AP staining in
brightfield (Figure 4.1B). Observation of this skin section under fluorescence imaging
shows a dense cluster of QDs (Figure 4.1C) that co-localizes with AP staining (blue
arrows, Figure 4.1B, inset). However, based on fluorescence imaging (Figure 4.1C) the
detection of GSH-QD presence in skin is suggested to be far less than that suggested by
AP staining. Using ImageJ software, the fluorescence image can be threshold enhanced
(Figure 4.1D), which reveals many more potential instances of QDs in the skin tissue; but

as previously noted™”

it is difficult to unambiguously distinguish the QDs from tissue
autofluorescence artifacts. Results from AP staining (Figure 4.1B) however, clearly
demonstrate the utility of GSH43-scFvs to overcome this challenge. The AP staining
identifies many areas that co-localize with high fluorescence (black arrows, Figure 4.1B
and 4.1D). Additionally, we observed regions with strong AP staining with corresponding
regions that do not show presence of QD fluorescence (red arrows, Figure 4.1B and

4.1D) suggesting that scFvs can be used to identify QDs whose fluorescence cannot be

detected over background.
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In order to validate that the fluorescent regions co-localizing with AP staining
indeed contain QDs, we used the LCM technique to isolate portions of tissue by cutting
and catapulting them on to an AdhesiveCap™ microfuge tubes placed directly over the
specimen using a designed laser pulse. Downstream analysis of the specimens in the
tubes involved use of AAS technique to assay for elemental Cd presence. Detection of Cd
implies presence of GSH-QDs in the samples, as Cd was part of the core composition of
the QDs used in the study. Initial studies were conducted on a skin sample with a high
QD presence introduced by dermal injection to ensure Cd levels exceeded the AAS
detection limit of detection (LOD) equal to 7 pg/ml. The control skin sample (no QDs,
Figure 4.2) again showed no discernable AP staining and no visible fluorescence QD
signal (exposure time: 800 ms). In contrast, strong AP staining is seen under bright-field
in the dermis where GSH-QDs were injected as shown in Figure 4.3A with the
corresponding QD fluorescence before dissection shown in Figure 4.3B. The portion of
the skin marked for dissection is enclosed in the blue dotted area (Figure 4.3C). The
portion remaining after catapult is shown in Figure 4.3D. AAS analysis of the tissue areas
where strong QD fluorescence was co-localized with AP staining was performed to
confirm the presence of Cd. Since the mass of tissue was too low to be quantified, results
were expressed as concentration of Cd, which was found to be 214 ng/mL of Cd.

Having demonstrated the ability of the LCM/AAS techniques to detect QD
presence in the positive control sample, we proceeded to use this methodology to confirm
the presence of QDs in epidermal regions that exhibit strong AP staining following their

topical application on tape stripped skin (Figure 4.4). Initial measurements of individual
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Figure 4.1: QD Detection in ex vivo Human Skin using GSH4 3-scFv

Representative skin images under brightfield and fluorescence. A) Control skin sample
without GSH-QD exposure showing an absence of AP staining indicating absence of non-
specific binding of GSH43-scFv to skin. B) Brightfield image of skin sample exposed to
GSH-QDs for 24 h showing numerous areas with strong AP staining (black, blue, and red
arrows). Inset shows an area of high AP staining (blue arrow) in the epidermis that
correlates with high QD presence as seen under C) fluorescence imaging, exposure 1.642
s. D) Applying a threshold to enhance the fluorescent signal shows that some of the areas
with strong AP staining (black arrows) co-localize with QD fluorescence, whereas other
areas (red arrows) indicate potential presence of QDs that are not visible under the
fluorescence exposure conditions used. This suggests the ability of GSH43-scFv to detect
the presence of QDs that may otherwise being undetectable in skin. This was confirmed
with LCM studies. Scale bar=50 um.
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Figure 4.2: LCM Imaging of Control ‘no QD’ Sample in Dermis of Skin

Representative control sample showing A) no AP staining indicating lack of binding of GSH43-
scFvs to GSH-QDs. B) Complete absence of GSH-QDs (no fluorescence). C) Portions of tissue
sections were marked for cut and captured onto adhesive tube caps using LCM, and processed
for AAS. D) The portion of skin remaining after capture is shown. Scale bar=50 pm.
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Figure 4.3: LCM Imaging to Confirm Presence of QDs in Dermis

Representative skin sample containing QDs injected showing A) dark bluish-purple staining
indicating binding of GSH43-scFvs detected by AP. B) Fluorescence image of skin sample before
dissection showing QD presence. C) Portions of stained areas were marked for cut and captured
onto adhesive tube caps using LCM, and processed for AAS. D) The portion of skin remaining after
capture. Scale bar=50 um.
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Figure 4.4: LCM Imaging of QDs Applied on Epidermis of Skin

Representative skin image showing A) AP staining on epidermis due to binding of GSH43-scFvs to
GSH-QDs applied on epidermis. A portion with visible staining and B) fluorescence (white arrows)
was C) marked for cut and D) captured for AAS analysis. Cd levels were found to be 0.108 ng/mL,
which was above instrument LOD (0.007 ng/mL) proving presence of QDs. Scale bar=50 um.
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ROIs in tissue sections showed levels of Cd <LOD using AAS. However by combining
six ROIs with strong AP staining we measured 108 pg/mL of Cd concentration, which is
~100 times above the LOD indicating the presence of QDs in these regions. The Cd level
measured from six random ROI collected and combined from the control sample (no QD,
Figure 4.5) was 8.5 pg/mL, which is near the instrument LOD (7 pg/ml) and may indicate
the presence of endogenous Cd derived from dietary sources which is more readily
detected in the liver™ . In addition, we collected and combined six ROIls with strong
AP staining (Figure 4.6A) that lacked discernible QD signal under fluorescence imaging
(Figure 4.6B). AAS analysis measured 18 pg/mL of Cd, which is above the instrument
LOD and ~10 times higher than the endogenous Cd measured in the skin of the control
(no QDs). These results demonstrate a proof-of-principle that GSH43- scFvs can enable
the detection of GSH-QDs (strong AP staining in bright field) present at low levels using

the standard IHC technique.

4.3.2 Validating Ti49-scFv Binding to TiOz NPs

TiO, NPs (Evonik, P25) were applied in water on the skin and a TiO, NP-containing
commercial sunscreen (Eucerin SPF15) was also tested to determine presence and
penetration if any, of these NPs through skin. Results from IHC based on Ti49-scFv-anti-
FLAG AP staining show TiO, NPs when applied in water to be predominantly localized
in the upper layers of the SC (Figure 4.7A, red arrows) in intact skin relative to control

skin sections (no TiO, NPs, Figure 4.7B) which showed an absence of AP staining. Some
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Figure 4.5: LCM Imaging of Epidermis of Control ‘no QD’ Skin Sample

Representative control skin (no QDs) image showing A) absence of AP staining in brightfield
and B) no fluorescence. Upon using LCM to C) cut and D) capture portions of skin for AAS
analysis, Cd levels (0.0085 ng/mL) were found to be near instrument LOD levels (0.007
ng/mL). Scale bar=50 pm.
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Figure 4.6: LCM Imaging to Detect QDs in Areas without Fluorescence in
Epidermis of Skin

Representative images showing A) areas where AP staining was visible but B) not fluorescence
(white arrow). However, when sample C) was marked for cut and D) captured using LCM, and
analyzed using AAS, Cd levels were found to be 0.018 ng/mL, which was greater than control
(0.0085 ng/mL) indicating QD presence in the stained areas. Scale bar=50 pm.
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samples showed the presence of a mild punctuate AP staining beneath the SC, potentially
suggesting occasional translocation of the NPs to the epidermal layers of skin (Figure
4.7A, blue arrows). However, AAS could not be used to prove that these occurrences
indeed contain TiO, NPs due to the difficulties associated with dissolving TiO, NPs and a
poor AAS detection sensitivity for Ti ions. Therefore the areas of skin (cryosectioned on
a quartz coverslip) exhibiting bluish-purple staining in a positive control sample (Figure
4.8A, TiO, NPs applied to the dermis of skin) were analyzed to visualize the morphology
of the TiO, NPs in skin. The individual particles in these samples were easily discernable
as part of large aggregates of NPs when examined for the presence of TiO, NPs using
SEM (Figure 4.8B, 4.8C). However, upon examining several samples exhibiting AP
staining in the epidermis and the dermis, it was found that it was harder to discern
individual NPs in the aggregates. Moreover, SEM/EDX spectra did not show presence of
Ti ions in the AP stained regions. This was expected, as we estimate TiO, EDX detection
limit to be 0.5-5 pg/cm?, which likely far exceeds the TiO, NP presence in these skin
samples.

Results from IHC experiments on sunscreen-treated skin samples showed that
Ti49-scFvs were able to detect TiO, NPs localized in the upper layers of the SC (Figure
4.9A), whereas Ti49-scFvs-treated control samples (not containing sunscreen application)
did not show any AP staining (Figure 4.9B). Based on the SEM/EDX results above, the
areas of staining in the sunscreen-treated skin samples, not visible in control samples can

be concluded to likely contain TiO, NPs.
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Figure 4.7: Detection of TiOz Applied on Epidermis of Skin Using Ti49-scFv

Representative images of A) TiO; applied on epidermis of intact skin, red arrows indicate AP
staining due to binding of Ti49-scFv to TiO; NPs. Blue arrows indicate AP staining, which could
potentially be TiO; particles penetrated through skin to the dermis. B) Control sample with no

TiO, applied and upon exposure to Ti49-scFvs, no non-specific binding (no AP staining) was
observed. Scale bar=50 pum.
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50 pm

Figure 4.8: SEM/EDX to Validate Presence of TiOz NPs in the AP Stained Areas

Positive control human ex vivo skin treated with TiO; NPs in the dermis of skin. IHC was performed with
Ti49-scFvs to prove presence of TiO; NPs. A) Bright-field image showing AP staining (black arrows) with
the use of Ti49-scFvs in an ex vivo human skin sample upon application of 1 mg/mL TiO, NPs in the
dermis, scale bar=50 pm. B) SEM image showing TiO, NPs, scale bar=1 pm and C) magnified image of the
TiO2 NPs in skin hence proving presence of NPs in the corresponding stained areas, scale bar=200 pm.
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Figure 4.9: Detection of TiO2 NPs in Sunscreen Application to Epidermis

Representative image of Ti49 scFvs detecting TiO; in sunscreen (Eucerin SPF15) applied to skin.
A) AP staining upon due to binding of Ti49-scFv to TiO, NPs in sunscreen is indicated using red
arrows. B) Control skin sample without TiO; NPs showing no AP staining upon treating with
Ti49-scFvs. Scale bar=50 um.
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4.4 Conclusions

The functionality of the scFvs isolated using phage display was demonstrated by their
utilization for the detection of NPs in an ex vivo human skin model. Areas with visible
AP staining proved to contain GSH-QDs in them and the fluorescence in these regions
were not tissue autofluorescence as confirmed by LCM/AAS studies. GSH43-scFv was
capable of detecting low levels of NPs present in the epidermal layers of skin as
demonstrated in the proof-of-concept study using fluorescent QDs. QDs were used a
model NP in this study since the presence of QDs in a sample with visible AP staining
can be validated using fluorescence. The LCM/AAS studies showed presence of QDs
using AAS (~10-fold above control) in areas with visible AP staining but no observable
fluorescence.

We were able to detect non-fluorescent TiO, NPs in the upper layers of the SC in
intact skin using Ti49-scFvs, and this result was in accordance to those reported in
literature, where TiO, was confined to the SC and the upper layers of the SC shown using
various animal models™®!. The high tendency of TiO, NPs to agglomerate is a likely
contributing factor in the hindrance to TiO; penetration beyond the SC in skin. A mild
staining was observed beneath the SC for TiO; in water and TiO,-containing sunscreen
treated skin samples. However, efforts to detect the elemental Ti (EDX) proved
inconclusive. While LCM studies proved presence of NPs (QDs) in areas with no
discernable fluorescence, occurrences of TiO, NPs therefore, albeit less frequent that

QD-containing samples beneath the SC can potentially be concluded to be NP (TiO,)
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presence, suggesting the occasional translocation of TiO, NPs to the epidermal layers
through the defects in the SC.

Phage display was successfully used to isolate scFv antibodies against GSH-QDs
and TiO, NPs. These antibodies bind these NPs in skin as confirmed by a variety of
techniques used in conjunction with IHC including LCM, AAS and SEM/EDX. Since
antibodies cannot be raised and selected against molecules too small (eg. metal ions)™®),
we can conclude that the scFvs bind intact QDs and TiO, NPs as opposed to Cd or Ti
ions that might have leeched during the translocation process through skin. Therefore, the
use of scFvs to detect whole, intact NPs in tissue will comprise an expansive tool kit
when used in conjuncture with other quantitative techniques currently available to
provide accurate information both about the NP form (whether intact particle or soluble

ion) and presence, regardless of the amount of NPs in any biological environment.
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Chapter 5

Characterization of Binders and Challenges
Associated with Discovery of Binders to NPs
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5.1 Introduction

An unimmunized scFv phage display library consisting of 2x10° unique clones was used
to isolate antibodies against GSH-QDs and TiO, NPs. The utility of these scFvs was
established in the previous chapters where they were used to detect the respective NPs in
in vitro assays as well as in a biological milieu using an ex vivo human skin model. We
have demonstrated for the first time detection of NPs using a chromogenic reporter where
the enzyme activity can be used to amplify the signal over time, thereby allowing
detection of NPs present even in low quantities in tissue. Although phage display
technology can allow for selection of antibodies in vitro, antibodies selected through
phage display often need to have higher affinities for their targets. Even in vivo
antibodies initially generated undergo an editing process called affinity maturation to
generate antibodies with higher affinities and higher selectivity to the antigens. This
affinity maturation process that occurs in vivo (in germinal centers), typically involves
the introduction of a small number of mutations via somatic hypermutation during B cell
maturationt). These mutations can affect affinity by influencing positioning of side
chains contacting the antigen! or replacing ‘low affinity’ residues with contact residues
with more favorable energetics™™. Affinity maturation can be mimicked in vitro using a
variety of techniques described in the literature such as the use of mutator strains®!, error-
prone PCRM chain shuffling®®, DNA shuffling™™, and oligonucleotide-directed
mutagenesis®®%,

In this thesis, chain shuffling was investigated to attempt to increase binding

affinity of the clone isolated against QDs. In this strategy, the Vy gene of the best phage
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antibody isolated is kept constant and is paired with a library of light chains followed by
selection for binding to the target to find Vy-V pairs with the improved affinity to the
target. Other enrichment methods such as immobilizing the target antigen onto a
substrate™, which is widely used for biopanning in phage display has also been
investigated in this thesis. While this work describes the isolation of antibodies to NPs
using phage display and biopanning on NPs dispersed in solution, a more typical
approach for phage display employs target antigens immobilized via chemical
coupling™® or non-covalent absorption™™ to a hydrophobic surface for biopanning. A
previous study™™ has reported isolation of peptides using phage display that bind QDs
immobilized on protein (gelatin)-coated polystyrene plates. Although other studies™®
have reported similar modest enrichment levels (~8-fold binding over control) of peptides
isolated against inorganic materials such as solid ZnO substrates, we sought to investigate
panning on QDs immobilized on a solid substrate to isolate binders with potentially
greater binding ability to QDs than from biopanning in solution (i.e. more than 10-fold
over background). A potential concern for using ultracentrifugation as described
previously in this thesis is the unintended precipitation of unbound phage, thereby
increasing background levels resulting in false positives in analyzing cross-reactivity
properties of the scFvs. To this end, we investigated a salt precipitation method which
allows use of lower centrifugal forces to separate phage bound to NPs as well as panning
on NPs immobilized on a surface. To examine cross-reactivity binding of the clones
isolated to materials, we conducted both phage panning in solution and on polystyrene

plates. Various proteins were used to immobilize QDs on the surface of polystyrene well
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plates including collagen, gelatin, BSA, human serum albumin (HSA), lactoferrin (LF)
and ovalbumin (OVA) based on the procedure described by Mardyani et al.li4,

We first discuss the use of salt precipitation to pellet NPs during biopanning at
lower speeds to prevent unbound phage precipitation associated with higher speeds in the
ultracentrifuge. Next, biopanning on QDs immobilized on protein-coated wells and the
associated challenges have been examined. For TiO, NPs, others binders screened for
from the population of binders after Round 4 of biopanning were studied. Additionally,
cross-reactive behavior of the binders obtained using one or more of the techniques
described above (target antigen dispersed or immobilized) were examined using various
NPs of different compositions in order to understand an underlying mechanism of
binding of the scFv antibodies to NPs. This chapter finally discusses the use of a library
formed by chain shuffling of GSH43 clone as described above to pan against GSH-QDs
both in solution and in the immobilized form in order to select for the best V-V pair

from the library with the highest affinity to the target.

5.2 Materials and Methods

5.2.1 Centrifugation Titer Assay

In this assay, individual phage stocks either freshly prepared or previously prepared and
stored at -80 °C with 15% glycerol were diluted at a 1:5 in TBS (500 pL total volume)
and mixed with NPs (QDs, all TiO, NPs (0.5 mg/mL), Au NPs (20 nm, 0.025 mg/mL),
Au powder (0.5 mg/mL) or CNTs (0.2 mg/mL). After 2 h of incubation with gentle

agitation at room temperature, the unbound phages were separated by centrifugation
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(55,000 rpm without salt for QDs, 29,000 rpm with addition of salt (1 M MgCl,.6H,0)
for QDs, 1300 g for all TiO, NPs, 29,000 rpm for Au NPs (20 nm), 4000 g for Au
powder, 29,000 rpm for CNTs) and the NP-phage pellet was washed 5 times in TBST
and once in deionized water before eluting with glycine containing 0.01% BSA (pH 2.2).
The titer of the eluted phages was quantified by transduction of serial dilutions of the
phage into TG1 cells to ampicillin resistance and the resulting colonies on the agar plate
were counted manually. A binder clone to Au powder (designated VHH) outlined in
Hattori et al.,**! was selected as a positive control clone in our experiments and was
sequenced (Integrated DNA Technologies®) and engineered into our phage display
system. A fold change was assessed in the case of each experiment with respect to

controls included (negative control clone or positive control VHH clone for Au powder).

5.2.2 Enrichment on Wells

Enrichment on QDs immobilized on the plate was performed according to a method
described in Mardyani et al.,*¥ (referred to as plate titer assay). For immobilization of
QDs, plates were coated with 2% BSA in TBS for 1 h at room temperature. The wells
were then washed 3 times with deionized water to remove any excess BSA. GSH-QDs at
a 50 nM concentration (50 uL per well) for testing binding or cross-reactivity were added
in sodium bicarbonate buffer (NaHCO3, 0.1 M) and allowed to incubate overnight at 4 °C
with gentle agitation. The excess QDs were removed by washing the wells gently with
TBST. After confirming presence of QDs using a hand-held UVR lamp source prior to
each experiment, the wells were blocked with TBS+0.5 % casein for 1 h at room

temperature prior to the addition of appropriate individual phage stocks, which were
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added either freshly prepared (no dilution) or frozen (1:5 dilution in TBS, 50 pL total
volume) and allowed to incubate for 2 h at room temperature with gentle agitation. The
unbound phages were then removed and the wells were washed 7 times with TBST and
once with deionized water. After elution with glycine containing 0.01% BSA (pH 2.2),
the titer of the eluted phages was quantified by transduction of serial dilutions of the
phage into TG1 cells to ampicillin resistance and the resulting colonies on the agar plate
were counted manually. A fold change was assessed in the case of each experiment with
respect to controls included and plotted. A similar protocol was used in the case of GSH-

coated wells used as a target for the cross-reactivity studies discussed below.

5.2.3 Phage ELISA with GSH-QD Immobilization

2 % BSA diluted in TBS was coated for 30 min at room temperature and washed 3 times
with deionized water. 50 nM of GSH-QDs (50 pL in NaHCO3 buffer) were incubated
overnight at 4 °C with gentle agitation. Excess QDs were washed off with TBST. The
plate was blocked with TBS+0.5 % casein for 1 h at room temperature, following which
GSH43¢ and negative control Npep¢ were incubated at a series of dilutions (1:1, 1:2, 1:3,
1:4) in TBS containing 0.5 % casein. The plates were washed 5 times with TBST and 5
times with TBS, and anti-M13 HRP antibody (GE Healthcare) was added diluted in TBS
(0.5 pg/mL) and incubated for 1 h at room temperature. Following thorough washing (10
washes as above), the plate was incubated with Sure Blue™ TMB substrate (KPL) and
the absorbance was measured at 450 nm after stopping the reaction with 1 N HCI. Results

were plotted and analyzed.
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5.2.4 Phage ELISA on GSH-coated Wells

Commercially available pre-blocked GSH-coated well strips (Pierce™, Life technologies,
Cat. number 15140) were used. Strips were blocked with TBS+0.5% casein for ~30 min
at room temperature. GSH43¢ and negative control ‘empty vector’ phages (containing a
truncated gene Il fragment with the N-terminal FLAG, but no scFv) phages were
incubated in a series of dilutions in TBS containing 0.5% casein (1:1, 1:2, 1:4, 1:8,....,
1:64). A ‘no phage’ well was also incorporated where the well was incubated with
TBS+0.5% casein solution alone. After 1 h of incubation at room temperature, the wells
were washed 5 times with TBST and 5 times with TBS. Secondary anti-M13 HRP
antibody was added diluted in TBS (0.5 pg/mL) and incubated for 1 h at room
temperature. Following thorough washing (10 washes as above), the plate was incubated
with Sure Blue™ TMB substrate and the absorbance was measured at 450 nm after

stopping the reaction with 1 N HCI. Results were plotted and analyzed.

5.2.5 Swap-L Library Construction and Panning

A plasmid preparation made from ~1x10° transductants of the human library was
digested with Hind 11l and Nhe | and the repertoire of light chain (V) fragments was
isolated after agarose gele electrophoresis. The V| pool fragment was extracted and
purified using a Qiagen Min Elite gel extraction kit. Similarly, the GSH43 heavy chain
fragment (V) was isolated from Nhe | and Sal | digested phagemid DNA. The V| and
GSH43 Vy fragments were ligated to Hind 111 + Sal | digested AP-I116 display vector

overnight with T4 ligase (New England Biolabs) and ethanol precipitated. The ligated
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DNA was re-suspended in 10 pL of water and electroporated in a BioRad Gene Pulser in
a 1 mm cuvette. After outgrowth for 1 h in SOC medium, the cells were plated on a
single 25 cm Lb+ ampicillin plate and incubated overnight at 37 °C. Approximately
5x10" transformants were obtained (titer was determined by serial dilution and
transduction before plating). The cells were scraped and re-suspended in 5 ml of LB
medium and an aliquot containing approximately 1x10° cells was innoculated into 40 ml
of LB medium, grown at 37 °C for 2.5 h and infected with helper phage. The infected
cells were grown at 30 °C overnight in the presence of ampicillin and kanamycin. Phages
were harvested and purified by PEG precipitation and re-suspended in 1 ml of TBS 0.5%
casein.

The GSH-QDs (400 pL, 50 nM) were diluted in TBS mixed with the above-
mentioned swap-L phage library (10'? phages/mL, 100 pL) present in diluted in TBS plus
0.5% casein with gentle agitation for 2 h at room temperature. After incubation to allow
binding of phage to QDs, the QD/phage mixture was centrifuged at 83,000 g (55,000
rpm) for 10 min and the unbound phage-containing supernatant was removed and the
phage-bound NP pellet was re-suspended in TBST and centrifuged. This wash cycle was
repeated 5 times, after which the pellet was washed once with deionized water. After
washing the bound phages were eluted from the NPs using 0.1 M glycine (pH 2.2,
containing 0.01% BSA) and neutralized using 200 puL of 2 M Tris base. Phage pools for
subsequent rounds were prepared as described in Chapter 2. For rounds 3 and 4, the input
phage pool was pre-centrifuged to pellet phage agglomerates at 116,000 g (65,000 rpm)

to pellet phage agglomerates and reduce high background levels of binding.
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5.3 Results

5.3.1 Use of Salt to Precipitate QDs

Prior to selection using the phage library, different salts were tested for their ability to
precipitate QDs at a lower speed than that used for the initial enrichment (55,000 rpm).
Salts including NaCl and MgCl,.6H,0 were tested at 1 and 5 M concentrations. A final
concentration of 1 M MgCl,.6H,0 was selected as optimal due to the dispersion and
pelleting properties imparted to GSH-QDs. As described previously in Chapter 2, the
phage library (10 phages/mL, 100 pL) was mixed with GSH-QDs diluted in TBS (100
nM, 400 pL) for 2 h at room temperature with gentle agitation. Next, 120 pL of
MgCl,.6H,0 was added to the QD-phage solution (1 M final salt concentration), after
which the solution was centrifuged at 29,000 rpm instead of 55,000 rpm originally used
for 10 min to pellet phage-bound QDs. The pellet was then washed and phages were
eluted as previously described. Upon 4 rounds of panning, a BstN1 analysis of 12
randomly selected clones showed the presence of three clones HS2, HS3 and HS4, which
were identified based on repeating patterns of each of the clones observed on the digest
(Appendix D, Figure D1). The phage clones showed a clonal abundance of 16% each.
The amino acid sequences of these clones are shown in Appendix D, Table D1. These
clones were further tested for their binding to GSH-QDs and cross-reactivity to various
other NPs and compared to GSH43 clone generated without the use of salt and

characterized in Chapter 2.
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5.3.2 Validation of Binding of HS2, 3, 4 Clones

5.3.2.1 Validation of binding in vitro using phage clones

Binding to QDs in vitro was tested using a panning assay. Here, the HS2, 3, 4¢ and IL-
12¢ were mixed with GSH-QDs in separate tubes at room temperature for 2 h with gentle
agitation. Following centrifugation using salt at a speed of 29,000 rpm the unbound
phages from the supernatant were removed, after which the pellet containing bound
phages was washed 6 times (5 times with TBST, once with deionized water) and eluted
using glycine. The HS2, 3, 4¢ were found to bind GSH-QDs ~100-fold more than the
negative control 1L12¢ (Appendix D, Figure D2). This is in contrast to the 10-fold above
background binding to GSH-QDs exhibited by GSH43¢. TEM was further used to verify
binding of the phage clones to GSH-QDs using a protocol described in Chapter 2 with the
addition of salt solution to precipitate QDs. It was found that HS2, 3, 4¢ clones bound
GSH-QDs but negative control LF¢ did not (Appendix D, Figure D3).

5.3.2.2 Validation of binding in vitro using scFvs

The clones HS2, 3, 4 were prepared as purified scFvs to validate their binding in vitro to
GSH-QDs and to GSH-QDs in human skin. A dot blot assay was used to verify binding
of these clones to GSH-QDs and it was found that HS 2, 3, 4-scFvs bound GSH-QDs
indicated by the formation of a black spot in the chemiluminescent assay, whereas a
negative control scFv (NT3) did not (Appendix D, Figure D4). Moreover, the HS2, 3, 4-
scFvs did not bind Au NPs (tannic acid coated, 5 nm), DHLA-QDs or Inv-QDs tested

alongside showing specific recognition of GSH-QDs (Appendix D, Figure D4). Since
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upon sequencing, the clones were found to contain the same heavy chain with different
light chains, we proceeded with one of the clones (HS2) for validation of their QD
binding functionality in a biological milieu. Results from IHC showed ability of HS2-
scFv to bind to QDs as seen in Figure 5.1B indicated by areas of bluish-purple AP
staining (red arrows) in brightfield whereas a control skin sample without QDs does not
show any staining (Figure 5.1A). These areas also showed presence of punctuate spots
when observed using appropriate filters for QDs (Figure 5.1C). Additionally, areas of AP
staining indicated by yellow arrows do not show presence of QD fluorescence, which
suggests potential detection of those QDs not visible using common fluorescence
microscopy (Figure 5.1B). This suggests that HS2 clone obtained by panning on GSH-
QDs using lower speeds of centrifugation with the addition of salt to precipitate NPs

recognizes GSH-QDs both in vitro and in an ex vivo human skin model.

5.3.3 Cross-reactivity Assessment of Clones against GSH-QDs

5.3.3.1 GSH43¢ cross-reactivity

Cross-reactivity properties of GSH43 clone in both the phage and scFv forms were
studied using various assays. For the phage form, both panning in solution, and phage
ELISA and panning assays on GSH-QDs immobilized on polystyrene plates were
performed. Upon panning on QDs with different surface coatings such as DHLA and
PEG-QDs in solution, GSH43¢ was found to bind ~3 and 4-fold more than control (IL-

12¢) and 100-fold more than control to magnetic beads (His Mag™ agarose beads,

Novagen, Appendix D, Figure D5A) compared to a negative control clone. GSH43¢ was
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also found to bind Au in a powder form ~80-fold more than control (IL-12¢) albeit ~20-
fold less than a positive control (clone reported as a binder in Hattori et al.*®!) and bind
silica particles (100 nm) ~5-fold more than control (IL-12¢) (Appendix D, Figure D5B).
Unexpectedly, GSH43¢ also showed ~100-fold more binding to TiO, NPs than control
(Appendix D, Figure D5C). While we do not fully understand the origin of cross-
reactivity behavior exhibited by GSH43¢ it is unlikely to be a random event or driven by
electrostatics. We exchanged the light chain of GSH43¢ clone with the light chain of IL-
12¢ and the hybrid clone was tested for binding to the GSH-QDs and TiO, NPs. This
manipulation reduced the hybrid GSH43¢ binding to the GSH-QDs by ~4-fold and it
reduced the cross-reactivity binding to the TiO, NPs to background (IL-12¢) levels.
Hence, this finding suggests that the cross-reactivity binding observed may result from a
shape complementarity effect linked to the biopanning process. This was further
investigated by panning on QDs immobilized on polystyrene plates to exclude any
potential artifacts associated with the high speeds used in ultracentrifugation, which may
result in the unwanted pelleting of phage. Prior to performing cross-reactivity studies, a
phage stock not displaying the scFv (‘empty’ phage) was prepared in order to evaluate if
the high background observed in the centrifugation titer assay was an artifact of phage
pelleting during the centrifugation process.

A plate titer assay was employed to minimize artifact during panning, where QDs
were immobilized on high binding 96-well plates as previously reported™! coated with
2% BSA prior to QD deposition. Upon panning, it was found that phages not displaying

scFvs (empty vector phage) showed no binding to QDs whereas GSH43¢ displayed a 200
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Figure 5.1: QD Detection Using HS2-scFv in an ex vivo Human Skin Model

Representative skin images under brightfield and fluorescence. A) Control skin sample without GSH-QD
exposure showing an absence of AP staining indicating absence of non-specific binding of HS2-scFv to
skin. B) Brightfield image of skin sample exposed to GSH-QDs for 24 h showing numerous areas with
strong AP staining (red and yellow arrows) due to HS2 binding detected by anti-FLAG AP antibody that
correlates with high QD presence. C) Fluorescence image showing punctuate areas of QD presence co-
localizing with areas of AP staining (red arrows) due to binding of HS2-scFv. Scale bar=50 pm.
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-fold more binding to GSH-QDs (Appendix D, Figure D6). Hence, we resorted to the
plate titer method to assess cross-reactivity of the GSH43¢ to QDs with the CdSe/ZnS
core/shell but different surface chemistries. A plate titer assay was employed where
GSH43¢ showed binding to GSH-QDs in a concentration dependent manner (presence of
QDs immobilized on BSA shown in Figure 5.2A), which was significantly higher than
binding (Figure 5.2B, Figure 5.3A) of a negative control phage clone (Npep¢) or
GSH43¢ binding wells without QDs (BSA only). Upon assessing different QDs, results
from the plate titer assay (Figure 5.3B) show that GSH43¢ (upon elution with glycine pH
2.2) binds to GSH-QDs (25.2 nm and negatively charged), Invitrogen QDs (Inv-QD,
Invitrogen ITK™ 565-QDs, 10 nm and negatively charged), and PEI-QD (23 nm and
positively charged™) but minimal binding was observed to the DHLA-QD (14 nm and
negatively charged). The lack of binding of GSH43-scFv to the PEI-QDs (Figure 3.2) is
in contrast to the strong binding observed in the phage format (Figure 5.3B). We attribute
this to non-specific binding of the positive PEI-QDs to the M13 phages which carry a
high negative surface charge!*®.. The lack of GSH43-scFv binding to the negative charged
Inv-QDs (Figure 3.2) is also in contrast to the results observed using the phage format of
the clone GSH43¢ (Figure 5.3B). We attribute this to differences in binding affinity, as
from dot blot concentration studies we did observe strong binding of the GSH-scFv to the
Inv-QD with increasing GSH-scFv concentration (5-20 pug/mL) with a continued absence
of binding to PEI-QDs (Appendix D, Figure D6). These data suggest that QD binding in
the phage format is not specific to the GSH coating or to surface charge. Although we

cannot control for the amount of QDs that bind
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Figure 5.2: Representative Phage ELISA with GSH-QDs as Target

A) Representative image showing GSH-QDs immobilized on BSA coated wells.
Fluorescence is indicative of QD presence as seen under a hand-held UVR lamp source.
B) Representative phage ELISA showing binding observed via the blue color formed
after addition of TMB substrate. Image was captured prior to addition of stop solution
and measuring absorbance. GSH43¢ binds GSH-QDs in a dose dependent manner seen
by the changes in blue color of substrate but not BSA wells showing specificity to QDs.
Negative control Npep¢ does not bind GSH-QDs or BSA.
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Figure 5.3: Binding and Cross-reactivity Behavior of GSH43¢

Binding behavior of GSH43¢ in A) phage ELISA assay showing that with an increasing
concentration of phage, significantly more binding (*p<0.05) of GSH43¢ to GSH-QDs
occurs when detected using TMB substrate at 450 nm, compared to negative control
Npepd and GSH43¢ interacting with wells containing BSA alone (no QDs). Values are
average of three independent experiments and error bars represent SEM. B) Cross-
reactivity to QDs with different surface coatings measured using a plate titer assay has
been shown in red bars. GSH43¢ binds GSH-QDs and exhibits cross-reactivity to Inv-
QDs and PEI QDs. Negligible binding was observed using a centrifugation titer assay to
Au NPs and CNTs (blue bars). Error bars are (number of colonies)!/2.
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to the wells coated with BSA, the presence of QDs on the plate before and after the
washing steps (7 TBST washes, 1 water wash) could be verified using a UVR lamp
source. For this reason, none of the NPs described above except QDs were tested to
assess GSH43¢ cross-reactivity using this method obtained from literature!™, but were
instead tested using a centrifugation titer assay. The GSH43¢ did not bind CNTs or Au
NPs (20 nm) as observed through a centrifugation titer assay consistent with GSH43-scFv
behavior as described in Chapter 3.

5.3.3.2 GSH43¢ recognition of epitopes on QDs

In order to gain a better idea about the mechanism of recognition of GSH-QDs by the
GSHA43 clone, whether core/shell or surface coating, we used commercially available pre-
blocked, GSH-coated polystyrene well-strips to test binding to GSH43¢. A phage ELISA
assay with GSH43¢ along with phages not displaying an antibody incubated in a series of
dilutions was used. Results showed that GSH43¢ bound GSH-coated wells ~8-fold over
background binding of empty vector phages which was significant up to three dilution
ranges (Figure 5.4, student’s unpaired t-test, p<0.015). This suggests that GSH was
indeed recognized by the GSH43 clone and is potentially a mechanism by which
GSH43¢ bind GSH-QDs. This was further confirmed by panning of GSH43¢ on GSH-
coated well strips in a plate titer assay, where GSH43¢ bound GSH-coated wells above
background (almost negligible) binding of empty vector phages (Appendix D, Figure

D7).
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Figure 5.4: GSH43¢ Binding GSH

Plot showing binding of GSH43¢ to GSH-coated wells in a phage
ELISA assay. GSH43¢ binds GSH (green bars) significantly over
background binding exhibited by negative control phage (blue bars).
A student’s unpaired t-test was used to determine significance,
**p<0.01, *p=0.01. Data plotted are average of two independent
experiments and error bars represent SEM.
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5.3.3.3 HS2, 3, 4¢ cross-reactivity

HS3¢ as a representative clone from this set of binders discovered against GSH-QDs was
selected for testing cross-reactivity to other NPs including CNTs, Au (20 nm), TiO»,
DHLA- QDs, PEG-QDs and Inv-QDs using the centrifugation titer assay. We found that
the clone exhibited a ~100-fold more binding (Appendix D, Figure D8) to all NPs except
CNTs (~10-fold) compared to a negative control clone included in each panning
experiment (IL-12¢, LF¢). Further studies were not pursued with these clones due to the
unexpected high cross-reactive binding observed to almost all NPs tested. The clones
were also found not to bind or recognize GSH-coated wells strips when tested using a

phage ELISA assay.

5.3.4 Additional Binders to TiO2 NPs

Upon screening 16 additional colonies after round 4 of panning on TiO, NPs using BstN1
fingerprinting, two additional clones were found to be abundant as indicated by pattern
repeats (Appendix D, Figure D9). The clones designated Ti6 and Til5 were found to bind
TiO, NPs ~130-fold more than negative control clones tested alongside. Ti6 was chosen
for further studies as the clone exhibited negligible cross-reactivity to Au powder
compared to Til5 clone (Appendix D, Figure D10), which exhibited high cross-reactivity
comparable to the binder isolated against Au powder (positive control) described
elsewherel*®. The amino acid sequence of Ti6 clone is shown in Appendix D, Table D2.
Phage clones Ti6 and Ti49 were also tested with TiO, NPs varying in compositions and

obtained from different vendors (Appendix D, Figure D11) than the original TiO, NPs
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(Evonik/Degussa, 80% anatase and 20% rutile crystal, ~21 nm primary particle size) used
as a target to obtain these clones. These include TiO, NPs with 1% manganese as dopant
(TiO2-Mn, nanopowder, <100 nm size, Sigma Aldrich Inc.), TiO, NPs composed of
100% anatase form (TiO,-A NPs, ~32 nm, Alfa Aesar, Cat. number 39953) and TiO, NPs
composed of 100% rutile form (TiO2-R NPs, DuPont, Cat. number R101). Figure 5.5A
shows results from panning on these particles using a centrifugation titer assay where
Ti6¢p and Ti49¢ bound the original target TiO, NPs (anatase+rutile) and TiO,-Mn NPs
~400 and 150-fold respectively. Interestingly, both Ti6¢ and Ti49¢ bound TiO,-R NPs 3
and 4-fold more, and bound TiO,-A NPs ~1.5-fold than the original target TiO, NPs
(anatase+rutile) themselves. While the reason for the differences in binding intensity is
not fully understood, the clones were found to universally bind the TiO, NPs tested in
this thesis.

Ti49¢ cross-reactivity

Ti49¢ was tested with Au particles in a powder form, Au NP (20 nm) and CNTs using a
centrifugation titer assay (blue bars). Figure 5.5B shows that Ti49¢ did not bind Au
powder (100-fold less binding compared to the binder (VHH clone) included as a positive
control in the experiment. Moreover, Ti49¢ did not exhibit cross-reactivity to NPs or
CNTs. When tested using a centrifugation titer assay, Ti49¢ bound GSH-QDs more than
background levels (Appendix D, Figure D12A). To ensure minimizing any artifacts due
to the high speeds used in ultracentrifugation to pellet GSH-QDs, a plate titer assay
(Figure 5.5B, red bar) was used where the QDs were immobilized using 2% BSA coated

onto polystyrene plates. It was found that Ti49¢ only exhibited background levels (App-
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endix D, Figure D12B) of binding to GSH-QDs comparable to an arbitrary negative
control clone from the library using this assay. The apparent binding as seen in the
centrifugation titer assay, therefore, could indeed be concluded to be an artifact of

ultracentrifugation.

5.3.5 Other Enrichment Protocols using GSH-QDs as Targets

As described in this Chapter 3 and this chapter, the low signal to noise ratio with GSH43
clone exhibited through various assays and the high background levels of phage binding
observed during the panning process using centrifugation led us to consider
immobilization of GSH-QDs as a target polystyrene well plates. As described above and
using a procedure outlined by Mardyani et al.,'** various proteins including gelatin, BSA,
human serum albumin (HSA), lactoferrin (LF) and ovalbumin (OVA) were used to
immobilize QDs. Presence of QDs post- immobilization and removal of excess QDs was
confirmed using a hand-held UVR lamp source prior to addition of phage for enrichment.

In the first enrichment, gelatin was used to immobilize GSH-QDs for the first two
rounds of panning after which collagen was used to coat the wells for round 3 and 4.
Upon performing a BstN1 fingerprinting (Appendix D, Figure D13A), we found 1
dominant clone (Clone 13) and 4 unique clones. A phage ELISA with the individual
phage stocks for each clone prepared was used to verify binding to GSH-QDs coated on
gelatin, collagen and cross-reactivity to gelatin and collagen-coated wells alone (no QD).
Results showed that all the five clones were cross-reactive to gelatin and collagen and no
specific binding to GSH-QDs coated in the wells above the background binding could be

discerned (Appendix D, Figure D13B). This could be due to potential enrichment of bin-
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Figure 5.5: Binding and Cross-reactivity of Ti49¢ and Ti6¢

Binding of Ti49¢ and Ti6¢ to different TiO, NPs varying in composition and source and cross-
reactivity of Ti49¢ to other NPs. A) Using a centrifugation titer assay, Ti49¢ and Ti6¢ was found
to bind TiO2-Mn (Sigma Aldrich Inc.) similar to TiO2 NPs (Evonik, P25) with Ti6¢ having a
greater affinity (~2.6-fold) to TiO2 NPs. Both phage clones bound TiO,-R higher (Ti49¢ by 3-fold
and Ti6¢ by 4-fold), and bound TiOz-A by ~1.5-fold more than the other TiO, NPs. B) Results
from centrifugation and plate titer assays to examine Ti49¢ cross-reactivity binding to similar
and dissimilar materials. Results from the centrifugation titer assay (blue bars) indicates that
Ti49¢ binds TiO2 and TiO, NPs from a secondary vendor (TiO,-Mn) but minimal binding is
observed to dissimilar materials including Au-powder particles, 20 nm Au (Au20), and CNTs.
Using the plate titer assay (red bar), Ti49¢ bound GSH-QDs at background levels. Colonies on
the agar plates were counted manually and values plotted on the y-axis. Error bars are the
(number of colonies)”-.
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ders recognizing gelatin from round 1, thereby masking the enrichment of clones
recognizing GSH-QDs since collagen and gelatin are similar proteins. Upon using a
different protein in the second and third rounds, namely BSA, and using centrifugation to
separate bound phage to NPs and unbound phages in the fourth round, we found that
analyzing 16 random colonies picked from round 4 did not show evidence of enrichment
in the form of pattern repeats as observed in the initial panning on GSH-QDs in solution.
In contrast to literature reports™™!, our attempts to enrich additional binders by panning on
immobilized GSH-QDs on gelatin or BSA only yielded off-target clones (i.e. clones
which did not specifically recognize GSH-QDs) (Appendix D, Table D3).

An attempt was made to eliminate generation of off-target clones during panning
by using a different protein for QD immobilization in each round. The chosen proteins
were LF for the round 1, followed by OVA for round 2 and HSA for round 3. A control
well with only LF and no QDs was included in order to identify binding over background
and no evidence of enrichment was observed in the case of wells containing GSH-QDs
immobilized to LF. Additionally, a subtraction strategy™®?! used to pre-clear non-
specifically binding phages, such as phage binding to capture proteins or components in
the panning system other than the target itself, was employed in order to eliminate phages
binding the above-mentioned capture proteins used to immobilize GSH-QDs. In this
attempt, the phage library was first panned on BSA coated plates, after which the
unbound phages were transferred to wells immobilized with GSH-QDs (100 nM) coated
on BSA. Three rounds of panning were performed using this method; however, no

evidence of enrichment or binding above background levels (wells coated with BSA
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alone) was observed. While two clones were identified in the form of pattern repeats out
of 16 random colonies picked in a BstN1 fingerprinting, both the phage clones were
found to bind BSA, and were therefore unable to recognize GSH-QDs specifically.
Additionally, no evidence of enrichment was found upon performing panning on GSH-

coated wells (Appendix D, Table D3).

5.3.6 Panning on GSH-QDs with a Chain Shuffled Phage Library

Since our efforts to discover a QD binder with improved enrichment over GSH43 using
various immobilized QD panning protocols failed, we next tried panning on a chain
shuffled library. A library was formed with the intact heavy chain of GSH43 clone paired
with all the light chains and used for these experiments (swap-L phage library). While no
obvious evidence of enrichment was observed in the case of GSH-QDs immobilized on a
different protein (BSA, LF or OVA) in each round, a moderate enrichment was observed
when a centrifugation technique similar to the one used to discover GSH43 initially, was
used. Although a visible difference in binding over the existing GSH43 clone was not
observed, two groups of clones (Figure 5.6, red and yellow boxes) with slight light chain
differences in the amino acid sequence (Appendix D, TableD4) were identified using
pattern repeats on a BstN1 fingerprinting as an evidence of clonal enrichment. While this
proves that the best specific binder from the original library is indeed the Vy-V pair in
GSHA43 clone, further studies would be necessary to analyze and characterize the newly

identified clones using the swap-L library.
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Figure 5.6: BstN1 Fingerprinting After Round 4 of Swap-L Panning on GSH-QDs

BstN1 fingerprinting analysis of 12 randomly picked colonies showing unique scFv patterns. Two
groups of clones were observed (red and yellow boxes) enriched although slightly different in light
chains.
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5.4 Conclusions

Binders to GSH-QDs other than GSH43 clone were identified (HS2, 3, 4) using salt
precipitation of NPs, thereby allowing for the use of lower speeds during
ultracentrifugation in the panning process. The binders obtained were able to detect QDs
in vitro and in a biological milieu, the high cross-reactivity to almost all NPs tested and
the inability of these binders (phage format) to bind immobilized GSH-QDs and GSH led
us to not pursue further studies with these clones. Although the GSH43 clone exhibited
mild cross-reactivity to certain silica NPs and TiO, NPs, GSH43¢ bound GSH-QDs
whether immobilized or in solution, and GSH-coated plates. The clone binds 10-fold
above background to GSH-QDs, and this was not further improved using the chain-
shuffling experiments indicating that this clone potentially is the best binder to GSH-QDs
from the phage library used in this thesis. Different protocols based on literature reports
were used to perform panning by immobilizing the target, which is the widely accepted
mode in phage display. However, none of the enrichments evidenced a potential binder
with binding ability of more than 10-fold over background, demonstrating the success of
the novel solution-phase panning method in the identification of a binder. Binders to TiO;
NPs, namely Ti6 and Ti49, did not show any cross-reactivity to Au powder, similar in
morphology to TiO,, and bound universally all the TiO, NPs varying in composition

tested in this thesis with low cross-reactivity to dissimilar materials.
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Chapter 6

Isolation of Binders to Carbon-Based
Nanomaterials
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6.1 Introduction

The use of carbon nanomaterials (CNMs), particularly carbon nanotubes (CNTs) and
their potential application in biomedical applications™? and electronics is increasing™
owing to their fascinating mechanical, thermal and electrical propertiesi. CNMs include
both fullerenes (spherical carbon NPs) and CNTs. While the worldwide CNT production
capacity has increased at least 10-fold since 2006, fullerenes are also being increasingly
used in a number of cosmetic products such as anti-aging creams!®”.. CNTs are cylinders
composed of one or more layers of graphene (single wall, SWCNTs or multi-wall,
MWCNTSs) with open or closed ends'®. Their diameters typically range from 0.8-2 nm
for SWCNTSs, and 5-20 nm for MWCNTSs. CNTs lengths range from less than 100 nm to
several centimeters, spanning both molecular and macroscopic scales®. With the
widespread use of CNTs in various applications including biotechnology-related use in
ink-jet printed test strips for estrogen and progesterone detection, microarrays for DNA
and protein detection® and in vivo cargo delivery to name a few!:*'!) | the concern for
human contact to CNMs and associated pulmonary toxicity!*? has grown including
chronic occupational exposures™. Most studies used high doses of CNTs to examine
dermal exposure; however, low dose exposure of both SWCNTs and MWCNTS in guinea
pigs caused skin irritation™. Therefore, the breadth of CNT toxicity studies in the case
of dermal exposures is minimal and is also further hampered by the use of varying doses,
sizes and functional group modifications, which makes comparison of published data
difficult. Additionally, the analytical techniques used in the detection of CNTs in

biological samples and environment including SEM, TEM and Raman spectroscopy are
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limited in their ability to detect trace quantities of CNTs in a sample™. While Raman
spectroscopy is limited in its ability to detect trace quantities of CNTs in a macroscopic
sample, SEM and TEM can be successful only if the CNTs are visible on the exterior
surfaces or surfaces of cross-sections and suffer from low contrast!*®!. These techniques,
therefore, are prone to false negatives, i.e. lack of detection does not imply absence of
CNTsM, Previously published studies have identified a monoclonal antibody
against the fullerene Cgp that has been shown to bind CNTs with some selectivity!"],
Specifically, binding peptides for CNTs have also been discovered that may allow for
new ways of manipulating, sorting, separating and dispersing CNTs!*®, and acting as
specific markers.

In this chapter, a strategy employing three different targets in order to identify a
scFv to bind non-fluorescent carbon-based NPs using phage display technology will be
discussed. Upon successful identification, CNTs can be detected using standard IHC and
microscopic techniques in biological samples and in the environment, and used as a tool
kit in conjuncture with existing analytical techniques. We employed three different
CNMs namely MWCNTSs, CNpaper (Bucky paper™) and SWCNTSs, where the targets

were exposed to a phage display library in order to attempt to find a binder with universal

binding and cross-reactivity properties to different CNMs.
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6.2 Materials and Methods

Carbon-based Nanoparticles

Three different types of carbon-based materials were used for panning namely
carboxylated MWCNTs (MWSusp-100, Nano-Labs, Inc.), CN bucky paper (CNpaper,
Buckypaper™, diameter 40 mm, Nano-Labs Inc.) and carboxylated SWCNTs (Nano-
Labs Inc., diameter=1.5 nm, length= 1-5 pm). MWCNTs and SWCNTSs were tested for
pellet formation in TBS using centrifugation and the speeds were optimized for panning

with phage library. All other materials and procedures used were as outlined in Chapter 2.

6.3 Results

Panning process

For MWCNTSs, 100 pL of the stock solution (1 mg/mL) in water added to 300 pL TBS
(0.2 mg/mL final concentration) and 100 pL of phage library (10*2 phages/mL in TBS
containing 0.5% casein) were mixed together with gentle agitation for 2 h at room
temperature. For the CNpaper, two small pieces (~1 mm by 1 mm each) were incubated
with the phage library (100 pL) diluted in TBS (1:5 dilution) for 2 h at room temperature
with gentle agitation. For SWCNTs, 2 mg/mL of the powder was added to the phage
library (100 pL) diluted in TBS (1:5 dilution), and incubated for 2 h at room temperature
with gentle agitation to allow for phage binding. Solutions of phages and MWCNTS, or
SWCNTs were centrifuged at 29,000 rpm (30,000 g) or 10,000 g for 10 and 5 min,

respectively, to separate the bound phage-NPs from the unbound phages (supernatant).
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Figure 6.1: BstN1 Fingerprinting Images for MWCNTs and SWCNTs

BstN1 fingerprinting analysis showing unique scFv patterns for A) 12 random
colonies picked for MWCNTSs (after round 5) and B) 16 colonies picked for SWCNTs
showing absence of pattern repeats and thereby lack of clonal enrichment (after
round 4).
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The bound phage-NP pellet was washed 5 times with TBST and once with deionized
water. For CNpaper, the solution containing unbound phages was discarded and the
papers were washed 7 times with TBST, and once with deionized water by rinsing the
pieces of paper and discarding the solution each time. All bound phages from these
materials were eluted using 200 pL of 0.1 M glycine (pH=2.2, containing 0.01% BSA)
and neutralized using 12 pL of 2 M Tris base. As described in the previous chapters, the
titer of the eluted phages was quantified by transduction of serial dilutions of the phage
into TG1 cells to ampicillin resistance and the resulting colonies were counted. Input
phage pools for the subsequent rounds were prepared, and 4 rounds of panning for each
materials was performed before analyzing for clonal enrichment using a BstN1
fingerprinting method to detect pattern repeats indicative of relative clonal abundance.
Although a slight increase in binding over background by 7-and 6-fold were observed
post round 3 with SWCNTs and CNpaper respectively, this increase was not observed
after round 4. A modest 2-2.5 fold increase above background was observed after round 5
in the case of panning on MWCNTSs. However, the BstN1 analysis, particularly for
MWCNTs and SWCNTSs, did not show any evidence of enrichment via repeating patterns
even though 12-16 colonies (Figure 6.1A, B) for each material were picked for the digest.
Since no pattern repeats indicative of relative clonal abundance were found, alternative

materials and panning methods must be investigated.
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6.4 Conclusions

This chapter deals with an attempt to discover phage binders to commercially important
and valuable materials such as MWCNTSs, Buckypaper™ and SWCNTSs using phage
display technology. Although no binders were identified from the particular phage library
used, the above-mentioned studies will serve as valuable preliminary knowledge and can
pave the way for the use of different phage libraries displaying antibodies using the
protocols described in this chapter and the thesis for carbon-based NPs. Further, more
rounds of panning (rounds 5 and 6) could be performed to observe any slight enrichment
of particular clones above the low background phage binding observed with these NPs

similar to that observed after round 3 with CNpaper and SWCNTSs.
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With the promise offered by nanotechnology-enabled consumer products and
their increasing use, human contact with NPs is inevitable. Detection of NPs in the
environment and those entering the body through skin, gastrointestinal tract and the
respiratory tract is important in order to address potential toxicological and safety
concerns. While currently available and widely used analytical tools for NP detection are
certainly useful, limitations pertaining to each of these techniques hamper their ability to
provide a clear idea of NP location, form and amount in the tissues. Various analytical
methods used for NP detection and their associated limitations have been outlined in
Chapter 1. In this thesis, | have developed scFv antibodies using phage display to
commercially important NPs such as QDs and TiO, NPs to enable detection of NPs using
conventional microscopic techniques and IHC. These novel reagents, when used in
conjunction with other existing techniques, will comprise a powerful tool kit to provide
information on both NP form and presence both in vitro and in a biological milieu.

In Chapter 2, the novel methods developed to isolate the scFvs recognizing QDs
and TiO, NPs from a library of ~2x10° unique antibodies without the need for NP
immunogenicity have been discussed. We have for the first time developed the method of
panning on NPs dispersed in solution as opposed to the conventional method of
immobilizing target antigens to isolate binding antibodies using phage display. GSH43
and Ti49 were the phage clones discovered from the library that bind GSH-QDs and TiO,
NPs ~10- and 150-fold over background, respectively, and phage titer assays and TEM

were used to demonstrate binding to these NPs.
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Chapter 3 discusses the ability of GSH43 and Ti49-scFvs to recognize GSH-QDs
and TiO, NPs respectively as shown using various custom-designed in vitro assays.
First, dot blots were used to prove that GSH43-scFvs recognized GSH-QDs specifically
and no binding to other dissimilar NPs including Au NPs and CNTs was observed.
Moreover, Ti49-scFvs did not bind GSH-QDs, Au NPs or CNTs. Since the presence of
TiO, NPs on the nitrocellulose membrane could not be verified by color, they were dried
on to glass slides and Ti49-scFv binding was verified using confocal microscopy whereas
an arbitrary clone from the library did not bind the NPs (Npep-scFv as negative control).
While these experiments do show that the antibodies developed against NPs are capable
of recognizing the respective NPs in an in vitro setting and thereby in the environment,
binding to potentially ‘transformed’ NPs in a biological milieu has been investigated and
discussed in Chapter 4.

The next chapter deals with testing the functionality of the isolated scFvs namely
GSH43 and Ti49-scFvs in their binding to GSH-QDs and TiO, NPs in a biological milieu
using an ex vivo human skin model. Both GSH-QDs and TiO, NPs could be detected
using standard IHC procedures in skin and the presence of NPs in the bluish-purple
stained areas (detection of AP-conjugated anti-FLAG antibody using BCIP/NBT
substrate) were confirmed using secondary detection procedures including LCM/AAS
and SEM/EDX. The detection of non-fluorescent NPs such as TiO, was shown using
Ti49-scFvs using cost-effective conventional microscopes, and the data presented herein
validates the preponderance of current literature, which reports TiO, NPs agglomerates to

predominantly localize in the upper layers of the SC. However, mild instances of AP
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staining were also observed below the SC in the case of application of TiO, NPs in water
and TiO,-containing sunscreen (Eucerin SPF 15). Upon using SEM to visualize presence
of NPs in these stained areas, we found structures that morphologically resemble TiO,
aggregates suggesting their possible presence in the viable skin layers. However, efforts
to detect elemental Ti (EDX) proved inconclusive due to possible low limit of detection
offered by the instrument, high sampling error and poor solubility of TiO, NPs (AAS
could not be used for elemental detection). In the QD studies, we were able to confirm
that the instances of AP staining with and without a co-localizing QD fluorescence signal
did contain elemental Cd indicating presence of QDs using LCM/AAS. Hence, it is likely
that the instances of mild AP staining in the epidermis on TiO2 treated skin (albeit less
frequent that in QD treated skin) do indeed contain NPs.

The cross-reactive binding properties of the binders to NPs other than the target
NP against which they were isolated were investigated in Chapter 5. Moreover, the
possibility of discovering binders with a greater binding ability to GSH-QDs was studied
by performing panning on QDs immobilized on various proteins. Our efforts are unique
in our approach to bio-pan on NPs dispersed in solution. Typically, phage display
requires targets to be immobilized onto a solid support by non-covalent adsorption to a
hydrophobic surface™ or by means of chemical coupling!?. Despite our attempts to
perform enrichments using gelatin to immobilize QDs on polystyrene plates as described
by Mardyani et al.,”! only clones that bound gelatin were observed. This phenomenon has
been previously reported, where often unrelated off-target clones binding other

components used for immobilization other than the target itself are enriched!™. For
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example, phage binding to components other than the target itself such as the solid phase
(plastic, plates, beads), blocking agents (BSA, casein, milk) and capturing agents
(secondary antibodies, biotin) may predominate during the rounds of enrichment!. We
also observed this in our efforts to immobilize QDs on BSA, where only clones binding
BSA were generated. Moreover, a subtraction panning strategy where QDs immobilized
on BSA were exposed to only those phages which did not bind wells coated with BSA in
a previous step, also did not show any compelling evidence of enrichment. Hence, our
novel solution-phase panning methodology helps to minimize occurrences of false
positives and favors identification of clones binding NPs themselves dispersed in
solution. While we do not fully understand the definitive mechanism of binding of the
scFvs to the NPs, data presented in this thesis suggests that shape of the NPs in solution
must be a key recognition element, as the CDRs of the antibody do not contain the
expected metal binding amino acids. It has also increasingly become evident that the
phages are exposed to transient aggregates of NPs in solution during the panning process.
The ~150-fold more binding of Ti49¢ and Ti6¢ clones to TiO, NPs observed over
background may be attributed to binding to Ti aggregates, which precipitate at a lower
centrifugal force (g force), allowing more complete separation of unbound phage. The
modest 10-fold binding of GSH43 clone to GSH-QDs observed over background may be
due to the QDs being highly dispersed in solution compared to the inherently aggregate
TiO, NPs. While we could not control the aggregation states of NPs in solution in these
experiments, future experiments could be directed towards the use of size and shape

controlled nanocrystals as targets for the panning process.
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Although the light chain shuffling experiments did not yield binders with
improved binding to QDs or significant differences in the amino acid sequence with
respect to GSH43, future work can be directed towards in vitro mutagenesis of the whole
scFv by mutagenic PCR. Further, once the critical residues for binding are identified
using an alanine scanning of the CDRs, optimization of the CDR regions can then be
done using site-directed mutagenesis. Future work could also be directed towards the use
of biotinylated NPs as targets in order to efficiently capture them on streptavidin-coated
substrates for the panning process. This will also help ensure that off-target clones do not
predominate during panning. While our efforts to date to pan against economically
important materials such as MWCNTs and SWCNTs have not yet yielded potential
binders, future efforts could be directed towards use of other forms of CNTs from
different sources as panning targets and additional libraries.

In summary, this thesis, for the first time, has described isolating scFv antibodies
that bind NPs from a phage display library with over 10° unique clones. Antibodies that
bind and recognize GSH-QDs and TiO, NPs were discovered and their binding and cross-
reactive properties towards other NPs were investigated. The scFvs were shown to
successfully recognize and bind NPs even in a biological milieu (ex vivo human skin) as
demonstrated through various proof-of-concept studies described in Chapter 4. This
methodology of isolating antibodies to NPs can be further applied to various NPs, thereby
providing an expansive tool kit that can complement other techniques to provide
important information regarding NP presence and form, whether intact or soluble ions.

The antibodies are especially useful to detect non-fluorescent NPs using common
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microscopic techniques without the need for modifying the NPs themselves in order to
render them fluorescent for ease of tracking. While, these reagents cannot quantitatively
detect NPs, this technology, when advanced further, will form a tool kit to allow for the
improvement of our NP detection abilities in the environment and various biological

systems.
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Figure A1: TEM Images of GSH-QDs and TiOz NPs in Water and TBS

Representative TEM images of GSH QDs in water and TBS showing stability of particles. TiO, NPs
exist as aggregates in water and further forms larger aggregates in TBS whereas GSH-QDs do not.
Scale bar=50 nm for GSH-QDs and 100 nm for TiO2 NPs.
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Figure A2: Titer Plate Images of GSH43¢ and Ti49¢ Binding their Targets

Centrifugation phage titer indicating high binding of phage clones to respective NP target
relative to off-target negative control IL-12 phage clone. Plate label indicates Phage
clone/NP type and the number indicates phage dilution factor. 4.01 dilution factor indicates
1:10,000 of phage diluted in TBS and 10 pL was used to TG1 cells. 3.01 dilution factor
indicates 1:1000 of phage diluted in TBS and 10 plL. was used to infect TG1 cells. A) Phage
titer colonies showing ~10-fold more enrichment of GSH43¢ on GSH-QDs compared to
negative control IL-12¢ on GSH-QDs. B) Phage titer colonies showing ~150-fold more
enrichment of Ti49¢ on TiO, NP compared to IL-12¢ on TiO2 NPs.
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Figure B1: DLS Assay to Verify GSH43-scFvs Binding GSH-QDs

Hydrodynamic diameter measurements using the Malvern Zetasizer on GSH-QDs
mixed 2 h with BiP or GSH43-scFvs, centrifuged, and re-suspended in TBS:water
(3:7). GSH43-scfv-QD conjugate shows a significant increase in hydrodynamic
diameter compared to BiP-associated QDs (p<0.05) and QDs processed in TBS
alone (p<0.01) using a one-way ANOVA test, whereas BiP-associated complexes
do not show any significance (n.s.) compared to QDs in TBS. Error bars indicate
SEM of 4 independent experiments.
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Figure B2: Binding of GSH43-scFv to Anti-FLAG-conjugated Beads

Table showing values of median intensities (red boxes) of GSH-QDs binding scFv-coated anti-
FLAG-conjugated beads analyzed using Image Stream. The median intensity of GSH-QDs
binding GSH43-scFv coated beads is ~1.5-fold more than those binding to negative control
(BiP)-scFv coated beads.
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Figure B3: Imaging of GSH-QDs Bound to Beads Using Celigo Instrument

A) ‘Beads only’ sample showing brightfield with heterogeneously sized beads (blue box) and
corresponding fluorescence field showing no presence of QDs. B) Fluorescence images
showing GSH-QD fluorescence of a single well of NT3-scFv coated beads (left) and GSH43-scFv
coated beads (right). C) Table showing average integrated intensity of images in B). GSH43-
scFv coated beads show ~2-fold more intensity than NT3-scFv coated beads.
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Figure B4: TiOz NPs immobilized on glass slide

Slides showing TiO2 NPs in water dried indicated by the black arrow (bottom) whereas control shows
no white spot (top). B) Confocal images of slide without TiO2 NPs incubated with Ti49-scFvs followed
by detection with Alexa Fluor 647-(pseudo-color green) conjugated anti-FLAG antibody. No non-

specific staining was observed. Scale bar=20 pm.
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Figure B5: Confocal Imaging Showing GSH43-scFvs Binding GSH-QDs

Representative confocal single slice images to show GSH43-scFvs binding to QDs. A) GSH-QDs coated
on a slide as seen under a UV lamp (white arrow). B) GSH43-scFvs binds GSH-QDs as detected by FITC-
conjugated anti-FLAG antibody. Merge image shows co-localization proving binding of scFvs to QDs,
whereas negative control (Npep) shows absence of FITC-conjugated anti-FLAG fluorescence and hence
no binding. Scale bar=20 pm. C) Co-localization plot obtained for ‘Merge’ image of GSH43-scFv.
Pearson’s co-localization coefficient was found to be 0.65.
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Figure C1: SEM/EDX Spectra of TiOz NPs Adhered onto Coverslips

TiO; NPs at various concentrations (0.01, 0.1 and 1 mg/mL) were dried onto
coverslips and imaged using SEM/EDX. Discernable peaks (green ellipse) indicative of
Ti presence in the EDX spectra were observed for 0.1 and 1 mg mL TiO, NP
concentration but not for the 0.01 mg/mL sample.
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Figure D1: BstN1 Fingerprinting Image for GSH-QDs (salt panning)

BstN1 fingerprinting analysis showing unique scFv patterns for GSH-QD panning
with the addition of salt to precipitate QDs at a lower speed. Green, yellow and blue
boxes represent pattern repeats for clone designated HS2, HS3 and HS4
respectively.
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HS2

QSVLTQPPSASGTPGQRVTISCSGSSSNIGSNTVNWYQQLPGTAPKLLIYSNNQRPSGVPDRFSGSKS
GTSASLAISGLQSEDEADYYCAAWDDTLNGWQFGGGTKLTVLGEGKSSGSGSESKASQVQLQQSGP
GLVKPSETLSLTCTFSGGSVRNYYWSWIRQSPGKGLEWIGYIYPRGSTNYSESTNYNPSLKSRVTISV
DTSKNQFSLKLNSVTAADTAVYYCARLVHPTRNRGMDVWGQGTTVTVSS

HS3

QSVLTQPPSVSVAPGQTARIPCGGDNIGSKSMHWYQQKPGQAPVLVVYADSDRPSGIPERFSGSNS
GNTATLTISRVEAGDEADYYCQVWDSSSDHWVFGGGTKLTVLGEGKSSGSGSESKASQVQLQQSGP
GLVKPSETLSLTCTFSGGSVRNYYWSWIRQSPGKGLEWIGYIYPRGSTNYSESTNYNPSLKSRVTISV
DTSKNQFSLKLNSVTAADTAVYYCARLVHPTRNRGMDVWGQGTLVTVSS

HS4

QSVLTQPPSMSVAPGQTARITCEGHNIGIKSVHWYQQKPGQAPVLVVYDDSDRPSGIPERFSGSNSG
NTATLTISRVEAGDEADYYCQVWDSSSDHVVFGGGTKLTVLGEGKSSGSGSESKASQVQLQQSGPG
LVKPSETLSLTCTFSGGSVRNYYWSWIRQSPGKGLEWIGYIYPRGSTNYSESTNYNPSLKSRATISV
DTSKNQFSLKLNSVTAADTAVYYCARLVHPTRNRGMDVWGQGTTVTVSS

Table D1: Amino Acid Sequences of Clones HS2,3,4 Isolated Against GSH-QDs
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Figure D2: Titer Images Showing Binding of HS2, 3, 4¢ to GSH-QDs

Plate titer images showing HS2, 3, 4¢ isolated using salt precipitation during panning, binding
100-fold more than background (IL-12¢) to GSH-QDs. Labels are of the format phage/target
NP and the number indicates dilution. 3.01 represents 1:1000 dilution of phage and 10 pL of
phage was used to infect TG1 cells.
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Figure D3: TEM Images Showing HS2,3,4¢ Binding to GSH-QDs

TEM images showing binding of HS2, 3, 4¢ to GSH-QDs whereas negative control LF¢ does not
(top). Inset in each image shows a magnified image of the area surrounded by the red boxes.
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Figure D4: Dot Blot Images Showing Binding Behavior of HS2, 3, 4-scFvs to NPs

Dot blot images with film superimposed over membrane showing negative control NT3-scFv not
binding GSH-QDs, DHLA-QDs, Inv-QDs or Au 5 nm (tannic acid coated) NPs spotted on a
nitrocellulose membrane. HS2, 3, 4-scFvs exhibit binding to GSH-QDs as indicated by the dark
chemiluminescent spot formed on the area where the NPs were spotted, but no other NPs.



Appendix D 175

Figure D5: Titer Images Showing Cross-reactivity of GSH43¢ to Other NPs

Plate titer images showing A) GSH43¢ (left) exhibiting cross-reactivity binding to magnetic
NPs whereas (IL-12¢, right) does not. B) GSH43¢ binds silica NPs (100 nm, right) compared
IL-12¢ (left). C) GSH43¢ also binds TiO, NPs (right) compared to IL-12¢ (left). Labels are of
the format phage/target NP and the number indicates dilution. 3.01 represents 1:1000
dilution of phage and 10 pL of phage was used to infect TG1 cells. 3.001 represents 1:1000
dilution of phage and 1 pL of phage was used to infect TG1 cells.
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Figure D6: Dot Blot to Test Cross-reactivity of GSH43-scFvs to Other QDs

Dot blot to verify binding of GSH43-scFvs at different concentrations to Invitrogen ITK™ 565-
QDs (Inv-QDs, 1 pL) spotted on a nitrocellulose membrane. GSH43-scFv binds Inv-QDs at 20
pg/mL and 8 pg/mL but not 5 pg/mL as discussed in Chapter 5. Red arrows detect spot
formed upon chemiluminescent detection using HRP indicative of binding to Inv-QDs.
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Figure D7: Titer Images Comparing Empty Vector Phage and GSH43¢
Binding GSH-QDs

Plate titer images showing GSH43¢ (left) exhibiting binding to GSH-QDs (~200-fold)
immobilized on BSA, whereas negative control empty phage (not displaying an antibody,
right) does not. Labels are of the format phage/target NP and the number indicates dilution.
2.01 represents 1:100 dilution of phage and 10 pL of phage was used to infect TG1 cells.
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Figure D8: Titer Images Showing Cross-reactivity of HS3¢ to QDs

Plate titer images showing A) HS3¢ (right) exhibiting binding to Au 20 nm NPs (citrated)
whereas (IL-12¢, left) does not. B) HS3¢ binds DHLA-QDs (right) compared to negative
control (left) phage. C) HS3¢ binds Inv-QDs (right) compared to negative control LF¢ (left).
Labels are of the format phage/target NP and the number indicates dilution. 3.01 represents
1:1000 dilution of phage and 10 pL of phage was used to infect TG1 cells.
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Figure D9: BstN1 Fingerprinting Image for TiOz NPs

BstN1 fingerprinting analysis showing unique scFv patterns for
TiO; panning with green arrows representing Ti6 clone and red
arrows representing Til5 clone.
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Figure D10: Titer Images Showing Cross-reactivity of Ti Phage Clones to Au Powder

Plate titer images showing A) Ti49¢ (center) exhibiting background (IL-12¢, left) levels of binding to Au
powder compared to VHH clone (right). B) Ti49¢ does not bind Au powder (right) compared to TiO, NPs
(left). Similarly C) Ti6¢ does not bind Au powder (right) compared to TiO2 NPs. However, D) Ti15¢ binds
Au powder albeit to a lesser extent than binding to TiO, NPs. Labels are of the format phage/target NP
and the number indicates dilution. 4.01 represents 1:10,000 dilution of phage and 10 pL of phage was
used to infect TG1 cells.
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Ti-6

SYELTQPPSASGTPGQRVTISCSGSSSNIGSNYVYWYQQLPGTAPKLLIYRNNQRPSGVPDRFSGSKS
GTSASLAISGLRSEDEADYYCAAWDDSLSGRVFGGGTKLTVLGEGKSSGSGSESKASEVQLVESGGG

VVQPGRSLRLSCAASGFTFSSYGMHWVRQAPGKGLEWVAVISYDGSNKYYADSVKGRFTISRDNSK
NTLYLQMNSLRAEDTAVYYCAKAHPPLLWFGEFDYWGQGTLVTVSS

Table D2: Amino Acid Sequence of Clone Ti6 Isolated Against TiO2 NPs
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Figure D11: TEM Images of TiOz NPs

TEM images showing morphology of various TiO, NPs including
anatase+rutile (P25), anatase only, rutile only and TiO2 NPs with 1% Mn
as dopant in water. Scale bar= 200, 50, 100, 50 nm respectively.
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Figure D12: Titer Images Showing Cross-reactivity of Ti49¢ to GSH-QDs

Plate titer images showing A) Ti49¢ (right) exhibiting cross-reactivity to GSH-QDs compared
to IL-12¢ exhibiting no cross-reactivity (left) when using centrifugation to pellet NPs. B)
Ti49¢ does not bind show binding to GSH-QDs upon panning on GSH-QDs immobilized on
wells coated with BSA. Labels are of the format phage/target NP and the number indicates
dilution. 3.01 represents 1:1000 dilution of phage and 10 pL of phage was used to infect TG1
cells.
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Figure D13: Enrichment on GSH-QDs Immobilized in Wells

A) BstN1 fingerprinting analysis showing pattern repeats of scFvs randomly picked after
round 4. Clones 1, 7, 8, 10 and 11 (dominant clone) were picked for further analysis for
binding using phage ELISA. B) Clones 1, 7, 8, 10, 11 were tested for binding to QDs
immobilized on gelatin and collagen along with ‘no-QD’ controls. The clones did not
selectively bind QDs alone but also bound gelatin and collagen (columns 2 and 4). Anti-Flag
M2 coated wells were used as a positive control. Phages did not bind casein.
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A QD Enrichment1 QD Enrichment1 QD Enrichment QD Enrichment 1
Round 1 Round 2 1 Round 3 Round 4
QDs on gelatin coated | QDs on gelatin coated QDs on collagen QDs on collagen coated
wells wells coated wells wells

QD Enrichment2 QD Enrichment2 QD Enrichment2 QD Enrichment 2

Round 1A Round 2A Round 3A Round 4A
QDs on gelatin QDs on BSA coated QDs in BSA coated Centrifugation (QDs
coated wells wells wells dispersed in solution)

QD Enrichment 3 QD Enrichment3 QD Enrichment 3

Round 1 Round 2 Round 3
QDs on lactoferrin QDs ovalbumin coated | QDs on human serum
coated wells wells albumin coated wells

QD Enrichment 4 QD Enrichment4 QD Enrichment 4

Round 1 Round 2 Round 3
= BSA coated wells = BSA coated wells = BSA coated wells
= (QDsonBSA = (QDsonBSA = (QDsonBSA

QD Enrichment 5 QD Enrichment 5

Round 1 Round 2
GSH coated wells QDs on BSA coated
wells

Table D3: Alternative Enrichment Strategies on GSH-QDs

A) Table showing 4 rounds of panning on QDs immobilized on gelatin and collagen. B) A mixed
strategy including different proteins and panning on dispersed QDs in solution. C) Three rounds
of panning using different proteins at each round for QD immobilization. D) Subtraction
panning strategy where unbound phages from BSA-coated wells were transferred to wells
containing QDs immobilized on BSA. E) A mixed strategy where the first round was panning on
GSH-coated wells (no QDs) and the second round on QDs immobilized using BSA.
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SWAP4-5

QSVLTQPPSASGTPGQRVTISCSGDTSNIGSNSVNWYQQFPGTAPKLLIYSNNQRPSGVPDRFSGSK
SGTSASLAISGLQSEDEADYYCATWDDRLNGWVFGGGTKLTVLG
EGKSSGSGSESKASQVQLQSGAEVKKPGASVKVSCKASGYTFNTHGFSWVRQAPGQGLEWMGWIS
ASNGNTKYPQNLQGRVTMTVDTFTTTAYLELRSLRSDDTAVYYCVRDRTDYYVPGTFDPLYGPFD
YWGQGTLVTVSS

SWAP4-6

QPVLTQPPSASGTPGQRVTISCSGSDSNIGSNTVNWYQQVPGTAPKLLIYSNTQRPSGVPDRFSGSK
SGTSASLAIRGLQSEDEADYYCAAWDDRLNGWVFGGGTKLTVLG
EGKSSGSGSESKASQVQLQSGAEVKKPGASVKVSCKASGYTFNTHGFSWVRQAPGQGLEWMGWIS
ASNGNTKYPQNLQGRVTMTVDTFTTTAYLELRSLRSDDTAVYYCVRDRTDYYVPGTFDPLYGPFD
YWGQGTLVTVSS

SWAP4-8

QAVLTQPPSASGTPGQRVTISCSGSSSNIGSNTVSWYQQLPGTAPKLLIYSNNQRPSGVPDRFSGSKS
GTSASLAISGLQSEDEADYYCAAWDDSLNGHWVFGGGTKLTVLG
EGKSSGSGSESKASQVQLQSGAEVKKPGASVKVSCKASGYTFNTHGFSWVRQAPGQGLEWMGWIS
ASNGNTKYPQNLQGRVTMTVDTFTTTAYLELRSLRSDDTAVYYCVRDRTDYYVPGTFDPLYGPFD
YWGQGTLVTVSS

SWAP4-11

QPVLTQPPSASGTPGQRVTISCSGSSSNIGSNTVNWYQQLPGTAPKLLIYSNNQRPSGVPDRFSGSK
SGTSASLAISGLQSEDEADYYCAAWDDSLNGHWVFGGGTKLTVLG
EGKSSGSGSESKASQVQLQSGAEVKKPGASVKVSCKASGYTFNTHGFSWVRQAPGQGLEWMGWIS
ASNGNTKYPQNLQGRVTMTVDTFTTTAYLELRSLRSDDTAVYYCVRDRTDYYVPGTFDPLYGPFD
YWGQGTLVTVSS

GSH4-3

LPVLTQPPSASGSPGQRVTISCSGSSSNIGSNTVNWYQQLPGTAPKLLIYSNNQRPSGVPDRFSGSKS
GTSASLAISGLRSEDEADYYCAAWDDSLNGWVFGGGTKLTVLG
EGKSSGSGSESKASQVQLQSGAEVKKPGASVKVSCKASGYTFNTHGFSWVRQAPGQGLEWMGWIS
ASNGNTKYPQNLQGRVTMTVDTFTTTAYLELRSLRSDDTAVYYCVRDRTDYYVPGTFDPLYGPFD
YWGQGTLVTVSS

Table D4: Amino Acid Sequences of Swap-L clones Isolated Against GSH-QDs

Light chain and heavy chain amino acid sequences of the various swap-L clones identified based
on the pattern repeats from BstN1 fingerprinting showing slight variations from the light chain of
original clone GSH43.
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