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Abstract
Nanoparticle Conjugates and Materials through Manipulating Surface Chemistry

by
Victor R. Mann

Doctor of Philosophy in Chemistry
University of California, Berkeley

Doctor Bruce E. Cohen, Co-Chair
Professor Evan W. Miller, Co-Chair

Chapter 1: Functionalization of nanocrystals is essential for their practical application,
but synthesis on nanocrystal surfaces is limited by the available chemistries to introduce
new functionality and create conjugated materials. Applications such as the development
of imaging probes and hybrid materials require new methods for conjugating and
interfacing nanoparticles with biological systems. The introductory chapter will present
relevant background on the types of nanocrystals used in this work as well as the state
and drawbacks of current nanocrystal functionalization techniques.

Chapter 2: As a basis for surface modification, the development of polymer
encapsulation techniques was investigated to enable phase transfer to aqueous dispersions
and to display reactive functional groups at the interface. Use of this encapsulation
procedure allows for reproducible and tunable surface composition for a variety of
chemistries and further modifications. Modifications can be used to display different
functional groups on the nanoparticle surface for conjugation or to modulate physical
properties.

Chapter 3: One surface conjugation strategy is the use of copper-catalyzed azide-alkyne
cycloaddition (CuAAC). It is among the most popular methods for ligating molecules to
surfaces, but as Cu(I) ions quickly and irreversibly quench semiconductor quantum dot
(QD) fluorescence, development of this chemistry has been largely useless for QDs. A
combinatorial fluorescence assay was developed to screen for non-quenching synthetic
conditions for CuAAC on QD surfaces, and we identified conditions for complete
coupling without significant quenching. Using these findings, I synthesized unquenched
QD-peptidyl toxin conjugates and imaged their specific and voltage-dependent affinity
for potassium channels in live cells.

Chapter 4: The use of the split domain SpyTag/SpyCatcher system forms the basis for
another facet of conjugate design that can incorporate biomolecules through a small



engineered peptide tag. This peptide-protein pair is a genetically-encodable tool to
incorporate specific, covalent interactions between the two components which can be
included in separate materials. The reaction is traceless and agnostic to a wide range of
reaction conditions, integrating a degree of modularity into our systems. With this linkage
as a design rule, we generate stable biomolecule conjugates as probes for imaging and as
the basis for higher order structures.

Chapter 5: Self-assembly offers a scalable and reproducible bottom-up approach to
fabricate patterned nanomaterials, but they have been limited in their ability to combine
high conjugation yields with programmability. We employed protein engineering to
modify the bacterial S-layer proteins SbsB and RsaA to create biomolecular scaffolds for
the controlled deposition of multiple types of nanoparticles. Using the isopeptide bond-
forming SpyCatcher conjugation, we have enabled dense coverage of a wide range of
nanoparticles on the free-floating SbsB lattice including gold nanoparticles (Au NPs),
quantum dots (QDs) and upconverting nanoparticles (UCNPs). Using orthogonal
conjugation strategies, we created arrays with Au NP-QD pairings that conferred
plasmonic enhancement of QD radiative decay. In addition to purified sheets, we show
that SpyCatcher ligation of QDs to cell surface RsaA proteins produces crosslinking into
an extended 3D cellular network. Confocal and atomic force microscopies demonstrate a
dense and ordered layer of QDs on the cell surface, while mechanical analysis of the
supracellular material demonstrates a >30-fold enhancement of storage modulus. The
modularity inherent to the design tolerates changes to the nanocrystal composition and
permits regeneration of the material after damage.

Chapter 6: While the applications of nanoparticle conjugates are varied, they all stem
from the central need for methods that extend the reach of synthetic chemistry on the
nanocrystal surface. Development of these techniques allows the creation of hybrid
materials of one or more nanocrystal types interacting with proteinaceous and cellular
biomaterials. I recapitulate these findings to describe the current state of the art and the
future of the nanocrystal chemistry field.
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1 | Introduction



Colloidal nanocrystals have been a topic of great research interest for some time
due to their emergent physical properties and the design capabilities of materials at the
nanoscale.!” Depending on the composition, these nanoparticles may exhibit strong
fluorescent, luminescent, magnetic, plasmonic, or other properties due to the inherent or
induced physics of the material.*® However, due to their small size and therefore large
surface to volume ratio, the interaction of these devices with their environment dominates
both the colloidal properties and the utility of nanocrystalline materials. Appropriate
surface functionalization is essential for control of downstream applications like self-
assembly or targeted delivery.!®1? Precise control over the surface chemistry of
nanoparticles allows for the rational design of complex and hierarchical materials driven
by surface interactions.

Nanoparticles synthesized from solution typically have surfactant ligands that
coordinate the nanocrystal surface during growth, which stabilize them against
aggregation and play important roles in determining the reaction rate and the final size
and shape of the crystals (Figure 1.1a).!31> These native ligands are often maintained
through the purification process and are used to aid in dispersion of the nanoparticles in a
storage solvent. However, the coverage of these ligands is not uniform across the
nanocrystal — there is a dynamic equilibrium of ligands on and off the surface,'®!® and
certain crystal facets will more tightly coordinate ligands than others (Figure 1.1b).1%2° A
common method of both modification of the surface as well as phase transfer is to
exchange the native ligand for another surface-coordinating ligand. This is especially
common in which the incoming ligand coordinates more strongly to the surface.?!** For
example, weakly bound citrate on gold nanoparticles may be exchanged for thiol
ligands,>*2® and this principle is often employed on other types of nanocrystals as
well.>1*7"2% In this work, two main types of nanocrystals are explored for applications as
imaging probes and as components for hybrid materials: semiconductor quantum dots
and upconverting nanoparticles, which require retention of the native ligands for their
effective use.!42122:30-32
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Figure 1.1 Nanoparticle surface ligands determine material properties. (a) Ligand coordination
confers colloidal stability, but also dictates reaction rate and properties like final nanoparticle size

during synthesis. (b) Many ligands will preferentially coordinate one crystal facet over another,
leading to anisotropic growth along certain axes.



Semiconductor quantum dot nanocrystals (QDs) have an exceptional property
wherein the physical size of the crystals can be reduced until an exciton is confined to a
space smaller than the Bohr radius of the material, which causes the nanocrystal energy
levels to become discrete compared to the continuum energy levels observed in bulk
materials.>>3* This quantum confinement phenomenon results in a tunable energy gap,
the bandgap, between the highest occupied energy level and the lowest unoccupied level.
In most cases, the higher levels are pseudocontinuous such that the nanoparticles have
broadband absorption of light higher energy than the bandgap. This is in contrast to their
narrow emission bands from relaxation back across the bandgap due to phonon relaxation
to the conduction band edge (Figure 1.2a).>* Because of this disparity, QDs have high
extinction coefficients in the UV or at bluer visible wavelengths with a large Stokes shift
to their corresponding emission (Figure 1.2b). This large shift allows for multiple
fluorophores to be excited simultaneously under the same excitation wavelength for
facile multicomponent imaging. Tuning of the emission peak can be performed by
adjusting the confinement through the size of the nanocrystal, but also through changes in
material composition and shell type or thickness. These distinctive properties make QDs
interesting candidates for research in many different fields from photovoltaics to biology.
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Figure 1.2 Broadband absorption and narrow emission of QDs. (a) Energy diagram for a QD
system. Absorption events (purple, blue, green) need only be higher energy than the bandgap to
excite the QD. Following fast phonon relaxation (black) to the conduction band edge,
fluorescence emission (red) has a narrow distribution around the bandgap energy. (b) Spectral
representation of data shown in (a), showing broad absorbance (dashed) and a narrow emission

peak (solid).

QDs are particularly attractive to us as outstanding probes for light microscopy,
with their exceptionally high photostability, large optical cross-sections, broadband
excitation and large Stokes shifts, and demonstrated uses in multiplexed and single
molecule experiments."'®!* Like other hydrophobic nanocrystals, though, they must be
transferred to water and their surfaces functionalized to have any utility as imaging
probes or biosensors.**> While a number of ligand exchange and further bioconjugation



reactions have been adapted for QDs,*¢ others have been found to destroy the
exceptional optical properties of the nanocrystal.***! Other strategies, such as overcoating
the nanocrystals in a shell of amorphous silica*** or coating in high molecular weight
brush polymers***’ render the final probes too large for precise biological targeting.
Broadening the scope of QD surface conjugation chemistry is essential to expand the
reach of QDs for imaging applications. There is also an increasing interest in the
development of nanotheranostics platforms for simultaneous sensing, imaging, and
therapy using nanoscale probes. QDs have great potential for such applications, with a
variety of results published in the fields of sensing, drug delivery, and biomedical

imaging, but uniform targeting of QDs within biological systems is still a challenge.!-3>*!

Likewise, luminescent lanthanide-doped upconverting nanoparticles (UCNPs)
hold enormous promise as imaging probes for their nonblinking, nonbleaching, and zero
background due to the anti-Stokes shift of the upconverted emission.”*® Upconversion is
the process of sequential absorption of two lower energy photons that results in the
emission of a single higher energy photon upon relaxation (Figure 1.3a). Since the
excitation wavelength for these materials is often in the near infrared (NIR) region, they
also have the potential for deep penetration tissue imaging due to the decreased tissue
absorbance and scattering (Figure 1.3b).4”*® As the excited state lifetime for the
lanthanides is long, on the order of micro- to milliseconds, the energy is prone to
migration to the surface of the nanocrystal and can be dissipated through interaction with
vibrational modes of surface-associated oleate and nearby water molecules.?!*%4
Removal or exchange of the surface carboxylate ligands is common,>® but leaves much of
the nanocrystal surface available for this dissipation process through solvent interaction.
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Figure 1.3 Upconverting nanoparticles operate in an optical window for tissue imaging. (a)
A simplified schematic of the upconversion process. Yb** ions absorb NIR light (maroon) and
sequentially transfer energy to Er’* ions (blue). Phonon relaxation (solid black) yields anti-Stokes
shifted emission from the Er*" (red, yellow, green) into the visible spectrum. (b) Total attenuation
(absorption and scattering) in common tissues™ is minimized at NIR wavelengths, allowing
deeper imaging and excitation into tissue.



UCNPs offer an additional challenge in designing purification and conjugation
techniques, as there is no visual indication of the nanocrystals in dispersion (no visible
light absorption) and no measurement of nanoparticle concentration once they have been
transferred to an aqueous dispersion. Our manipulations and methods must be careful to
be high fidelity and not alter the starting concentration significantly through losses in the
procedure. This is a much higher standard than for QDs, for example, wherein we could
simply measure the concentration afterwards regardless if nanocrystals have been lost in
the process to aggregation. Having this extra constraint leads us to create methods that
are necessarily gentler and robust to changes in the exact components so that we can
maximize nanocrystal dispersibility and recovery.

For both of these model systems, it is the material properties that determine the
utility of the nanoparticle for an application, but the majority of a nanocrystal’s
interaction in a system comes from its surface. Oftentimes it is necessary to isolate the
nanoparticle surface from the environment so as not to disrupt these material properties.
However, the surface is also the only way to introduce functionality to the nanoparticles
in order to form more complex structures. There have been numerous methods developed
for bioconjugation of nanocrystals to biomolecules,*** but most of them fall short on
some facet of design. The biotin-streptavidin system, while widely used and high affinity,
does not form a permanent covalent linkage and suffers from a dramatic size increase to
the nanocrystal that can hinder precise labeling and tracking in living systems.**®>2 This
same limitation applies to full IgG antibody-nanoparticle constructs, where the addition
of 150 kDa proteins can double or triple the effective size of a nanocrystal probe, and
antibody fragmentation and misorientation reduce binding efficacy (Figure 1.4).>% A
new approach to conjugation that minimizes the increases to nanocrystal size is essential.

170 nm

Figure 1.4 Size comparison of nanocrystal to biomolecule modifications. Addition of
streptavidin (blue) or IgG antibodies (red) drastically increase the hydrodynamic radius of a
nanoparticle construct.



This work will explore my efforts to use modular approaches for isolation and
passivation of nanocrystal surfaces for improved optical properties and diminished batch
variability, as well as novel ways to introduce functionality to the surface both chemically
and through compact biomolecule linkages. I use these strategies to create complex
probes of biological functions and in the design of hybrid hierarchical materials driven by
the surface interactions. These improvements vastly expand our abilities in designing and
synthesizing high-quality and multifunctional nanocrystal materials.
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2.1 Introduction

Due to the complex nature of nanocrystal surfaces, it is desirable to design
manipulations that are robust to small changes in order to mitigate the batch-to-batch
variability in synthesized conjugates. By incorporating modular design principles into
how we treat the nanocrystal surface, we create stable intermediates that can then be
differentiated into many types of final conjugates. In engineering the surface chemistry of
our nanocrystals, we accomplish this through two main avenues — polymer encapsulation
and post-encapsulation chemical modifications. These two components allow us to create
conjugates of many final forms and compositions from the same base starting material,
and the process is largely agnostic to the type and size of the nanocrystals in question.

In order to get our nanocrystals to a target in a biological system, they must first
be transferred from dispersions in organic solvent into water. It has been established that
removal or displacement of the native surface ligands after synthesis is often destructive
to the photoluminescence quantum yield.>!*?!?? Colloidal nanocrystals are often
synthesized with a metal as the terminating atom of the crystal surface (e.g. Cd for CdSe
quantum dots) in order to promote high surface coverage of metal-coordinating surface
ligands. Common ligands are comprised of a hydrophobic chain for colloidal stability in
organic solvents and a head group that coordinates to the surface, often through oxygen
atoms as in trioctylphosphine oxide or oleic acid.*>=**> When these ligands are removed,
they may remove the terminating metal atom as well, providing a surface that is less
amenable to be coated in ligands, less colloidally stable, and prone to surface traps
affecting the electronic properties and decreasing quantum yield (Figure 2.1).21:2253:54
Therefore, we must design ways to transfer nanocrystals to aqueous dispersions without
disrupting the native ligand shell.

Figure 2.1 Ligand exchange on nanocrystals may displace metal-terminated surface. Excess
ligands (L) that coordinate the surface may cause the release of a M(O,CR), complex, reducing
surface metal coverage as well as surface ligand density.
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Figure 2.2 Structures formed from amphiphilic polymers in aqueous solution. Polymers in
solution may form micelles (left) or liposomes (center) depending on the strand structure. By
interacting with the hydrophobic ligands on nanocrystals, they may form a liposome-like

structure around the nanoparticle (right).

Amphiphilic polymers are molecules with hydrophilic and hydrophobic domains,
either in blocks or distributed throughout the chain. Depending on the sequence, these
molecules can form larger ordered structures such as micelles or liposomes, through the
hydrophobic or hydrophilic interactions between adjacent polymer strands (Figure 2.2).
We exploit this capability in order to encapsulate our nanocrystals within a liposome-like
structure wherein the hydrophobic portions of the polymer interact with the hydrophobic
ligands stabilizing the nanocrystal, and hydrophilic groups are displayed on the polymer
surface allowing the transfer into aqueous dispersions (Figure 2.2).%5°7% In addition to
the phase transfer, this also provides a hydrophobic barrier surrounding the nanocrystal
that excludes water from reaching the surface, as well as a means to further modify the
surface chemistry through reactions on the hydrophilic functional groups in the polymer.
Utilizing two main polymers, poly(acrylic acid)-co-poly(n-octylacrylamide)-co-poly(2-
aminoethylacrylamide) (PAOA)°%>%° and poly(maleic anhydride-alt-1-octadecene)
(PMAO),%>>°75% we can control surface chemistry and create conjugates for many

different types of nanocrystals (Figure 2.3).

NH,
O
8H17 H o 0
O NH
¢O2 64
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PAOA PMAO

Figure 2.3 Amphiphilic encapsulation polymer structures. PAOA is a random copolymer of
hydrophilic and hydrophobic side chains, while PMAO has alternating hydrophilic and
hydrophobic groups. Degrees of polymerization shown are approximate for the polymers used.



Here, we show how use of the polymer encapsulation strategies and further
modifications create modular conjugates that are robust to changes in nanocrystal
identity, valency, and surface chemistry. The process of encapsulation is robust and
repeatable, although many of the finer details have been discovered empirically as there
are limited methods for probing the resulting modified nanocrystal surface. By creating
reproducible surfaces with a wealth of displayable chemistries, we allow for the
downstream production of high-quality nanocrystal probes and hybrid materials.
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2.2 Results and Discussion

2.2.1 Polymer encapsulation for aqueous dispersion of nanocrystals

The hydrophobic native ligands must be preserved on the surface to maintain the
nanocrystal’s luminescence properties,??>>>* so phase transfer to an aqueous dispersion is
completed through conformal deposition of an amphiphilic polymer layer around the
nanoparticles. This is first achieved as a dried film, followed by aqueous dispersion to
form the final encapsulated structure (Figure 2.4). Depending on the surface chemistry of
the nanocrystal, certain approaches must be used to avoid stripping the native ligands and
forming insoluble aggregates of nanoparticles. Each of the stages in this pipeline is
essential in some way to the final quality of the encapsulated nanocrystals.

Drying to film Aqueous Dispersal Heating Purification

I, 9 © 1=

Figure 2.4 Nanocrystal polymer encapsulation workflow. Each of the encapsulation
procedures follows the same basic steps, regardless of polymer or nanocrystal used. First, a film
of polymer and nanocrystals is generated by evaporation from chloroform. The film is redispersed
through ultrasonication and mixing in aqueous buffer and heated to homogenize the coating.
Purification to remove excess polymer yields the final encapsulated nanocrystal suspension.

Due to the amphiphilic nature of these polymers, they cannot be added directly to
the nanocrystals without aggregating in the hydrophobic solvent. Both nanoparticles and
polymer must be well-dispersed in chloroform to allow complete surface interaction
during drying (Figure 2.4). A large excess of polymer is necessary to ensure that
nanoparticles are well-separated and to avoid wrapping multiple nanocrystals together.>’
The mixture is dried slowly under nitrogen with vigorous mixing to form a homogeneous
film, and it is critical that no chloroform remains trapped in the material. When
chloroform is not completely removed prior to dispersal of the encapsulated nanocrystals
in water, several types of phase separation may occur (Figure 2.5). Each of these is
inseparable back to the starting material and cannot form a homogeneous dispersion, so
they must be discarded.
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Figure 2.5 Heterogeneity from incomplete chloroform evaporation during encapsulation.
Addition of water to films with chloroform may form emulsions (left), the nanocrystals may
partition back to the chloroform (center), or the film may reform at the chloroform-water
interface as a solid (right).

Once a dry film is obtained, it may be dispersed into a buffered solution by
intermittent ultrasonication and mixing. For PAOA encapsulation, this buffered solution
must be basic to ensure the nanoparticle surface coating of carboxylic acids remains
deprotonated for charge repulsion between nanoparticles. In the PMAO samples, the
anhydride undergoes ring opening via hydrolysis under basic conditions to form
carboxylic acids that similarly stabilize the dispersion in water (Figure 2.6). This is also
the stage that allows for further chemical reaction on PMAO via primary amines, as
discussed in the next section. Once the nanoparticles are well-dispersed by sonication, it
is likely there is extra, loosely-bound polymer on the surface due to the large excess used
and the density of the dried film. Accordingly, the encapsulated nanocrystals require
further purification before use, as these excess polymers can act as surfactants and disrupt
biomolecules in downstream applications.

H,O HO
64 E———
OH- o4
C1gHas 0
C16Ha3s
HO

Figure 2.6 Maleic anhydride ring opening in PMAO. Hydrolysis under basic conditions after
nanocrystal encapsulation yields carboxylic acid surface groups.
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Heating the nanocrystal dispersion is an easy way to satisfy several means of
improving the polymer surface layer — it increases the solubility of the polymer chains in
the buffered solution, it provides energy for disentangling and removing partially-
attached chains, and it provides thermodynamic rearrangement energy for chains to form
a more conformal coating on the surface. These processes are difficult to probe, but we
can observe visually from a sample before and after heating that the dispersion is clarified
and more stable after the procedure (Figure 2.7). This idea of forming an unbroken
polymer coating over the entire surface is very important for applications where the
nanocrystal must be fully insulated from the environment to protect its optical properties.
To this end, I have conducted a number of experiments designed to fill any breaks in the
polymer layer that may compromise its integrity.

Figure 2.7 Heat treatment clarifies aqueous nanocrystal dispersions. An aqueous dispersion
of PAOA-encapsulated CdSe/ZnS 585 nm quantum dots before (left) and after (right) incubation
at 80°C for 1 hour.

Two approaches to tackle the issue of incomplete polymer coverage are by adding
excesses of surface ligands to ensure all nanocrystal sites are coordinated or by using
additives post-encapsulation to fill any gaps that remain. These experiments were
conducted on CdSe/CdS core-shell quantum dots, which are stabilized during the
synthesis with oleic acid ligands on the surface, but may have holdover trioctylphosphine
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(TOP) or trioctylphosphine oxide (TOPO) ligands from the core synthesis (Figure
2.82).%%° In an attempt to promote higher surface coverage, excesses of each of these
ligands were added prior to the encapsulation procedure. After challenging the polymer-
coated QDs with Cu" in solution, the fluorescence was measured to see how well the
coatings prevented Cu'-induced quenching (Figure 2.8b). Additions of TOP and TOPO
on their own were mildly effective over no additives, but the combination of both
presented no increased resistance at all. The addition of a large 1 vol% excess of oleic
acid, the main surface ligand, resulted in nearly full attenuation of the Cu quenching
(Figure 2.8b). We have also noted that this addition is essential for long term storage of
the hydrophobic nanocrystals to prevent aggregation from dynamic ligand coordination
of the surface, leading to a double benefit for maintaining high quality nanocrystals.

b oleic acid trioctylphosphine trioctylphosphine oxide
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Figure 2.8 Influence of excess coordinating ligands on surface passivation. (a) Chemical
structures of coordinating ligand additives. (b) Fluorescence emission of encapsulated QDs
treated with: 1 vol% oleic acid (blue), 0.2 vol% TOP (green), 0.2 vol% TOPO (orange), both
TOP and TOPO (yellow), or no additives and no Cu (red). Each sample was subjected to a 30 sec
exposure to 50 mole equivalents of Cu*" salt.
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The second approach involves partitioning additives to the polymer coating after
encapsulation in order to fill any gaps in the layer. For this, we want amphiphilic
molecules with a hydrophobic portion or face that can insert into the ligand shell and a
hydrophilic portion that can project out to stabilize the form. I’ve selected several small
molecule and polymeric materials to put towards this goal and added them to the
encapsulated nanoparticles after purification (Figure 2.9a). Three of these — CHAPS,
cholesterol, and precomplexed zinc oleate — caused significant reductions in the
brightness of the QDs after incubation with the additives (Figure 2.9b). No precipitate or
aggregates were observed, and the mechanism of quenching is unclear in these cases.
Addition of Triton X-100 and Tween 20 do not appear to affect the QD brightness, but
also do not prevent infiltration of copper ions to the surface (Figure 2.9b).

cholesterol

O
o\/)v\vo
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HOJT/\O y O/\7;OH WHx+y+z=20

Tween 20 Triton X-100
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Oleicacid Cholesterol Zn Oleate CHAPS Triton X-100 Tween 20
i I

Figure 2.9 Influence of post-encapsulation additives on surface passivation. (a) Chemical
structures of small molecule and polymeric additives. (b) Photograph of fluorescence from
CdSe/ZnS quantum dots under UV illumination after addition and 24-hour incubation with each
of the additives.
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It seems the most effective approach has been to include an excess of oleic acid
surface ligand in the hydrophobic nanocrystal dispersion, and to use a large excess of
polymer to promote encapsulation of individual nanocrystals. However, all of these
unused reagents must be removed before further chemical modifications may be made, as
they will react to deplete the modification reagents. High-quality encapsulated
nanocrystals can be synthesized, but they must first be rigorously purified to be useful as
further building materials.

2.2.2 Purification of polymer-encapsulated nanocrystals

For the encapsulated nanocrystals to function, they must be purified of any small
molecules or unbound polymer strands. For small molecules and short polymers, like
PAOA, this is relatively simple to do by centrifugal dialysis. The large size discrepancy
between the encapsulated nanoparticles and the molecules to be removed means that the
nanoparticles may be filtered on highly porous membranes without risk of transport
through (Figure 2.10). For example, a 50 kDa filter has a pore size of approximately 5
nm, well below the size of our nanocrystals and much larger than the small molecules to
be removed. So, several washes through these filters is all that is required to fully purify
the nanocrystals.

Figure 2.10 Centrifugal dialysis enables separation of small molecules from nanocrystals. A
100 kDa pore filter showing 10 nm CdSe/CdS nanocrystals (orange, red fluorescence) retained
above the filter while buffer and small molecules pass through to the lower chamber.
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However, this approach does not work for all separations. For the PMAO polymer
encapsulation, the polymer chains are larger and have an average molecular weight of
around 25,000. Despite this, we have seen evidence from DLS and fluorescence
measurements that this polymer is not effectively removed even through 100 kDa filters
with extensive rounds of washing (Figure 2.11). This is likely due to the amphiphilic
nature of these molecules and their propensity to form supramolecular structures rather
than dissolving in aqueous solution (Figure 2.2). In the DLS distribution, there is a strong
contribution from < 1 nm material which is correlated with remaining excess polymer
(Figure 2.11a). This can even be seen visually as fluorescence (likely from the
polymerization initiator) under a handheld UV source (Figure 2.11b). The molecular
weight rating for the filter assumes a globular protein for the size comparison as opposed
to the extended linear chain or micellular structures of the amphiphilic polymer, so it is
not a good measure of if it may pass through the membrane. Attempts to remove PMAO
by traditional dialysis with membrane pore sizes as high as 600 kDa were similarly
ineffective. Rather than separate based on size, we can remove the polymer based on
density by using sucrose ultracentrifugation instead (Figure 2.12).57:60:6!
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Figure 2.11 PMAQO is not fully removed by centrifugal dialysis. (a) Dynamic light scattering
of samples of PMAO-encapsulated (blue) and POA-encapsulated UCNPs after purification by
centrifugal dialysis. (b) POA-encapsulated UCNPs under a UV light source, showing strong blue
fluorescence.
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Figure 2.12 Sucrose ultracentrifugation workflow for separation of excess polymer. (a)
Linear sucrose gradients are generated stepwise by rotary mixing at an oblique angle. (b) Sample
is added atop the gradient (10-70 wt% sucrose in buffer) and spun in an ultracentrifuge for
separation by density. (c) Once excess polymer (blue fluorescence) is separated from QDs (green
fluorescence), fractions can be taken into 96 well plates and characterized to determine exactly
where polymer and QDs reside.

The polymer is essentially a light hydrocarbon chain, while the nanocrystals are
dense semiconductor and ceramic materials. Sucrose separation relies on building a linear
gradient of sucrose solutions (e.g. 10-70 wt% sucrose in buffer) and centrifuging our
mixture within it so that the denser components travel further into the gradient than the
less dense ones. For excess PMAO separation, it largely remains at the top of the gradient
as applied, while the encapsulated nanoparticles travel some distance into the sucrose
dependent on centrifugation time, sucrose concentration, and nanocrystal size and
composition (Figure 2.12). Typical conditions use a 500 pL sample in a 12 mL tube of
10-70 wt% sucrose solution, with 90 min of centrifugation at 150,000 x g. Once the
components are separated, we can partition fractions from the tube and analyze their
optical properties to determine which fractions contain excess polymer or nanocrystals
(Figure 2.13). Fractions containing high 375 nm absorbance indicated presence of excess
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PMAO polymer, and fluorescence was used to detect QD nanocrystals (Figure 2.13).
Detection of fractions with encapsulated UCNPs required transfer to cuvettes for 980 nm
laser-induced upconversion luminescence. After pooling of fractions and bulk dialysis to
remove the sucrose, the encapsulated nanocrystals are ready for use. The encapsulated
nanoparticles may be synthesized in large batches to maintain continuity for downstream
products and can be stored under ambient conditions for a matter of months or years
without issue. This process is also general to many nanocrystal types and sizes and to any
sucrose-compatible surface chemistry, so this procedure has become a cornerstone of
most of our nanocrystal preparations.

0.6 - - 90000
L 80000
305 A 5
2 - 70000 ©
Y04 L 60000 S
c 2
3 - 50000 9
5 0.3 - v
é - 40000 S
€ 0.2 - - 30000 'c
< c
n L 20000
5 0.1 §
L 10000
0 - T T T T O
0 10 20 30 40 50
Well Number

2 -
2 1.6 -
[0}
o
& 1.2 -
2
3
2 0.8 -
£
c
n 0.4 -
~
on

O T T T

0 10 20 30
Well Number

Figure 2.13 Optical characterization of sucrose ultracentrifugation fractions. (a)
Absorbance at 375 nm (blue) and fluorescence emission at 560 nm (orange) for fractions from
PMAO encapsulation of CdSe/CdS QDs purified by a 15-45 wt% sucrose gradient. (b) 375 nm
absorbance for fractions from PMAO encapsulation of 24 nm diameter UCNPs purified by a 10-
70 wt% sucrose gradient.
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2.2.3 Chemical functionalization of polymer-displayed groups

Once the nanocrystals have been transferred from organic dispersions into
buffered solution, the hydrophilic portions of the encapsulating polymers are exposed in
solution. Depending on the polymer used, these may be further modified as means of
linking a variety of functional groups to those now affixed to the nanocrystal. As
carbodiimide couplings have been shown to quench QD fluorescence,*® primary amines
are the group more easily available for attachment to PAOA-modified surfaces. For this,
there is a rich catalogue of available N-hydroxysuccinimidyl esters to allow facile
coupling directly or the use of heterobifunctional crosslinking molecules can introduce
orthogonal means of conjugation. For many of our applications using biomolecules,
introduction of thiol-reactive groups is essential for well-controlled assembly.

The easiest and most straightforward way is the use of a heterobifunctional
crosslinker to couple amine groups to thiols sequentially. For nanoparticles encapsulated
by PAOA polymer, there are a minority of primary amine groups on the polymer surface
(~50 for an 8 nm diameter QD) available for conjugation. There are a number of products
on the market linking a succinimidyl ester group to a maleimide, and I have found
SM(PEG)2, one linked by a 2-unit polyethyleneglycol motif, to be the most successful
(Figure 2.14). First, the succinimidyl ester reacts with the primary amines at pH 7.8 to
form a stable amide bond. Excess linker can be purified away, and a thiol is then reacted
with the maleimide group, which eventually undergoes hydrolysis to a stable thioether
(Figure 2.14).°? There are many advantages to this method: it is fast, with each coupling
step completing in under an hour; it forms stable covalent linkages, good for long term
imaging or for structural materials; it is efficient, requiring only a small excess of reagent
protein and proceeding in high yield. However, in order to tune the amine density or
introduce other functional groups, a new encapsulation polymer must first be synthesized.
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Figure 2.14 Sequential crosslinking of amine to thiol via SM(PEG)2. Both reactions proceed
under mild conditions and quick timescales, and eventual hydrolysis to the thioether prevents any
further thiol exchange.
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Use of the PMAO polymer encapsulation allows for a greater degree of flexibility
in the composition of the displayed surface groups, without requiring synthesis of a
dedicated polymer batch. The maleic anhydride group exposed at the nanocrystal surface
is reactive to primary amines and undergoes a ring opening to form an amide bond
(Figure 2.15). Like succinimidyl esters, there are a vast number of primary amines
available to tune the surface chemistry through this coupling. Among the most useful is a
NH>-PEG3-N3 molecule, which introduces an azide group to the surface (Figure 2.15).
This makes the surface capable of copper-catalyzed click reactions, and it also may be
reduced back to an amine for reactions with succinimidyl esters as above. The mixture of
primary amines chosen for the phase transfer to aqueous dispersion dictate the final
composition, with the caveat that 50% of the surface groups will be carboxylic acids from
the maleic anhydride ring opening (Figure 2.15).
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Figure 2.15 PMAO maleic anhydride reacts with primary amines for diversity in surface
chemistry. Many primary amines (such as R groups shown) will function, and mixtures can be
used to impart mixed functionality at the surface.

However, there are times we may not want an uncleavable linkage for the attached
groups. In applications like drug delivery or for stimulus responsive probes, it is
advantageous to have the design capability for a cleavage site between the nanocrystal
and its cargo. Using cysteine as the attachment site for biomolecules allows the use of
stable, but labile, disulfide bonds as well. These linkages can be formed from oxidized
thiol groups or through disulfide exchange with a sacrificial leaving group. Once placed
in a sufficiently reducing environment, the bond can be cleaved, and the two halves
disassociated. To avoid crosslinking nanoparticles to each other, I have developed two
disulfide conjugation strategies based on activated disulfides.®*®° In this way, we can
incorporate disulfide groups on the nanocrystal polymer first, and then displace a leaving
group with a desired thiol.

There are two distinct strategies to accomplish each based around the two
encapsulation polymers. For PAOA polymer, where the surface is composed of
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carboxylic acids and primary amines,>® simultaneous reaction of the amines with 2-
iminothiolane (Traut’s reagent) in the presence of 5,5’-dithiobis(2-nitrobenzoic acid)
(Ellman’s reagent) yields conversion of the amine to amidinium chloride with a disulfide
bond to nitrobenzoic acid (Figure 2.16). The Traut’s reagent forms a terminal sulthydryl
group, which immediately forms a mixed disulfide with Ellman’s reagent. With sufficient
excess of Ellman’s reagent present, crosslinking between sulthydryl groups on adjacent
nanocrystals is largely prevented. This technique preserves the positive surface charge
from the amine and its progress is easily tracked by the appearance of 412 nm absorbance
from the nitrobenzoic acid leaving group (Figure 2.16).
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Figure 2.16 Conversion of amine to activated disulfide using Traut’s and Ellman‘s
reagents. Reaction of amines displayed on nanocrystal surface with Traut’s reagent to yield
surface-displayed thiols (top). In situ conversion of surface thiols to activated disulfides in the
presence of excess Ellman’s reagent (bottom).

In using the PMAO polymer, we have a bit more flexibility in how we introduce
the activated disulfide group. Since the surface chemistry is decided by the amine
reagents added in the encapsulation step, I designed and synthesized molecules for the
incorporation of the disulfide directly. These two molecules, pyridyldisulfide-PEG-amine
(PDPA) and pyridyldisulfide-ethylamine (PDEA) both contain a primary amine, a
disulfide linker, and a pyridinethiol leaving group (Figure 2.17a). Once this group is
cleaved from a disulfide, it quickly tautomerizes to the thioamide to prevent back reaction
with other disulfides and has a trackable absorbance as well, around 343 nm (Figure
2.17b).4-6¢ Either of these molecules can be incorporated at encapsulation at < 5 mol% of
total amines to yield a surface with disulfides ready for thiol attachment. For any of the
disulfide-functionalized nanoparticles, simple overnight incubation with a cysteine-
containing protein, rigorously cleaned of any residual TCEP reducing agent, results in
high conjugation yield of protein-coated nanoparticles.
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Figure 2.17 Pyridyldisulfide reagents for conjugation to PMAO polymer. (a) Structures of
PDPA and PDEA amines for introduction of disulfides onto PMAO. (b) Absorbance of the
leaving group tautomer from disulfide exchange on these compounds is shifted from the
pyridyldisulfide starting material.
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2.3 Conclusions

Tunable control over the surface chemistry of nanocrystals is the first step
towards interfacing them with biological systems. By designing for modularity at each
stage of manipulation of the surface, we can introduce many more ways to tune the final
construct to suit an application. Through encapsulation in a high dielectric polymer
coating, we can protect the native optical properties of nanocrystals as well as introduce
reactive groups for further modification.

By using heterobifunctional crosslinking molecules or activated disulfide
attachment, we can create precise covalent linkages between the nanocrystal surface and
a wide array of cargo and biomolecules. Introduction of these functional groups expands
the possibilities for chemical reactions on nanocrystal surfaces. These methods are
agnostic to the nanoparticle size and identity and lay the groundwork for creating many
different types of conjugates in the following Chapters.
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2.4 Materials and Methods

Chemicals and materials. CdSe/ZnS nanocrystals were purchased from Ocean
Nanotech. Poly(maleic anhydride-alt-1-octadecene) (PMAO) was purchased from
Polysciences, Inc. NH2-PEG4-N3; and NH2-PEG3 were purchased from Aurum
Pharmatech. SM(PEG)2 was purchased from ThermoFisher. All other reagents and
chemicals were purchased from MilliporeSigma and used without further purification.

Synthesis of poly(acrylic acid)-co-poly(n-octylacrylamide)-co-poly(2-
aminoethylacrylamide) random amphiphilic copolymer (PAOA). Polyacrylic acid
(ca. 2000 Da, 500 mg, 0.25 mmol) and N-hydroxysuccinimide (424 mg, 3.64 mmol) were
dissolved in 20 mL of 100 mM HEPES buffer, pH 8.0. N-Boc-ethylenediamine (118 mg,
0.74 mmol) and n-octylamine (286 mg, 2.21 mmol) were dissolved in 20 mL of EtOH
and added to the PAA solution. The pH was adjusted to 7.6 with 5SM NaOH and then
EDC (1.13 g, 5.90 mmol) was added; after 1 h, the pH was re-adjusted to 7.6, and an
additional 250 mg of EDC was added. The reaction was stirred well overnight and
divided into two 50-mL centrifuge tubes. EtOH was removed in a Genevac evaporator,
causing the polymer to pellet. The pellets were each rinsed with 10 mL of 500 mM
citrate buffer, pH 4.0, and then 10 mL of water. To remove the Boc protecting groups, the
pellets were each resuspended in 5 mL of TFA with 250 uL of H,O. After 45 min, 10
mL of water was added to each tube and the volumes reduced to 5 mL by Genevac
evaporation. To each tube were added 5 mL of EtOH and 5 mL of 0.2 M NH4OAc
buffer, pH 7.0. The solutions were dialyzed (Pierce Slide-a-Lyzer, 3.5 kDa MWCO)
against 3 x 2 L of distilled water, causing much of the polymer to precipitate. The
solution within the cassette was removed, and solids present in the cassette were
dissolved with 10 mL of EtOH. These were combined and the EtOH was removed using
a Genevac evaporator. The suspension was dissolved with ca. 20 mL of 50% CH3CN,
frozen, and lyophilized to give 608 mg of white powder with a calculated average of ~9
octyl groups, 15 carboxylates, and 3 ammonium groups per polymer.

Passivation of Core-shell CdSe/CdS Nanoparticles by poly(acrylic acid)-co-poly(n-
octylacrylamide)-co-poly(2-aminoethylacrylamide) (PAOA) amphiphilic copolymer.
CdSe/CdS QD core/shells with emission maxima of 626 nm were dispersed in hexane
with 1% (v/v) oleic acid to 8 uM; CdSe/ZnS QD core/shells (Ocean Nanotech) with
emission maxima of 585 nm were diluted with hexane to 5 uM. Concentrations were
determined by first exciton absorbance. For aqueous dispersion, PAOA (20 mg, 6.25
umol, 3000-fold molar excess over QDs) was dissolved in 1 mL of MeOH and 19 mL of
CHCIs. QDs in hexane (e.g., 250 pL of 8 uM 626 nm CdSe/CdS QDs, 2.0 nmol) were
added with stirring, and the solvents were removed under a gentle stream of N> overnight.
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The dry QD/polymer residue was then resuspended in 15 mL of 200 mM sodium
bicarbonate buffer, pH 8.0. This suspension was sonicated for 30 minutes, heated in an 80
°C water bath for 60 minutes, slowly cooled in the bath to room temperature, and then
sonicated for 30 minutes. Excess polymer was removed by spin dialysis (Amicon Ultra-
15, 50 kDa MWCO), washing with 3 x 15 mL of 100 mM HEPES, pH 7.8. The retentate
was diluted to 1 mL with HEPES buffer and centrifuged at 16100 x g for 5 min to remove
residual polymer and insoluble aggregates. Aqueous QD dispersions were stored under
ambient conditions.

Passivation of QDs by poly(maleic anhydride-alt-1-octadecene) (PMAOQO)
amphiphilic copolymer. PMAO (30 mg, 1.33 umol, 16 monomer units per nm? of QD
surface) was dissolved in 1 mL of acetone and 14 mL of CHCl;. QDs in hexane (e.g.,
250 puL of 8 uM 626 nm CdSe/CdS QDs, 2.0 nmol) were added with stirring, and the
solvents were evaporated under a gentle stream of N> overnight. The QD/polymer
residue was then resuspended in 15 mL of 50 mM sodium borate buffer, pH 9.0, with
desired ratios of primary amines for reaction with maleic anhydrides (Figure 2.15). This
suspension was sonicated for 30 minutes, heated in an 80 °C water bath for 60 minutes,
slowly cooled in the bath to room temperature, and then sonicated for 30 minutes. The
mixture was concentrated to 1 mL by spin dialysis (Amicon Ultra-15, 100 kDa MWCO),
and excess polymer was removed by ultracentrifugation and dialysis.

Ultracentrifugation for PMAQO purification. A 12 mL sucrose gradient was generated
on a linear gradient maker (BioComp, Inc.), typically from 10-70 wt% sucrose dissolved
in HNE buffer (20 mM HEPES, pH 7.0, 100 mM NaCl, and 1 mM EDTA). To the top of
each of two tubes, 500 uL of QDs was added gently without disturbing the gradient. The
tubes were centrifuged at 150,000 x g for 90 min to separate residual polymer and
insoluble aggregates from the encapsulated QDs. Fractions were taken from the tubes at
200 pL intervals and placed into 96 well plates, then measured by fluorescence emission
on a plate reader (BioTek) to detect the polymer and QD signals. Fractions with QDs
were pooled and placed in a 5 mL dialysis chamber (SpectraPor Float-A-Lyzer 100 kDa
pore size) and dialyzed against HNE buffer 3 x 1 L. The retentate was concentrated as
above to 2 mL by centrifugal filter and stored under ambient conditions.

Ligand additive addition and quenching. Stock 610 nm CdSe/CdS QDs (500 uL, 5.72
uM in hexane) were washed by precipitation in 10 mL acetone followed by redispersion
in hexane. Surface ligands were added to 100 pL aliquots (e.g. 1 pL oleic acid) along
with 100 pL chloroform and sonicated for 15 minutes. The nanoparticles were
encapsulated in PMAO polymer and purified as above, with 50 uLL of 100mM NH>-
PEG3-N3 and 1 mL 50 mM sodium borate, pH 9.0 to react with the maleic anhydride.
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The treated QDs (40 uL, 2 uM, 80 pmoles) were subjected to Cu* ions (8 pL, 500
uM, 4 nmoles), and aliquots were taken at various time points and quenched in 10 mM
EDTA. Data shown were from aliquots taken 30 seconds after exposure. The
fluorescence was measured on a plate reader (BioTek) under 405 nm excitation.

Gap-filling additive addition and quenching. Azide-conjugated 585 nm emission
CdSe/ZnS QDs (10 pL, 4 uM, 40 pmoles) were mixed with the additives (cholesterol,
CHAPS, Tween 20, Triton X-100; 10 pL., 1 mM in H>O or CHCI3, 10 nmoles) for 10
minutes and sonicated briefly. The photo shown was taken after this incubation period,
showing quenching of some of the samples. The samples were then subjected to copper-
catalyzed click conditions as outlined in Chapter 3 Methods, with no successful
conjugation.

Heterobifunctional linkage of polymer amines to thiols. PAOA-wrapped QDs (2 uM,
600 puL) in 100 mM HEPES, pH 7.8 and succinimidyl ester-PEG;-maleimide (SM(PEG)>,
ThermoFisher, 100 mM, 100 uL) in DMSO were combined in a 1.5-mL centrifuge tube
and mixed at room temperature for 30 min on a rotary mixer. The reaction mixture was
diluted to 4 mL with 100mM HEPES, pH 7.0, and excess PEG reagent was removed by
centrifugal dialysis (Amicon Ultra-4, 100 kDa MWCO), washing with 3 x 4 mL of
buffer. The retentate was diluted to 500 pL in a 1.5-mL low protein binding centrifuge
tube (Eppendorf), 2-fold excess of thiol (2.5 nmol) was added, and the reaction was
mixed overnight at 4°C on a rotary mixer. The reaction mixture was diluted to 4 mL with
100mM HEPES, pH 7.0, and excess thiol was removed by centrifugal dialysis (Amicon
Ultra-4, 100 kDa MWCO), washing with 4 x 4 mL of buffer. The retentate was diluted to
600 uL in HEPES buffer, and the QD conjugates were stored under ambient conditions.

Synthesis of pyridyldisulfide-PEG-amine (PDPA). PEGs;-diamine (1750 pL, 8.8
mmol, Sigma) was dissolved in 6 mL of 100 mM HEPES, pH 7.8 with 3 mL of
acetonitrile and the pH was adjusted to 7.5 with 5 M HCI. The solution was mixed with
50 mg of succinimidyl 3-(2-pyridyldithio)propionate (SPDP, 0.16 mmol, ThermoFisher)
dissolved in I mL DMSO. The pH was readjusted to 7.5 with 5 M HCI, the reaction
mixture was sonicated briefly to clear, and the solution was stirred overnight for 16
hours. The product was purified on a C13 HPLC column (Vydac) using a linear 2-92%
CH3CN gradient with 0.1% TFA over 45 min, with product eluting at 19 min (24%
CH3CN). MS, C18H32N304S, (MH+) calculated: 418.18; found: 418.4. Fractions
containing the product were pooled and evaporated to 59.8 mg (90% yield) of a viscous
yellow oil.
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Synthesis of pyridyldisulfide-ethylamine (PDEA). 2,2'-Dipyridyldisulfide (20.0 mmol,
4.41 g, Aldrithiol-2, Sigma-Aldrich) was dissolved in 20 mL of methanol with 0.8 mL of
glacial acetic acid in a 300 mL round-bottom flask. Cysteamine HCI (10.0 mmol, 1.14 g)
dissolved in 20 mL of methanol was added dropwise over 1 hour to the vigorously
mixing flask and stirred for 16 hours under N> atmosphere. Methanol was removed by
rotary evaporation, and the yellow oil product was washed twice with 50 mL dry ice-
cooled diethyl ether. The oil was dissolved in 10 mL of methanol and precipitated by
addition of 200mL cold diethyl ether. The flask was stored at -20°C for 36 hours to
ensure full precipitation. The pale yellow solid was vacuum filtered, rinsing with 3 x 50
mL of dry ice-cold diethyl ether, and left under vacuum for 20 minutes to dry residual
ether. The pale yellow solid was left to dry in a fume hood for several hours to yield
2.017 g of PDEA product (93% yield). MS, C7H11N2S2 (MH+) calculated: 187.03; found:

187.2. 1H NMR (500 MHz, CDsOD): § 9.385 (broad s, A, 3H), 9.288 (d, G, 1H), 8.448

(t, E, 1H), 8.316 (d, D, 1H), 7.970 (t, F, 1H), 3.920 (m, B&C, 4H).
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Conversion of polymer-displayed amines to activated disulfides. To generate UCNP-
SpyCatcher conjugates, POA-encapsulated UCNPs (10 uM, 200 pL) in 200 mM MES,
pH 5.0, were combined with 5,5'-dithiobis(2-nitrobenzoic acid) (Ellman’s reagent, 10
mM, 100 pL, Aldrich) and 2-iminothiolane HCI (Traut’s reagent, | mM, 10 pL,
MilliporeSigma) dissolved in 100 mM MES, pH 6.0. Under vigorous stirring, 700 uL of
200 mM CAPS buffer, pH 10.0 was added dropwise, and the mixture was allowed to
react for 20 mins. The reaction mixture was diluted to 4 mL with 100 mM HEPES, pH
7.5, and excess reagents were removed by centrifugal dialysis (Amicon Ultra-4, 100 kDa
MWCO), washing with 3 x 4 mL of HEPES buffer. An aliquot of SpyCatcher Ser35C
protein (200 uM, 100 pL) was desalted on a Biospin-6 Desalting Column (Bio-Rad) and
further washed by centrifugal dialysis (Amicon Ultra-4, 3 kDa MWCO), washing with 3
x 4 mL of HEPES buffer to remove all TCEP storage buffer. The retentate was diluted to
100 puL in a 1.5-mL low protein-binding centrifuge tube, the UCNPs were added, and the
reaction was mixed overnight at 4°C on a rotary mixer. The reaction mixture was diluted
to 4 mL with 100 mM HEPES, pH 7.5, and excess SpyCatcher protein was removed by
centrifugal dialysis (Amicon Ultra-4, 100 kDa MWCO), washing with 4 x 4 mL of
buffer. The retentate was diluted to 400 mL in HEPES buffer, and the UCNP-protein
conjugate was stored under ambient conditions.
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3 | Azide-Alkyne Click
Conjugation on Quantum
Dots by Selective Copper
Coordination'

! This work has been previously published in ACS Nano: Mann, V. R.; Powers, A. S.;
Tilley, D. C.; Sack, J. T.; Cohen, B. E. Azide—Alkyne Click Conjugation on Quantum Dots
by Selective Copper Coordination. ACS Nano 2018, 12 (5), 4469—4477. Portions of this
work were completed in collaboration with others: ROSETTA modeling was performed
by Dr. Drew C. Tilley. Nanocrystal synthesis was performed in collaboration with
Alexander S. Powers.

30



3.1 Introduction

In our pursuit of the development of better optical sensors of neuronal activity, we
sought a method to conjugate semiconductor QDs (Figure 3.1a) to the peptidyl tarantula
toxin guangxitoxin-1E (GxTX). This is a 36-amino acid cystine knot peptide that binds
Kv2 channel voltage sensing domains (Figure 3.2),%” which we have previously
synthesized to contain propargylglycine alkyne sidechains for chemoselective
bioconjugation.’® We had incorporated this alkyne as the Cu-catalyzed azide-alkyne 1,3-
dipolar click coupling (CuAAC) is among the most widely used reactions for both
bioconjugation®"! and for modification of surfaces.’>’* CuAAC reactions are
bioorthogonal, work well in dilute aqueous conditions, and require only a Cu ion catalyst
and mild reducing agent to form covalent bonds between terminal alkynes and azides.”*
76 However, Cu ions have been found to be exceptionally strong and irreversible

quenchers of QD fluorescence, even with brief exposures at nanomolar concentrations
(Figure 3.1¢). 37417778
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Figure 3.1 Copper-mediated click reactions on QD surfaces. (a) CuAAC reaction of alkynes
with amphiphilic polymer-coated core/shell QDs, listing reaction variables tested in this study. (b)
Structures of surface polymers and azide linkers. (Left) Polyacrylic acid-based amphiphilic
random co-polymer,368 with azide PEG linker modification. (Right) Co-maleic anhydride-
octadecene polymer®*® modified with azide PEG linkers and inert PEG amines. Stoichiometries
are estimates based on polymer molecular weights, and positions of monomers are random. (c)
Kinetic emission of 10 nM QDs with and without exposure to Cu ions. (d) QD emission spectra
before (blue) and after (green, shown magnified 100-fold) addition of 20 uM Cu®.
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Figure 3.2 Tarantula toxin GXxTX bound to Kv2 potassium ion channels. Side (a) and top (b)
views of Rosetta-generated ribbon models of GXxTX bound to Kv2.1 channel voltage sensor
domain. Kv is gray, toxin is cyan, and Ser13 is red. Membrane dimensions are light gray.

Previous work has shown that Cu” is the species primarily responsible for QD
quenching®” and that large (> 10 nm) and heavily crosslinked polymer networks are
required to prevent copper from reaching the nanocrystal surface.*** It is not clear
whether this quenching is due to rapid Cu/Cd exchange” or the Cu ions are acting as
proximal electron traps, but in our initial experiments we observed no change in QD
emission wavelength maximum or line shape following Cu exposure (Figure 3.1d). Our
attempts to reverse Cu quenching by exposure to high affinity Cu ligands or excess Cd**
were unsuccessful, even after extended incubations (Figure 3.3). While copper-free
azide-alkyne coupling methods have been successful in eliminating copper toxicity from
this reaction on cells®®®!, the necessary strained alkynes are of limited use in certain
complex structures, such as our 3-cystine knot peptides, where they must be incorporated
during synthesis.®
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Figure 3.3 Persistence of Cu QD quenching in the presence of Cu-coordinating ligands and
Cd?*". Cu-treated QDs were incubated with 1000-fold excess of Cu ligand, with or without added
Cd*", for 30 h. Fluorescence emission is shown scaled to the untreated QD sample. Error bars are
+ standard deviation (n = 3). See Table 3.1 for ligand structures.

Here, we employ a 2000-reaction combinatorial FRET-based assay to screen for
suppression of the fast Cu quenching of QDs while maintaining its catalytic activity.
Based on insight from this screen and mechanistic studies of copper surface coordination
and quenching, we find that superstoichiometric concentrations of Cu can be used to
promote full coupling if accompanied by ligands that selectively compete the Cu off the
QD surface but allow it to remain catalytically active. With these conditions, we
synthesize unquenched peptidyl toxin-QD conjugates and image their specific and state-
dependent affinity for potassium channels in live mammalian cells.
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3.2 Results and Discussion

3.2.1 Screening for non-quenching CuAAC reaction conditions

We anticipated that the amphiphilic polymer coatings commonly used to passivate
QDs in water®>%°8 would offer a low-dielectric layer inhospitable to Cu ions, but initial
CuAAC reactions with azide-bearing QDs showed only rapid quenching with no apparent
conjugation (Figure 3.1). Addition of a series of Cu-coordinating ligands (Table 3.1) that
have been shown to accelerate CUAAC cycloadditions®**° did not measurably prevent
quenching unless also completely preventing the cycloaddition. Given this poor initial
reactivity, the complexity of the CUAAC mechanism,”®*¢8% and the number of
components and concentrations that can be varied, we sought a high-throughput approach
to screen for synthetic conditions that might create a Cu complex able to catalyze
CuAAC cycloaddition but unable to interact directly with the nanocrystal.

Previous FRET-based synthetic screens have been successful in discovery of
catalysts and in improving the efficiencies of coupling reactions, including Cu’-mediated
CuAAC couplings.”®* While these screens have focused on maximizing coupling
efficiencies, we faced the added challenge of optimizing the relatively slow Cu’-mediated
coupling reaction in the presence of the rapid Cu'-mediated quenching of nanocrystal
fluorescence. For this screen, we synthesized an alkynyl cyanine compound as a
fluorescent acceptor paired with aqueous azide-coated CdSe/CdS core/shell QDs with
emission maxima at 625 nm and 90% quantum yield (Figure 3.4a, and Methods).

a , b 1500+ C 1500~
8 a 3
= 78’1000— pH 5.0 gmooa
% 08 c b=
o 8 8
§ ¢ 500+ $ 500
o e ]
T 06 £ . . z " ,
T 1
s 550 600 650 700 550 600 850 700
a Wavelength (nm) e Wavelength (nm)
S i dﬁ4500- 2000
2 S 3
3 B i 20 eq. £.1500
N
=02 8 ascorbate 8 | THPTA
£ 8 8 /
£ 2 1500 &
2 g § 5001
0 = 3
400 450 500 550 600 650 700 750 * e g = s R
ol
Wavelength (nm) & Wavelength (nm) Wavelength (nm)

Figure 3.4 FRET-based screen for improved CuAAC reaction with minimal QD quenching.
(a) Absorbance (dashed) and emission (solid) spectra for CdSe/CdS QD donor (blue) and Cy5
acceptor (red). (b-¢) Optimization of FRET emission spectra following 405-nm excitation, for
reactions varying: (b) pH: 3.5 (blue), 5.0 (red). 7.5 (green), 9.0 (purple). (¢) time (min): 1 (blue),
5 (red). 10 (green), 20 (purple). (d) ascorbate concentration (Cu eq.): 0 (blue), 2 (green). 20 (red),
100 (purple). (e) ligand (all 10 Cu eq.): L-cysteine (blue), THPTA (red), BTTAA (green), L-
methionine (purple). See Methods for reaction details. Best CuAAC conditions are highlighted.

34



Table 3.1 Copper-Coordinating Ligands

Ligand Structure Cu Equiv. Relative Efficacy
OH NNy
THPTA . 1-50 1.000
N/I}_/ ‘N\N:\N\/\/OH
NNNk
BTTAA e 1-50 0.958
N - .
@] (0] SHH (0]
Glutathione S N 1-50 0.085
NH, H O
Oy -OH
TCEP 1-10 0.066
O~ P~ OH
&
Ethylenediamine HoN - NH2 1-10 0.058
o
L-Methionine /SV\',qﬁOH 1-10 0.048
o
L-Cysteine Hs“N.ﬁOH 1-50 0.039
Nag?szo o:SQONa
BPS 1-50 0.034
/7': N—\
NHHN
Cyclen [NHHN] 1-10 0.033
o
L-Histidine HNCY Y, O 1-50 0.022
H ’}’LN/MS%H
Sulfo-THPTA NN 1-50 0.013
NN ?q?N _~_OH
MSTPP Qé/QS%Na 1-10 0.008
BSTPP é S0 1-10 0.008
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Table 3.2 Combinatorial Click Variables

Variable Candidates Range
Azide* CdSe/CdS 50 M
CdSe/ZnS
Cy3
Alkyne* Cy5 1-3 azide eq
Texas Red
Cy3
AlexaFluor 594
Cu source Cu(OAc), 0.1-1 azide eq
CuSOq4
CH(CH3CN)4PF6
Reducing Sodium 2-100 Cu eq
agent ascorbate
Ligand See Table S1 1-50 Cueq
Buffer NH4OAc pH3.5-9.0
Citrate
Imidazole
MES/HEPES
MOPS
Phosphate
Phosphate-citrate
Time 1 — 30 minutes
*see Figure 3.1, Figure 3.5, and Table 3.1 for
reagent and ligand structures.

Texas Red-Alkyne Alexa Fluor 594-Alkyne

Figure 3.5 Structures of organic fluorophore azide and alkyne click reagents.



Based on previous mechanistic’*° and empirical studies of CUAAC

optimization,®>> we selected a series of parameters to vary, including Cu source,
alkyne/azide stoichiometry, reducing agent concentration, Cu-coordinating ligands,
other counterions (in the form of buffer anions), and reaction time (Tables 3.1 and 3.2).
Initial tests showed strong effects on both CuAAC coupling and quenching (Figure 3.4),
as seen in the appearance of Cy5 acceptor emission and maintenance of QD emission
beyond the ~10 s that would be required for full quenching under standard CuAAC
conditions (Figure 3.1).

82-84

To expand the reach of the combinatorial screen, we carried out reactions in 96-
well plates and measured spectra by plate reader. At specified time points, reactions were
quenched by dilution into 10 mM EDTA solutions, and a full emission spectrum
collected for each well. In a typical experiment, 8 reactions testing a single parameter
were halted at 11 different time points to generate a 2-dimensional reaction series. A
compilation of ~1200 such reactions (Figure 3.6a), plotting integrated QD intensity
versus integrated CyS5 intensity, shows a small fraction of reaction conditions with strong
emission at both wavelengths.

To determine the maximal FRET efficiency for this system, we synthesized fully
CyS5-ligated QDs using a parallel Cu-free reaction on these same QDs by first reducing
the azides to amines and then coupling with Cy5 succinimidyl esters (Figure 3.7). These
QDs show no reactivity with alkynes through CuAAC coupling but do undergo efficient
reaction with activated esters (Figure 3.8). Comparison of this emission (Figure 3.6a,
black star) with the combinatorial Cu-mediated reactions, several conclusions are readily
apparent. All points closest to the maximal FRET emission are at acidic pH (Figures
2.4b and 2.6a), suggestive of a surprising pH dependence. Reaction times >5 min are
clustered near the axes, indicative of strong QD quenching (x-axis), minimal CuAAC
coupling (y-axis), or loss of acceptor signal due to quenching of the QD donor. Low
acceptor emission may arise from QD quenching, little CuAAC activity, or both. While
such conditions are useless as preparative synthetic conditions, they do highlight the need
to find reaction conditions that enable complete CuAAC on unusually fast timescales.

Figure 3.6 Combinatorial fluorescence analysis of ~1200 CuAAC reaction conditions on
QDs. (a) Integrated CyS5 acceptor emission (670 - 700 nm) versus integrated QD emission (600 -
630 nm) for all reaction conditions. Circled data points are fully CyS-conjugated control (black
star) and closest CuUAAC conditions (teal circle). (b) Emission spectra of unmodified QDs (red),
control Cy5-conjugated QDs (purple), and optimized Cy5 CuAAC-conjugated QDs (teal). (c)
Emission spectra of identical Cy5-QD CuAAC reactions with (teal) and without (black, shown
magnified 10-fold) THPTA ligands and phosphate-citrate buffer, pH 4.5. (d-e) Pairwise
correlations of reaction variables for QD emission (d) and Cy5 emission (e).
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Figure 3.8 Reactivity of QD-PAOA surface amines. (a) Absorbance and (b) difference spectra
of amine-coated QDs (blue) and amine-coated QDs treated with Cy5-alkyne under CuAAC
conditions (orange). (c) Absorbance and (d) difference spectra of amine-coated QDs (blue)
treated with Cy5-SE under amide-forming conditions (orange).
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3.2.2 Analysis of combinatorial screening data

To quantify which variables have the strongest effects on QD quenching and
CuAAC coupling, we analyzed this spectral data for pairwise correlations between each
parameter and either QD or Cy5 emission (Figures 3.6d-e and Table 3.3). The strongest
effect on QD quenching is the dependence on reaction pH, with little measured
quenching below pH 4 to full and rapid quenching above pH 8. Acceptor emission is
largely indifferent to reaction pH, suggesting differences between Cu quenching and
catalysis that can be leveraged to optimize non-quenching CuAAC couplings.

Table 3.3 Pairwise Correlations of Reaction Parameters

1% Variable 2" Variable Correlation  Significance -4 (0 4

QD integrated emission [Alkyne] -0.049 0.12 [ e
[Ascorbate] ~ -0.276 <0.0001 M BB
[Ligand] 0.311 <0.0001 il
pH -0.445 <0.0001 1 B
Time -0.145 <0.0001 Ol

CyS5 integrated emission [Alkyne] 0.345 <0.0001 SR B
[Ascorbate] -0.009 0.77 '
[Ligand] -0.026 0.42 ERERRE
pH -0.098 0.0021 RN RRR
Time -0.012 0.72 ERNEEE
QD emission  0.144 <0.0001 EEN B8

Changes to Cu-coordinating ligand concentration did not significantly affect
either reaction (Figures 3.6d-¢), but we did observe major differences depending on the
chemistry of the Cu coordination (Figure 3.4e and Table 3.1). Strong chelators (e.g.,
cysteine) prevented quenching but also prevented any measurable CuAAC coupling,
suggesting charged ligands can prevent Cu’ from reaching the nanocrystal surface but
may also inhibit interaction with the alkyne.”®*¢#” Two triazole-based ligands (THPTA
and BTTAA) proved most effective at generating Cy5 FRET emission while ameliorating
quenching (Table 3.1), and optimization with THPTA gave us a FRET spectrum most
similar to that of the QD-Cy5 conjugate synthesized without Cu (Figure 3.6b). Previous
work has shown that BTTAA is superior to other Cu ligands for promoting CuAAC
coupling with hydrophobic substrates,®*>% while in this case the QD surfaces and Cy5
are both hydrophilic, possibly explaining the differences seen here.
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3.2.3 Mechanisms of Cu-mediated cycloaddition and quenching
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Figure 3.9 Emission spectra of QD compositions after CuAAC reaction with Cy5-alkyne. 625
nm CdSe/CdS QDs (red) and 585 nm CdSe/ZnS QDs (blue).

To understand the results of the FRET screen, we examined the reactivity of other
azide and alkyne compounds, as well as other amphiphilic polymer coatings. Changing
the azide inorganic nanocrystal shell from CdS to ZnS had no significant effect (Figure
3.9), but conditions for passivating QDs with amphiphilic polymer proved critical, with
added surfactant (e.g., oleic acid) in the hydrophobic QD dispersion essential for
preparing aqueous QDs resistant to Cu quenching by diffusion to the nanocrystal surface
(Figure 3.10). Changing the azide from nanocrystal to the organic fluorophore Cy3
(Figure 3.11) led to higher optimal pH and longer reaction times (Figure 3.12). This
suggests the low pH optimal for QD CuAAC is needed to slow quenching but has no
significant effects on the cycloaddition, corroborating analysis from the pairwise variable
analysis (Figure 3.6d-e). The optimal Cy3-Cy5 CuAAC conditions square well with
previous findings for small molecule coupling,®®** while differences with the QD-Cy5
conditions suggest reaction conditions unique for QD substrates.
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Figure 3.10 CuAAC chemistry and Cu quenching mechanisms on amphiphilic polymer-
encapsulated QDs. Copper ions may quench QDs by diffusion through the hydrophobic layer to
the inorganic crystal or by acting as proximal charge traps when coordinated to surface
carboxylates. Peptidyl toxin is shown in dark blue; THPTA ligand in light blue; CdSe core as
yellow; and ZnS or CdS shell as gray. Exact structures of Cu-ligand, Cu-QD, and M**-polymer
are unknown.
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Figure 3.11 Cy3-azide CuAAC coupling with Cy5-alkyne.
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Figure 3.12 Emission spectra from the Cy3 — Cy5 CuAAC parameter screen. (A-D) Emission
spectra under 515 nm excitation for reactions varying: (a) pH: 3.5 (blue), 5.5 (purple), 7.0 (green),
9.0 (red). (b) Time (min): 0 (blue), 10 (purple), 30 (green), 60 (red). (c) Cu concentration (azide
equivalents): 0.1 (red), 1.0 (blue). (d) Alkyne concentration (azide equivalents): 1.0 (blue), 2.0
(red).

One explanation for these differences is that the polyacrylic acid-derived polymer
passivating the QD (see Wichner ef al. and Methods) concentrates Cu ions at the poly-
carboxylate surface (Figure 3.10), close enough to CuAAC substrates to speed the
reaction by more than an order of magnitude compared to small molecule CuAAC. This
may also explain the pH dependence, in which low pH causes increased turnover of Cu
ions from surface carboxylates. Another surprising finding of the screen is that a full
equivalent of Cu (50 uM) or more is required for CuAAC with the QD, but not the
organic fluorophore (Figure 3.12). This suggests a certain fraction of the Cu is either
unable to react, because it is coordinated to QD surface carboxylates, or to turn over,
because Cu release from the substrate is slow until the reaction is quenched by a large
excess of EDTA (Figure 3.10). Indeed, we found that allowing reactions to incubate in
EDTA solution for extended periods typically led to increases in acceptor emission,
although without full restoration of QD emission (Figure 3.13). This suggests that Cu
ions are bound to the QD surface even after initial addition of EDTA, and some are
bound very tightly, possibly in or on the inorganic nanocrystal.

43



a 25000, No CuAAC Reaction

F
< 20000
>
B
& 15000{ ——5 min with EDTA
= ——24 hr with EDTA
(&)
£ 10000-
o
N
[0
S 5000
= |
o
0 7 T T —
500 550 600 650 700
Wavelength (nm)
7000 - 2-min CuAAC Reaction
6000 -
\
5000 \
4000 ——>5 min with EDTA |

Fluorescence Intensity (a.u.) o

24 hr with EDTA

3000 \\ PN
2000 \w‘/ f\"\\

10004
0 | M
500 550 600 650 700
Wavelength (nm)
CA 400 20-min CUAAC Reaction
S 350
J
> 3001
o
g 2501 ___5 min with EDTA
3 2004 24 hr with EDTA
& 150
2
3 100
g -
= 2 mJ\
0 - - = - T "
500 550 600 650 700

Wavelength (nm)

Figure 3.13 Partial recovery of QD emission with post-CuAAC EDTA incubation. Emission
spectra of (a) QDs alone, (b) after 2-min CuAAC reaction with Cy5-alkyne, and (c) after 20-min
CuAAC reaction with Cy5-alkyne. Spectra are immediately after quenching with EDTA (blue)
or after 24 h incubation in EDTA (orange). Other reaction parameters are fixed at: 10 Cu
equivalents of THPTA ligand, phosphate-citrate buffer pH 4.5, 1 azide equivalent of CuSOa, 100
Cu equivalents of sodium ascorbate, 0-30 min reaction time.
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To test whether Cu bound to the nanoparticle surface is responsible for QD
quenching during CuAAC reactions, we included a series of benign divalent metal ions
(i.e., Ca’", Mg?*, Mn*") in the reaction mixture in addition to Cu and Cu ligands. These
added ions have been shown to neither quench QDs*"*7 nor interfere with CUAAC
reactions,”®”® but in these reactions, all reduced quenching and increased CuAAC
coupling (Figure 3.14). In addition, using common passivation polymers where the
number of surface carboxylates can be varied (poly(maleic anhydride-alt-octadecene)®;
Figure 3.1b), we found that the rate of quenching decreases as the number of surface
carboxylates decreases, while still allowing for the CuAAC coupling to occur (Figure
3.14).
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Figure 3.14 Effect of surface carboxylates on QD quenching and CuAAC efficiency. Added
divalent metal ions (Mg*, Ca*", Mn*"; blue circles) or reduced density of surface carboxylates (red
squares) show CuAAC efficiencies and QD emission similar to low pH reactions. M?* were added
in 10-fold excess over Cu in HEPES buffer, pH 7.4. Surface density of carboxylate groups of
PMAO-passivated QDs was varied as in Figure 3.15 and Methods. Other reaction parameters were
fixed at: 10 Cu equivalents of THPTA ligand,1 azide equivalent of CuSO4, 100 Cu equivalents of
sodium ascorbate, 3 min reaction time.

Compared to the PAOA surface polymer used in the high-throughput screen, for
this polymer, higher Cu:QD stoichiometries are tolerated before QD quenching is
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observed (Figure 3.15). Superstoichiometric quantities of Cu do not quench QDs only
with an appropriate excess of triazole THPTA ligand, suggesting a complex competition
for Cu between QD surface carboxylates, the triazole ligand, the QD surface, and the
alkyne (Figure 3.10). Tuning the ratios of Cu to triazole and alkyne yields both high
coupling and low quenching, and this phenomenon is transferable across surface
passivation polymers (Figure 3.16). In contrast to most previous studies of CuAAC
conditions,”®7#343% we find a 10-fold molar equivalent of Cu over the azide is most
efficient (Figure 3.15), allowing for rapid (< 2 min) reactions before QD quenching
begins to become apparent. Our combinatorial approach also offers a large dataset to be
mined for insight into aqueous CuAAC reactions and other mechanistic questions (Figure
3.17).
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Figure 3.15 Effects of superstoichiometric Cu and Cu ligands on QD quenching and
CuAAC efficiency. PAOA-passivated QDs (blue circles) with: 4-, 5-, 6- and 10-fold excess of
THPTA ligand over Cu, and 10 molar azide equivalents of Cu at pH 7.4. PMAO-passivated QDs
(red squares) with: 2-, 4-, 5-, and 6-fold excess of THPTA ligand over Cu, and 10 molar azide
equivalents of Cu at pH 7.4. QDs with 1 equivalent of Cu (black triangles) are in either pH 4.5 or
7.4 buffer. Reaction parameters were fixed at: 100 azide equivalents of sodium ascorbate, 3 min
reaction time.
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Figure 3.16 Effects of superstoichiometric Cu by QD passivating polymer. Reaction time
series for (a) PMAO-passivated QDs and (b) PAOA-passivated QDs with 10 molar equivalents of
Cu. Other reaction parameters are fixed at: 6 Cu equivalents of THPTA ligand, phosphate-citrate
buffer pH 4.5, 100 azide equivalents of sodium ascorbate, 0-30 min reaction time.
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Figure 3.17 Quenching and CuAAC reaction efficiency with varying reaction parameters.
(a) Ligand type. Examples of time series with largest FRET signal from each ligand are shown.
Other reaction parameters are fixed at: phosphate-citrate buffer pH 4.5, 1 azide equivalent of
copper sulfate, 100 Cu equivalents of sodium ascorbate. (b) Buffer anion. Other reaction
parameters are fixed at: 10 Cu equivalents of THPTA ligand, pH 4.5, 1 azide equivalent of copper

sulfate, 100 Cu equivalents of sodium ascorbate. Black star (%) is copper-free control emission.
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3.2.4 Cu-mediated click synthesis of QD bioconjugates

To test the relevance of these non-quenching CuAAC conditions to complex
biomolecules, we coupled azide-bearing CdSe/CdS QDs with the tarantula toxin GxTX,
an amphiphilic 36-amino acid cysteine knot peptide.”*® GxTX selectively binds to
membrane-embedded voltage sensors of Kv2 channels in the resting state (Figure 3.2),
and can be released by membrane depolarization.®® We synthesized and refolded
Ser13Pra GxTX, where the alkyne sidechain is predicted to extend into extracellular
solution®” and used CuAAC conditions from the combinatorial screen for
conjugation. The reaction was limited to 90 s to limit the number of GXTX per QD
(Figure 3.18) and minimize non-specific membrane staining. CHO cells with and
without induced channel expression were incubated with QD-GxTX conjugates and
imaged along with a cellular autofluorescence band outside of the QD emission (Figure
3.19).
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Figure 3.18 Detection of GXxTX conjugated to QD surface. Absorbance (fop) and difference
(bottom) spectra of CdSe/ZnS QDs with (red) and without (blue) GxTX CuAAC conjugation,
showing Trp absorbance of GxTX. With a molar absorptivity of 18,350 cm™ M for GXxTX, this
absorbance corresponds to an average of ~25 toxins per QD.
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Cells with high levels of Kv2.1 expression show significant increases in
membrane QD staining compared to cells with low Kv2.1 expression, or to cells stained
with unconjugated QDs (Figure 3.19g). Membrane depolarization induced by the addition
of high [K], solution decreases membrane staining to background levels (Figure 3.19¢-
f), demonstrating that binding is dependent on the conformational state of the channel and
the QD-conjugated GxTX remains physiologically active. Because of their sensitivity to
changes in membrane potential, these conjugates are a first generation QD-based voltage
sensor, whose sensitivity and optical properties may be refined through choice of
nanoparticle and toxin.
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Figure 3.19 Live cell imaging of QD-GxTX conjugates on CHO cells expressing Kv2.1
channels. Representative confocal images of QD-GxTX in cells with (a) high and (b) low Kv2.1
channel expression. Yellow is QD emission and blue is cellular autofluorescence. Cells with (¢)
high and (d) low Kv2.1 expression show similar levels of binding for QDs without conjugated
GxTX. Kv2.1-expressing cells stained with QD-GxTX (e) at resting membrane potential and (f)
after K*-induced membrane depolarization. Scale bar is 20 um. (g) Statistical analysis of
emission intensities in (a) — (f) using 560 - 610 nm (QD) and 450 - 500 nm (autofluorescence)
integrated emissions. Error bars are standard error. P values: **** = p < 0.0001, * = p < 0.2 (not
significant). N = 100 cells.
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3.3 Conclusions

We have discovered rapid, non-destructive, and high-yield CuAAC reaction
conditions with Cu" concentrations that would normally fully quench QD emission in
under 10 s. As compared to previous synthetic screens, the added challenge of
maintaining catalysis while suppressing a faster side-reaction is apparent in the size of the
screens: about 2000 reactions in this study versus 100-200 in most others.”*** Important
discoveries from the screen include the pH dependence of QD quenching, the superiority
of triazole Cu ligands for QD coupling, and the advantages for superstoichiometric
concentrations of Cu. These synthetic conditions are applicable to other molecules
containing simple alkynes, including peptides, oligonucleotides, lipids, and
carbohydrates,” as well as to other imaging probes prone to Cu quenching, such as
lanthanide-doped nanocrystals.”*!% This work demonstrates a combinatorial approach for
adapting otherwise incompatible reactions to quantum dots, suggesting a more expansive
view of organic synthetic possibilities on nanocrystal surfaces.

We successfully apply this conjugation strategy to the attachment of a peptidyl
tarantula toxin, guangxitoxin-1E (GxTX), to the surface of QDs and image their staining
of live mammalian cells. Subsequent treatment of these cells with high tonic K triggers
release of the QD-toxin probe from the potassium channel in the cell membrane, and the
fluorescence signal can be washed away. In order to expand the reach of these probes into
more complex systems like cultured neurons or acute brain slices, we first attempted to
show specificity of this behavior to those cells containing high expression of the Kv2.1
potassium channel of interest. Convoluted by batch variations in synthesis of the probe
and changes in cell biology, we have had no consistent success in showing specific
labeling of the singular cell phenotype (Appendix I). As the experimental difficulty and
material scarcity are substantially increased for these future experiments, this proof of
concept would be essential before moving on to more complicated biological
environments.

50



3.4 Materials and Methods

Synthesis of CdSe QD cores. CdSe cores were synthesized as previously described.®>®
In an Ar glovebox, 0.058 g of Se powder (Aldrich, 99.99% trace metal basis) was added
to 0.36 g of trioctylphosphine (TOP, Aldrich, 97%) in a glass vial and stirred overnight,
yielding TOP-Se as a clear, colorless solution. On a Schlenk line, 0.060 g of CdO
(Aldrich, 99.99% trace metal basis, 0.47 mmol), 0.28 g of octadecylphosphonic acid
(ODPA, 0.84 mmol), and 3.0 g of TOP oxide were combined in a 50-mL flask fitted with
a condenser and temperature probe. The flask was heated under N2 to 150 °C and stirred
under vacuum for 1 hr. The solids melted at 70 °C. The flask was purged with N> and
heated to 320 °C until the Cd complexed with the ODPA to become clear and colorless.
TOP (1.50 g) was injected into the flask drop-wise and the temperature was then raised to
370 °C. The TOP-Se precursor was then rapidly injected, and growth time was controlled
to achieve the desired nanoparticle size. The flask was cooled with air and then
submerged in an ice bath after the temperature cooled below 300 °C. At 110 °C, 2 mL of
cold toluene was injected. The final reaction solution was removed, and the total volume
of the solution was diluted with toluene to 15 mL. The nanoparticles were then
precipitated with 15 mL of acetone and centrifuged at 4000 x g for 5 min. The pellet was
dispersed in a minimum of CHCIs, precipitated with 10 mL of acetone, centrifuged at
4000 x g for 5 min, dispersed in a minimum of hexane (~1 mL), and precipitated with
acetone again. These cores were dispersed in 5 mL of hexane and stored in a glovebox.

Synthesis of core-shell CdSe/CdS nanoparticles. Stock solutions of 0.1 M Cd oleate in
I-octadecene (ODE) and 0.1 M octanethiol in ODE were prepared in a glovebox. On a
Schlenk line, 5 mL of ODE was placed in a 3-neck flask under N> and 100 nmol of CdSe
core nanocrystals in hexane were injected. Solvent was removed under vacuum at room
temperature and then at 120 °C for 20 min. The reaction was purged with N> and the
glovebox solutions containing 6 mL of 0.1 M Cd oleate in ODE and 6 mL of 0.1 M
octanethiol in ODE were injected at 310 °C via 2 syringe pumps over 2 hr. After
injection, 1 mL of oleic acid was quickly injected, and the reaction maintained at 310 °C
for 1 hr. The reaction flask was cooled with air, the nanocrystals cleaned by repeated
precipitation as above, and the nanocrystals dispersed in 5 mL of hexane with 1% oleic
acid (v/v) for storage under ambient conditions.

Synthesis of poly(acrylic acid)-co-poly(n-octylacrylamide)-co-poly(2-
aminoethylacrylamide) random amphiphilic copolymer (PAOA). Polyacrylic acid
(ca. 2000 Da, 500 mg, 0.25 mmol) and N-hydroxysuccinimide (424 mg, 3.64 mmol) were
dissolved in 20 mL of 100 mM HEPES buffer, pH 8.0. N-Boc-ethylenediamine (118 mg,
0.74 mmol) and n-octylamine (286 mg, 2.21 mmol) were dissolved in 20 mL of EtOH
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and added to the PAA solution. The pH was adjusted to 7.6 with 5SM NaOH and then
EDC (1.13 g, 5.90 mmol) was added; after 1 h, the pH was re-adjusted to 7.6, and an
additional 250 mg of EDC was added. The reaction was stirred well overnight and
divided into two 50-mL centrifuge tubes. EtOH was removed in a Genevac evaporator,
causing the polymer to pellet. The pellets were each rinsed with 10 mL of 500 mM
citrate buffer, pH 4.0, and then 10 mL of water. To remove the Boc protecting groups, the
pellets were each resuspended in 5 mL of TFA with 250 uL. of H>O. After 45 min, 10
mL of water was added to each tube and the volumes reduced to 5 mL by Genevac
evaporation. To each tube were added 5 mL of EtOH and 5 mL of 0.2 M NH4O0Ac¢
buffer, pH 7.0. The solutions were dialyzed (Pierce Slide-a-Lyzer, 3.5 kDa MWCO)
against 3 x 2 L of distilled water, causing much of the polymer to precipitate. The
solution within the cassette was removed, and solids present in the cassette were
dissolved with 10 mL of EtOH. These were combined and the EtOH was removed using
a Genevac evaporator. The suspension was dissolved with ca. 20 mL of 50% CH3CN,
frozen, and lyophilized to give 608 mg of white powder with a calculated average of ~9
octyl groups, 15 carboxylates, and 3 ammonium groups per polymer.

Peptide synthesis and folding. Alkyne-bearing guangxitoxin-1E mutants were
synthesized in a background where Met35 was replaced by its isostere norleucine (Nle) to
avoid complications of Met oxidation. Nle35 variants are used in all experiments, and
referred to as GxTX. Linear peptides were synthesized on an AAPTEC Apex 396 peptide
synthesizer using an Fmoc (N-(9-fluorenyl)methoxycarbonyl) methodology. Peptides
were assembled stepwise on 0.1-0.3 mmol of resin (Fmoc-Pro-NovaSyn TGT,
Novabiochem) in N-methyl-2-pyrrolidone, 0.4 M Fmoc amino acids, 0.44 M N-
hydroxybenzotriazole, and 10% N,N’-diisopropylcarbodiimide (DIC). The side chain
protecting groups for amino acids were triphenylmethyl for cysteine and asparagine, tert-
butyloxycarbonyl for tryptophan and lysine, and tert-butyl for serine. Removal of Fmoc
groups with 20% 4-methylpiperidine in dimethylformamide (DMF) preceded 2-h
coupling steps. Resin was washed 5x with DMF after coupling and Fmoc removal. Linear
peptides were cleaved and deprotected with trifluoracetic acid:triisopropylsilane:1,2-
ethanedithiol:thioanisole:H,O (85:2.5:2.5:5:5 by volume) for 2-4 hours at room
temperature, with removal of deprotecting groups monitored by MALDI-TOF mass
spectrometry.

Cleaved peptide was separated from resin by filtration, precipitated with cold
diethyl ether, the pellet washed once with ether, and dried under a stream of N». This
peptide was dissolved in 50% acetic acid, injected onto a preparatory Cis column
(Vydac), and eluted with a linear gradient of ACN with 0.1% TFA. Recovered peptides
were lyophilized, dissolved in 50% ACN, diluted to 50 uM, and folded by air oxidation
in: 1 M guanidinium HCI, 0.1 M NH4OAc, 2.5 mM glutathione, 0.25 mM oxidized
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glutathione, 1% ACN, and NH4OH to adjust pH to 8.0. Oxidation was monitored by mass
spectrometry (Applied Biosystems SCIEX TF4800 MALDI TOF-TOF). Upon
completion (3 days), the visible aggregates that had formed in solution were removed by
filtration, and 0.1% TFA added. This solution was pumped onto a C18 column, eluted as
above and lyophilized. The peptide sequence of Ser13Pra GxTX is: Glu-Gly-Glu-Cys-
Gly-Gly-Phe-Trp-Trp-Lys-Cys-Gly-Pra-Gly-Lys-Pro-Ala-Cys-Cys-Pro-Lys-Tyr-Val-
Cys-Ser-Pro-Lys-Trp-Gly-Leu-Cys-Asn-Phe-Pro-Nle-Pro.

Reaction conditions for parameter FRET screen. For spectra in Figure 3.4b-e,
reaction conditions were held constant except for the highlighted variable. For 3.4b (pH
study): 10 eq. (500 uM) THPTA, 100 eq. (5 mM) sodium ascorbate, 1 eq. (50 uM)
Cu(OAc)2, and 5 min reaction time. For 3.4c (time series): 10 eq. (500 uM) THPTA, 100
eq. (5§ mM) sodium ascorbate, 1 eq. (50 uM) Cu(OAc),, and phosphate buffer, pH 4.5. In
3.4d (ascorbate concentration): 10 eq. (500 uM) THPTA, 1 eq. (50 uM) CuSOg,
phosphate-citrate buffer, pH 4.5, and 7 min reaction time. In 3.4e (ligand): 100 eq. (5
mM) sodium ascorbate, 1 eq. (50 pM) Cu(OAc): or CuSOs, and phosphate or phosphate-
citrate buffer, pH 4.5, and 7 min reaction time.

Passivation of Core-shell CdSe/CdS Nanoparticles by poly(acrylic acid)-co-poly(n-
octylacrylamide)-co-poly(2-aminoethylacrylamide) (PAOA) amphiphilic copolymer.
CdSe/CdS QD core/shells with emission maxima of 626 nm were dispersed in hexane
with 1% (v/v) oleic acid to 8 uM; CdSe/ZnS QD core/shells (Ocean Nanotech) with
emission maxima of 585 nm were diluted with hexane to 5 uM. Concentrations were
determined by first exciton absorbance. For aqueous dispersion, PAOA (20 mg, 6.25
umol, 3000-fold molar excess over QDs) was dissolved in 1 mL of MeOH and 19 mL of
CHCIls. QDs in hexane (e.g., 250 pL of 8 uM 626 nm CdSe/CdS QDs, 2.0 nmol) were
added with stirring, and the solvents were removed under a gentle stream of N> overnight.
The dry QD/polymer residue was then resuspended in 15 mL of 200 mM sodium
bicarbonate buffer, pH 8.0. This suspension was sonicated for 30 minutes, heated in an 80
°C water bath for 60 minutes, slowly cooled in the bath to room temperature, and then
sonicated for 30 minutes. Excess polymer was removed by spin dialysis (Amicon Ultra-
15, 50 kDa MWCO), washing with 3 x 15 mL of 100mM HEPES, pH 7.8. The retentate
was diluted to 1 mL with HEPES buffer and centrifuged at 16100 x g for 5 min to remove
residual polymer and insoluble aggregates. Aqueous QD dispersions were stored under
ambient conditions.

Passivation of QDs by poly(maleic anhydride-alt-1-octadecene) (PMAOQO)
amphiphilic copolymer. PMAO (30 mg, 1.33 umol, 16 monomer units per nm? of QD
surface) was dissolved in 1 mL of acetone and 14 mL of CHCl;. QDs in hexane (e.g.,
250 puL of 8 uM 626 nm CdSe/CdS QDs, 2.0 nmol) were added with stirring, and the

53



solvents were evaporated under a gentle stream of N> overnight. The QD/polymer
residue was then resuspended in 15 mL of 50 mM sodium borate buffer, pH 9.0, with
desired ratios of primary amines for reaction with maleic anhydrides (Figure 3.15). This
suspension was sonicated for 30 minutes, heated in an 80 °C water bath for 60 minutes,
slowly cooled in the bath to room temperature, and then sonicated for 30 minutes. Excess
polymer was removed by spin dialysis (Amicon Ultra-15, 50 kDa MWCO), washing with
3 x 15 mL of 100 mM HEPES, pH 7.8. The retentate was diluted to 1 mL with HEPES
buffer and centrifuged at 16100 x g for 5 min to remove residual polymer and insoluble
aggregates. Aqueous QDs were further purified by size exclusion chromatography
(HiPrep 16/60 Sephacryl S-500HR, GE Healthcare), and aqueous QD dispersions were
stored under ambient conditions.

Synthesis of azide-coated QDs. PAOA-wrapped QDs (2 uM, 1 mL) in 100 mM
HEPES, pH 7.8, and SE-PEG4-N3 (ThermoFisher, 50 mM in DMSO, 100 pL) in DMSO
were combined in a 1.5-mL centrifuge tube and shaken for 1 hour on a rotary mixer. The
reaction mixture was diluted to 500 pL with Milli-Q water, and excess PEG reagent was
removed by spin dialysis (50 kDa MWCO), washing with 3 x 500 pL of Milli-Q water.
The retentate was diluted to 1 mL with Milli-Q water and stored under ambient
conditions.

Synthesis of PEG4-amino coated QDs. Azide-coated QDs (2 uM, 100 pL) were mixed
with sodium borohydride (100 mM, 100 pL) in 100 mM sodium bicarbonate buffer, pH
10.0, and stirred in a vented glass vial for 2 hours. The reaction was ended and remaining
borohydride destroyed by addition of 2 mL of 100 mM phosphate buffer, pH 4.5,
followed by stirring for 30 minutes. The reaction mixture was diluted to 500 pL with 100
mM HEPES, pH 7.8, and the QDs were purified by spin dialysis (50 kDa MWCO),
washing with 3 x 500 uL of HEPES buffer. The retentate was diluted to 100 pL with
HEPES buffer and stored under ambient conditions.

Synthesis of Cy5-alkyne. Propargylamine (0.8 uL, 12.5 pmol) was dissolved in 400 uL
of 100 mM HEPES pH 7.4, which was added to 1 mg of dry Cy5 succinimidyl ester (1.26
umol, GE Healthcare). The reaction was vortexed well, briefly centrifuged, and incubated
overnight in the dark. The alkyne product was purified on a Cis HPLC column (Vydac)
using a linear 2-60% CH3CN gradient with 0.1% TFA over 30 min, with product eluting
at 21 min (28% CH;3CN). MS, C3sH4N307S, (MH) " calculated: 694.25; found: 694.8.
Fractions containing product were pooled and lyophilized to 0.83 mg (94% yield) of dark
blue film.

Syntheses of Texas Red-alkyne and Alexa Fluor 594-alkyne were performed
under similar conditions and eluted at 49% and 37% CH3CN respectively. MS, Texas
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Red-alkyne, C40H4sN4O7S2 (MH)" calculated: 757.27; found: 757.5; Alexa Fluor 594-
alkyne, C3sH3sN3010S2 (MH)" calculated: 760.18; found: 760.4.

Synthesis of Cy3-Azide. 1-Amino-11-azido-3,6,9-trioxaundecane (0.8 puL, 4.0 pmol,
Sigma) was dissolved in 20 pL of 200mM sodium bicarbonate pH 8.2, which was added
to dry Cy3 succinimidyl ester (150 pg, 196 nmol, GE Healthcare). The reaction was
vortexed well, briefly centrifuged, and incubated overnight in the dark. The azide product
was purified on a C13 HPLC column (Vydac) using a linear 2-60% CH3CN gradient with
0.1% TFA over 30 min, with product eluting at 18 min (22% CH3CN). MS,
C39H54N6O10S2 M calculated: 829.33; found: 829.5. Fractions containing product were
pooled and lyophilized to 0.13 mg (79% yield) of dark pink film.

Cu-QD quenching and reversal. Emission spectra were measured on a Fluoromax
fluorometer (Horiba Jobin Yvon) from 10 nM dispersions of PAOA-encapsulated
CdSe/CdS QDs with 405 nm excitation. A solution of Cu(OAc); and sodium ascorbate
was quickly mixed into the QDs to give final concentrations of 10 uM and 20 puM,
respectively. Emission at 625 nm was measured at 1-s intervals for 2000 s, and full
emission spectra were recorded both before and after the kinetic experiment. For reversal
tests, ligands were added to a final concentration of 10 mM, with or without 1 mM
CdCl,. Emission at 625 nm was measured at 5-min intervals for 30 h, with full emission
spectra recorded both before and after the kinetic experiment.

Combinatorial CuAAC FRET assay. In a typical reaction, two reagent mixtures were
prepared prior to reaction initiation in the following order: Tube A: 40 uL of 2 uM QD-
PEG-N3 (0.08 nmol), 12 puL of 350 uM CyS5-alkyne (4.2 nmol), and 10 pL of 50 mM
phosphate-citrate buffer, pH 4.5. Tube B: 8 uL of 500 uM CuSO4 (4 nmol), 8 puL of 50
mM sodium ascorbate (400 nmol), and 2 pL. of 20 mM THPTA (40 nmol) in Milli-Q
water. Solution B was rapidly mixed into Solution A, and time points were taken 1, 2, 3,
4,5,7,10, 15, 20, and 30 min after mixing, by removing 7 uL aliquots and adding into
350 uL of 10 mM EDTA solution in wells of a black wall 96-well assay plate.
Fluorescence spectra were measured in a SpectraMax Gemini EM fluorescence plate
reader (Molecular Devices) with 405 nm excitation and recorded with a 1-nm step size
from 550 - 750 nm. Each reaction series contained an internal standard of unmodified
QDs for concentration scaling. Spectra on key samples were also collected in cuvettes in
a fluorometer.

Data analysis. Reaction parameters and corresponding spectral data were imported into
JMP (SAS Institute, Inc.) for data manipulation and statistical analysis. All trials were
scaled to QD concentration prior to cross-parameter comparisons. Each scaled spectrum
was integrated from 600 — 630 nm for the QD emission value and from 670 — 700 nm for
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the Cy5 emission value. The Pearson product-moment correlation coefficient and its
significance were calculated for each reaction parameter paired with both the QD
emission and Cy5 emission to determine the influence of each variable.!?1%
Coefficients near zero show no dependence between variables, and values near +1
indicate highly correlated responses to changes in the parameters. The reaction from each
ligand type that displayed maximum FRET signal was scaled for concentration, and a
difference spectrum was generated by subtraction of the unmodified QD signal. The 670
— 700 nm integrated emission from the difference peak was used as a relative measure of
maximum ligand efficacy (Table 3.1).

Non-quenching CuAAC reaction conditions on QDs. For reactions at acidic pH:
aqueous QDs (2 uM, 40 pL) were mixed with 12 pL of 350 uM alkyne and 10 pL of 80
mM phosphate-citrate buffer pH 4.5. In a separate tube, 8 pL of 5 mM CuSOs, 8 puL of
50 mM sodium ascorbate, and 2 pL of 100 mM THPTA were mixed well and added to
the first tube with rapid mixing. After 2 minutes, the reaction was quenched into 400 pL
of 10 mM EDTA solution.

For reactions at physiological pH: aqueous QDs (2 uM, 40 uL) were mixed with
12 uL of 350 uM alkyne, 2 pL 100 mM Ca(NO3)2 or MgSQOs, and 8 uLL of 100 mM
HEPES buffer pH 7.4. In a separate tube, 8§ uL of 2.5 mM CuSOs, 8 uL of 50 mM
sodium ascorbate, and 2 pL of 50 mM THPTA were mixed well and added to the first
tube with rapid mixing. After 30 seconds, the reaction was quenched into 400 pL of 10
mM EDTA solution.

Reactions may be purified by spin dialysis, washing with 500 pL of 20 mM
HEPES, pH 7.4, containing 500 uM EDTA, and then with 3 x 500 pL of 20 mM HEPES,
pH 7.4. Yields of both reactions are estimated to be >90% based on fluorescence
measurements in comparison to control QD conjugates.

Synthesis of QD-GxTX conjugates. Alkyne-bearing guangxitoxin-1E mutants were
synthesized as previously described.®® Two reagent mixtures were prepared prior to
reaction initiation in the following order: Tube A: 40 pL of 2 uM QD-PEG-N3 (0.08
nmoles), 2 uL. of 2.3 mM Ser13Pra GxTX (4.6 nmoles) in 50% DMSO, 10 pL of Milli-Q
water, and 10 pL of 50 mM phosphate-citrate buffer pH 4.5. Tube B: 8 uL of 500 uM
CuSOs4 (4 nmoles), 8 uL of 50 mM sodium ascorbate (400 nmoles), and 2 pL of 20 mM
THPTA (40 nmoles) in Milli-Q water. Tube B was rapidly mixed into tube A, allowed to
react for 90 s, and then quenched in 400 puL of 10 mM EDTA. QD-GxTX conjugates
were purified by spin dialysis (50 kDa MWCO, Amicon), washing with 500 puL of 20
mM HEPES, pH 7.4, containing 500 uM EDTA, and then with 3 x 500 pL of 20 mM
HEPES, pH 7.4. The retentate was diluted to 160 [1L with HEPES buffer and stored
under ambient conditions.
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Cell Culture. CHO-K1 cells were maintained in tissue culture-treated polystyrene dishes
(Nunc) at 37 °C in a 5% COz atmosphere in Ham’s F-12 media (Sigma) containing 10%
fetal bovine serum (FBS, Gibco) and 1% penicillin—streptomycin solution (Life
Technologies). A CHO-K1 cell line expressing rat Kv2.1 voltage-gated potassium
channels®® was cultured with 1 ng/mL blasticidin (ThermoFisher) and 25 pg/mL zeocin
(Invitrogen) to retain transfected vectors. Before experiments, 1 pug/mL minocycline was
added to the cell media 2 days prior to imaging to induce Kv2.1 expression.

Live Cell Imaging. Cells were plated in 8-chamber culture slides (Ibidi) 2 days prior to
imaging experiments and imaged in neuronal external solution (NES; concentration in
mM: 3.5 KCI, 135 NaCl, 1.5 CaCl, 1 MgCl,, 10 HEPES, pH 7.4 with NaOH). Cells
were incubated in freshly prepared 5 nM QD-GxTX or 5 nM QD-PAOA in NES for 20
minutes on ice to prevent endocytosis of nanoparticles, and then washed with 3 x 400 pL
of NES immediately prior to imaging under ambient conditions.

Confocal images of the focal plane at the chamber interface were obtained using
an inverted Zeiss LSM710 system with a 1.4 N.A. 63x Apochromat oil immersion
objective. QD emission was excited using a 405 nm diode laser with an MBS-445 main
dichroic beam splitter, and emission was collected from 560 — 610 nm. Cellular
autofluorescence was excited with the same 405 nm diode laser with an MBS-405 main
dichroic beam splitter, and emission was collected from 450 — 500 nm. To increase K"
concentration for cell depolarization, NES was aspirated from the wells and replaced with
NES containing 135 mM KCl and 3.5 mM NaCl. High-[K"] images for Figure 3.20f-g
were taken 5 minutes after NES replacement.

Regions of interest (ROI) were manually drawn around 100 cells from a single
well for each imaging category. Total integrated pixel intensity was calculated for both
560 — 610 nm QD fluorescence and 450 — 500 nm autofluorescence, and a ratio of the
two was calculated within each ROI. The data were pooled for each imaging category
and a Student’s t-test was used to determine statistical differences in mean intensity ratios
for each category (Figure 3.20). All cell imaging and statistics shown were taken in the
same imaging session with the same reagents. Similar results were obtained for 3
separate experiments with different batches of cells and GxTX-QDs. Images and
analysis in Figure 3.20 are for cells at >80% confluence coinciding with GxTX-QDs
synthesized within the prior 24 h.

Molecular Docking. The model of GxTx-1E—Kv1.2-Kv2.1 chimera complex was
performed using ROSETTA as described previously.®” Briefly, the voltage sensor of a
Kv1.2-Kv2.1 channel (PDB 2R9R)!'* was docked with a GxTx-1E NMR structure (PDB
2WH9).!% After energy minimization, the lowest energy binding model most consistent
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with alanine scan mutagenesis was selected for rendering. Molecular renderings were
produced using the UCSF Chimera package from the Computer Graphics Laboratory,
University of California, San Francisco.
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4 | Nanoparticle Conjugates
and Design Possibilities
Using Engineered
Isopeptide-forming Proteins

59



4.1 Introduction

In addition to chemical modifications, it is essential to have methods to interface
nanocrystals with biological components. While the copper click strategy outlined
previously was successful, it required the incorporation of the non-natural amino acid
propargylglycine to provide one of the reactive groups. This is only possible through
chemical peptide synthesis!'?*-1% or difficult tRNA engineering,'®!'? which have
limitations on size and complexity. Methods that can incorporate proteins but maintain
the site-specific conjugation would be advantageous for any more complex designs.

SpyCatcher

protein partner

SpyTag
peptide label

1(/\\//\\V/NH2 \ﬂ//\:;

spontaneous+
reaction
H
/\/\/NY\K + Hy0
SpyTag 5
irreversibly
locked

Figure 4.1 SpyCatcher/SpyTag split domain conjugation system.'"* Once the peptide binds
into the binding pocket of the protein, a lysine side chain in SpyCatcher and an aspartic acid side
chain in SpyTag undergo a condensation to form a covalent isopeptide bond.

One such strategy is through the Spy system, which has perfused much of our
nanocrystal work of the last several years. Engineering of a domain of the Streptococcus
pyogenes fibronectin-binding protein, CnaB2, has resulted in a split peptide and protein
complementary pair, SpyTag and SpyCatcher (Figure 4.1).!13!* When these two
components bind in solution, there is an isopeptide bond formed by the condensation of a
lysine side chain in the protein and an aspartic acid side chain on the peptide. Since the
bond formed is in the hydrophobic core of the protein, it is not easily hydrolyzed or
cleaved. The incorporation of peptides into fusions with other proteins is one of the most
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common for capture or purification methods (e.g. Hiss or HA), but the interactions
between peptide tags and protein are often labile or low affinity.!!>"'® Once made, the
isopeptide bond in the SpyCatcher linkage is irreversible up to the force required to sever
a covalent bond.!"® So now we have two components that can be expressed as protein
fusions with an intrinsic group for covalent attachment to nanocrystals decorated with the
complementary component. Because the small 13 amino acid SpyTag is simpler to
incorporate into expressed proteins, and the hydrophobic nature of SpyTag also seems to
cause aggregation of nanocrystals once conjugated to the surface (Figure 4.2), we have
focused on introducing the SpyCatcher protein onto the nanoparticle surface for further
conjugation to SpyTag targets.

Nl

I

Figure 4.2 SpyTag-decorated fluorophores aggregate in solution. SpyTag-Cys coupled to
CdSe/CdS QDs (left) and to Cy5-maleimide (right) precipitate out of solution and are not
recoverable in aqueous mixtures. Free SpyTag-Cys peptide is also not dispersible in pure aqueous
solvent and requires significant acetonitrile or DMSO as a cosolvent.

One of the main advantages of using the SpyCatcher system to form our
conjugation motif, since it is an expressed protein, is that we have design control over
where the cysteine linkage appears with respect to the nanocrystal and the protein
orientation. This is a major boon for applications where orientation and location of
conjugates dictate the activity and efficacy of the probe, such as in antibody
conjugates.'?%!2! Current methods of antibody-nanocrystal conjugation often disrupt the
underlying antibody protein structure'?>!? or indiscriminately label common sidechains
of the antibody in random orientation and number (Figure 4.3).!2* SpyCatcher
conjugation can address both issues, modulating the number of covalently attached
proteins in quantitative yield, and the orientation to the nanoparticle is fixed by the
position of SpyTag in the SpyTag-antibody fusion. Genetic control of antibody

61



expression is required to insert the SpyTag sequence into the protein, but no chemical
modifications are needed to the expressed protein. To this end, we have developed a QD-
antibody probe for labeling of the urokinase-type plasminogen activator receptor (uPAR),
a marker for detection of malignant tumors.'>>"'?” The probe shows high activity for a
model cell system, and results are promising as a stepping stone to in vitro and in vivo
tumor studies.

HS SH

Figure 4.3 Antibody conjugation methods are nonideal for high-performance probes. (Left)
Chemical crosslinking at common sidechains (e.g. lysine) yields a mixture of conjugation sites,
orientation, and number per particle. (Center) Methods that employ cleavage of interchain
disulfides can destroy the antibody structure and still generate a mixture of products. (Right)
Indiscriminate labeling of sidechains such as lysine gives a distribution of number and location of
labels (green).

Another advantage of the SpyCatcher system is the possibility of designing
fusions with other proteins to modulate its properties. While we can use SpyCatcher to
access new connections, other interesting properties can be incorporated by fusing
proteins together. One application that would benefit from this design is to explore
nanoparticle endocytosis into cells. Endocytosis is a process wherein a cell forms a
microcompartment of pinched off cell membrane to internalize extracellular components,
like nanoparticles. Nanoparticles are often trapped inside these compartments as they
transform into lysosomes for degradation or are shuttled back outside the cell. When
using microscopy to study nanoparticles in cells, the projected view can make it difficult
to discern whether the nanoparticles are resting on the cell surface, trapped in endosomes,
or in the cytosol. So, if we can design a system that changes its properties from outside to
inside the cell, we could differentiate and study only those nanoparticles in the target
environment. By exploiting these design possibilities and the susceptibility of the
disulfide bond to reducing conditions, we can create a highly-engineered probe of
nanoparticle endocytosis with new capabilities native to the protein linkage (Figure 4.4).
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Figure 4.4 Schematic design for FRET-based endocytosis probe. Control over nanocrystal
surface chemistry and protein engineering allow the design of highly complex engineered probes.
Reducible bond between the nanoparticle and biomolecules yields an environment-responsive
construct.

This approach is very complex, requiring the engineering of several components.
The main function needed is a measurable change in the probe going from outside the
cell to the cytosol. This is accomplished using a Forster resonance energy transfer
(FRET) relationship between the QD nanocrystal and a fluorescent protein conjugated on
the surface (Figure 4.4). While attached, when the QD is excited by incident light, some
of the energy will transfer to the protein and be seen as redshifted emission in the
fluorescence spectrum (Figure 4.5). Once the disulfide bond linking the protein to the QD
is cleaved by the reducing environment inside the cell,!?®!?° the protein can diffuse away,
disrupting FRET, and the spectrum would return to that of the unconjugated QD (Figure
4.5). The second major piece needed is a way to get the nanoparticles out of endosomes
and into the cytosol. For this, we use the SpyCatcher linkage fused to the fluorescent
protein as a site to incorporate SpyTag-aureinl.2. This secondary linkage is necessary, as
aureinl.2 is one of a class of antimicrobial peptides'*®!3! known for their cell-penetrating
properties.'3?134 Since these disrupt bacterial cell membranes for their antimicrobial
function, they cannot be expressed as a part of a protein fusion and must be added
postsynthetically to the purified protein. As both aureinl.2 and SpyTag are short
peptides, a fusion of them may be synthesized without cellular expression.
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Figure 4.5 QD-fluorescent protein FRET design. QD fluorescence emission (blue) that
significantly overlaps the absorbance of the fluorescent protein (green) would allow for resonant
energy transfer at small enough distances between them. Excitation of the QD would then cause
emission from the protein (red).

Here, we show several methods for nanoparticle surface display of SpyCatcher
protein and use the linkages made to synthesize complex probes for antibody binding and
tracking the stimulus of a cellular reducing environment. Cellular imaging of these
constructs shows their robustness and efficacy for the design of nanocrystal probes to
study cell biological processes.
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4.2 Results and Discussion

4.2.1 Engineering SpyCatcher for nanocrystal binding

When choosing how to modify the SpyCatcher protein, it is important to keep in
mind the significance of the molecular orientation and the specificity of the covalent
attachment. While it is possible to attach biomolecules directly to the nanocrystal through
chemical linkages (e.g. through side chain lysines or cleaved interchain disulfides in
antibodies), the nonspecificity in number or location of sites often results in reduction in
activity of the biomolecule.!3>"1*! Instead, controlled display of SpyCatcher protein
allows for specific and quantitative addition of SpyTag-fused molecules to the surface.
This control comes from the introduction of a single cysteine amino acid mutation at
serine 35 in a solvent-exposed unstructured region of the SpyCatcher sequence (Figure
4.6). Since the wild type protein sequence contains no cysteines, there is only one
possible site for reactions, and the placement on this face of the protein exposes the
SpyTag binding pocket away from the nanocrystal surface. This side chain thiol can then
be reacted with a maleimide or an activated disulfide on the nanocrystal to form a stable
scaffold for conjugation to further biomolecules (Figure 4.7). This nanoparticle-protein
construct may be stored for a matter of months before loss in activity of the protein is
observed, likely from some degradation in solution. The use of EDTA chelating agent in
the storage buffer lengthens the storage period dramatically by maintaining sterility,
preventing any metal ions from reducing the disulfide linkages, and perhaps by
deactivating any metalloproteases. >4

Figure 4.6 Chimera render of Spy system crystal structure. SpyTag peptide (orange) binds to
SpyCatcher protein (blue) and forms an interchain isopeptide bond (purple). Serine 35 site is
further upstream than the solved crystal structure, near the unstructured N-terminus. PDB ID:
4AMLI
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Figure 4.7 SpyCatcher-nanocrystal coupling through thiol side chain. Cys-SpyCatcher
(pink) can be coupled to thiol-reactive groups (a) activated disulfide and (b) maleimide displayed
on nanocrystal polymer surfaces (green). Maleimide coupling is a traceless addition, while the
disulfide exchange produces a thiol side product.
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Figure 4.8 Screening E. Coli colonies for amino acid mutation. After mutagenesis, mutant
DNA is transformed into competent cells and grown as single colonies. Cultures are grown from
a selected number of colonies and the DNA is extracted and sequenced to detect that the desired
mutation was conferred.

The SpyCatcher protein, as developed by the Howarth group,'!? is available in a
pDEST 14 bacterial expression vector. As determined form the crystal structure, serine 35
is a good candidate for mutation to cysteine for its orientation and solvent exposure. Site-
directed mutagenesis (SDM) was used to alter the peptide sequence,'** and the new DNA
was PCR amplified and recircularized into a plasmid. The DNA was transformed into a
stable Escheria coli storage strain, DH5a, and 10 colonies were screened for the desired
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mutation (Figure 4.8). Once a positive hit was identified, the plasmid was isolated and
retransformed into another E. coli strain, BL21 (DE3), for protein expression. Expression
of this protein is straightforward, as the sequence contains an N-terminal His¢ sequence
for purification via immobilized metal affinity chromatography. Between the Hise tag and
the SpyCatcher protein in the peptide sequence is a tobacco etch virus (TEV) cleavage
sequence (ENLYFQ/G), which allows for removal of the Hise tag after purification by a
TEV-specific protease.'* 47 SDS-PAGE analysis of each stage of the expression and
purification shows a relatively pure band around 15 kDa due to the SpyCatcher protein
(Figure 4.9).
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Figure 4.9 SDS-PAGE analysis of SpyCatcher-Ser35Cys expression. (Left) Affinity
purification showing lanes for uninduced cells, cells induced for expression, insoluble cell lysate,
soluble lysate, IMAC flowthrough, IMAC wash fraction, and eluted protein product. (Right)
Cleavage of Hise affinity tag by TEV protease and subsequent purification. The concentrated
IMAC elution, remaining uncleaved product, and eluted cleaved product without Hise tag are
shown. Gels were run at 200 V for 45 mins.

4.2.2 Nanocrystal surface display of SpyCatcher protein

While there are many possible avenues for conjugating SpyCatcher onto the
surface, [ have focused on two main pathways — either through thiol-maleimide coupling
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or through activated disulfide exchange, which both rely on the cysteine thiol introduced
via mutagenesis. These two methods proceed through different reaction conditions and
result in constructs with different properties that may be useful further downstream in
processing. There are strategies presented here for each of the polymer encapsulation
methods discussed in Chapter 2, so we have an increasing variety of design choices when
electing how to construct a particular probe. As outlined there, once the thiol-reactive
maleimide or activated disulfide is introduced to the nanoparticles, we need only mix
them with SpyCatcher-Ser35Cys to form the covalent linkage (Figure 4.7).

At this point, it is important to detail how we confirm the conjugation of
SpyCatcher to the nanoparticles. As discussed previously, it is difficult to probe the
surface directly, but we can use several ways to measure the introduction of protein to the
surface. The simplest method is through change in hydrodynamic radius as measured by
dynamic light scattering (DLS). While difficult to use as an absolute measurement of
size, especially for light absorbing nanoparticles like QDs, relative measurements before
and after conjugation often reveal a size shift (Figure 4.10). For a protein of ~12.5 kDa
like SpyCatcher, its contribution to the size would be 2-3 nm in diameter, and this is
typically a large enough change to be measured by this technique.
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Figure 4.10 Hydrodynamic radius shift from QD to QD-SpyCatcher by DLS. Dynamic light
scattering size measurements of 640 nm QD conjugates: hydrophobic (blue), PAOA-wrapped
(green), and SpyCatcher-functionalized (red) QDs. Peak values found as an average of 5 runs are:
10.1 nm, 13.5 nm, and 15.7 nm, respectively.
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Figure 4.11 Tryptophan fluorescence from SpyCatcher on QDs. (a) Fluorescence emission
from QDs conjugated to SpyCatcher (blue), QDs alone (green), and the difference (red). (b)
Fluorescence emission from 2-fold dilution series of free SpyCatcher-Ser35Cys protein, starting
at 24 um (light blue). (¢) Calibration curve and linear fit of peak fluorescence values from (b). All
samples were illuminated with 270 nm excitation.

While SpyCatcher contains no visible wavelength chromophore, tryptophan
residues are often used to measure protein concentration from its absorbance around 280
nm. This can be difficult for samples that are highly absorbing (QDs) or highly scattering
(UCNPs) in the UV region of the absorbance spectrum. There is very little background
influence on the fluorescence from the tryptophan, however. By exciting nanocrystal-
bound proteins around 270 nm, we can measure a fluorescence peak around 340 nm
originating from the tryptophan residues (Figure 4.11a,b)."*®!4° Constructing a standard
curve from known concentrations of SpyCatcher protein, we can deduce the
concentration and number of proteins per nanocrystal on average based on this peak
(Figure 4.11c¢).

If using one of the activated disulfide protocols detailed previously, we can track
the progress of the reaction through absorbance measurements of the sacrificial leaving
group.'>%153 As the activated disulfide is displaced, the thioamide formed increases the
343 nm absorbance of the reaction mixture (Figure 4.12). Over a 22-hour period of
incubation, this absorbance eventually saturates, indicating that the coupling is no longer
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proceeding. Finally, to get a sense of the number of functional proteins on the surface, we
can conjugate a SpyTag-fluorophore, like SpyTag-mTurquoise fusion protein, to the
nanocrystal and measure the number of conjugated fluorophores by an optical method
(Figure 4.13). By measuring the absorbance due to the attached fluorophore, we can
discern the number of active conjugation sites per nanoparticle in that particular
conjugate, which may prove different from the number of bound SpyCatcher proteins due
to loss in activity or inaccessibility of sites. This combined evidence provides a
reasonably precise prediction of the surface protein valency. Nanocrystal-SpyCatcher
conjugates made in this way have been used for a variety of applications including
crosslinking network nodes, assembly with biological materials, and display of targeting
groups for nanocrystal imaging.
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Figure 4.12 Time trace measuring thioamide leaving group. Over 22 hours of incubation, the
343 nm absorbance from the leaving group slowly saturates as binding sites are conjugated by
disulfide exchange.
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Figure 4.13 Spectral detection of SpyCatcher on QDs by mTurquoise conjugation.
Absorbance (blue) and fluorescence emission (orange) of 585 nm QD-SpyCatcher/SpyTag-
mTurquoise conjugates. The absorbance peak may be quantified by mTurquoise extinction
coefficient, and fluorescence by calibration curve to yield two complementary measurements of
conjugation number.

4.2.3 Nanocrystal-antibody conjugates enabled by SpyCatcher
conjugation

As detailed previously, the controlled construction of antibody-nanoparticle
conjugates is hindered by the nonspecific chemical linkages used, but this can be
mitigated using single-position SpyCatcher conjugation. MDA-MB-231 is a triple-
negative breast cancer cell line commonly used as a model system for a number of
cancers, which express high levels of the uPAR receptor in the cell.!>*'37 Phage display
has been used to identify anti-human-uPAR antibodies with high binding affinity, and a
lead variant named 2G10 was identified.'?>!2® The antibody used in this work is an
engineered short-chain variable fragment (scFv) of the full 2G10 IgG antibody, which is
a section that contains the antigen binding domain but little of the overall antibody
structure. 2126138 Using only the scFv domain (~30kDa) means it retains its function, can
be more easily bacterially expressed, and allows us to significantly reduce the size of the
overall construct as compared to using a full antibody structure (Figure 1.4). The anti-
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uPAR 2G10 scFv plasmid was a gift from Charly Craik, and a protein fusion with
SpyTag inserted at the C-terminus was expressed for this construct.

To determine whether the expressed SpyTag was still functional, the fusion was
incubated with free SpyCatcher protein and analyzed by SDS-PAGE (Figure 4.14a). Full
disappearance of the starting material band shows complete conjugation of the
components following overnight incubation. Following the methods outlined above, 610
nm emission QDs and 20 nm core-shell UCNPs were encapsulated by PMAO,
functionalized with a 1 mol% PDEA surface, and conjugated with SpyCatcher-Ser35Cys
by disulfide exchange. The SpyCatcher nanoparticles were then incubated overnight in
various ratios with SpyTag-2G10, characterized for their tryptophan fluorescence, and
used directly without further purification (Figure 4.14b). These methods are indifferent
to the antibody structure or target, as long as the SpyTag insertion orients the binding site
away from the nanocrystal surface, so they could be used for any antibody conjugations
in the future.
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Figure 4.14 SpyTag-2G10 antibody fusion retains SpyCatcher binding ability. (a) SDS-
PAGE of SpyCatcher binding to SpyTag-2G10 fusion. Disappearance of the SpyTag-2G10 band
(red) and appearance of conjugate band (purple) show complete coupling in solution over 16
hours. (b) Fluorescence emission from 270 nm tryptophan excitation in UCNP-SpyCatcher (blue)
and 2-fold (orange), 5-fold (green), and 10-fold (red) conjugation ratios of SpyTag-2G10 to
UCNPs.

To test the activity of the scFv construct on a nanocrystal surface, 2G10-
conjugated QDs were tested to show uPAR receptor-mediated internalization in live cells.
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QD-2G10 constructs were incubated with live MDA-MB-231 cells for 1 hour at 37°C in
an incubator, then counterstained with AlexaFluor488-wheat germ agglutinin (WGA) for
10 minutes. The cells were washed 3 times with PBS and imaged for two-color
fluorescence (Figure 4.15). Cells with high levels of uPAR expression show significant
increases in internalized QD fluorescence compared to cells stained with unconjugated
QDs, as well as higher membrane-associated staining (Figure 4.15). This result indicates
that the 2G10-conjugated nanoparticles are preferentially internalized through the uPAR
receptor-mediated pathway. These imaging experiments lay the groundwork for
expansion of these probes for in vitro and in vivo studies for use in identifying cancerous
cell locations as tumor resection boundaries.

AlexaFluor488-WGA QD 610 nm Merge

Figure 4.15 Live cell imaging of QD-2G10 constructs in MDA-MB-231 cells. Representative
confocal images of QD internalization in cells with high uPAR receptor expression. Cells
incubated with QD-2G10 constructs (top row) show high internalization and cell surface
association of nanoparticle fluorescence (center, red), while QDs with SpyCatcher-terminated
surfaces (bottom row) show much lower staining. Green fluorescence is from cell surface
counterstaining with AlexaFluor488-wheat germ agglutinin. Scale bar is 30 pm for all images.
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4.2.4 A SpyCatcher protein fusion for studying nanoparticle
endocytosis

In generating the intended probe for endocytosis, the first major hurdle is the
construction of a SpyCatcher-fluorescent protein fusion. For applications in cell and
tissue imaging, it is advantageous to use the most redshifted emission available in order
to minimize scattering in the medium and absorption of the light used by water or
biomolecules.*®>!!% Since we have high synthetic control over the QD emission
wavelength, we choose the QD we’d like to use and match a protein to that wavelength
for high FRET overlap. For 585 nm peak emission QDs, we chose the mPlum fluorescent
protein for several advantages it brings: high overlap with the QD emission, large Stokes
shift from absorbance to emission, no competing cysteines in the structure, monomeric
assembly, and relatively high (10%) quantum yield (Figure 4.16).1°0-152 The absorbance
is well-matched to a number of QD emission peak wavelengths (e.g. 540 nm, 560 nm,
585 nm), and the emission is well-separated by its long Stokes shift.
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Figure 4.16 mPlum fluorescent protein spectral and structural properties. (a) Absorption
(blue) and emission (red) profiles for mPlum protein. Common QD emission wavelengths 540 nm
(green), 560 nm (yellow) and 585 nm (orange) are shown. Spectral overlap for energy transfer
would be large for any of the above. (b) Chimera structure of mPlum protein with aspartic acid
169 highlighted (green) as a position for cysteine mutation. Its position is oriented opposite to the
N-terminus where SpyCatcher would be fused. PDB ID: 2QLG.

Since we want the FRET acceptor to be as close to the nanocrystal as possible for
maximum transfer, the single cysteine mutation was introduced into the mPlum sequence
by site-directed mutagenesis as before, instead of into SpyCatcher. The final plasmid
sequence was confirmed by Sanger sequencing, and the protein was expressed and
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purified in high yield by SDS-PAGE. However, when absorbance and fluorescence
spectra were taken of the protein, there were unexpected peaks in the spectrum (Figure
4.17). These spectra show 3 distinct peaks each in absorbance and fluorescence,
indicative of a mixture of products present in the sample. While the desired peaks at 590
nm and 649 nm are present, they are not the majority of the material. For many of these
fluorescent protein chromophores, they undergo a series of oxidation steps to form more
redshifted products, so this may be the result of incomplete maturation of the protein.!6>-
165 Attempts to further aerate the protein solution and give time for oxidation did increase
the visual appearance of red product but did not eliminate the blue or green peaks (Figure
4.18). A deep search of the literature revealed a mechanism wherein the maturation
pathway of the chromophore diverges and can terminate in either a green or red product
(through a blue intermediate), so no amount of further oxidation would result in a pure
product.'®® Since this is only a change in the chromophore, there is no difference in the
molecular weight or chemistry of the overall protein that would allow separation of these
two components. However, a single amino acid mutation near the chromophore,
Glul6Pro, was shown to eliminate this side reaction. '
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Figure 4.17 mPlum(Asp169Cys) spectra. Absorbance (blue) and fluorescence (orange) curves
for expressed mPlum(Asp169Cys) protein, showing distinct peaks in the blue (460 nm), green
(530 nm), and red (645 nm) regions of the emission spectrum.
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Figure 4.18 Aeration of mPlum solution reduces green product. Fluorescence spectra before
(blue) and after (orange) overnight shaking in air at 4°C. Protein concentration and excitation

conditions were conserved.
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Figure 4.19 mPlum(Glul16Pro, Asp169Cys) mutant spectra show reduction in side
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mPlum(Glul6Pro, Aspl69Cys) protein with predominantly red emission product.
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Introduction of this second mutation proceeded similarly as above, and the protein
was expressed in moderate yield. Looking at the spectra, we can see that while the side
products are reduced dramatically, the green product is not eliminated entirely, and there
is a slight blueshift of both spectra (Figure 4.19b). When trying to purify this construct,
very little bound to a Ni-NTA column via the Hise tag on the N-terminus of the protein.
Because of this, it is not separable from many other cellular proteins and many bands
appear in the SDS-PAGE gel (Figure 4.20). Further analysis by Western blot using anti-
Hise antibody shows none of the products contain the Hiss tag (Figure 4.20). Thus, since
neither the spectra nor the purification is clean, we had to select a new protein in order to
generate our FRET probe.

kDa SDS-PAGE Gel Western Blot Anti-His6
1008

7588

50"...

Figure 4.20 mPlum(Glul6Pro, Asp169Cys) SDS-PAGE and Western blot. Many bands in
the SDS-PAGE (left) showing poor purification by Ni-NTA affinity chromatography. Western
blot (right) reveals none of the high yield products contain the Hiss tag needed for isolation.

mCherry is a very well-studied and highly characterized protein from the same
development line as mPlum.'®”~!"! It retains the same absorbance peak position, but its
emission is not nearly as redshifted (Figure 4.21). The chromophore maturation time of
mCherry is also much shorter and should present fewer issues in generating a pure
product.'®” A single cysteine (Ser131Cys) was introduced to mCherry just as above by
SDM, and several other mutations were made to improve the efficacy of the finished
product: Asp132Lys to improve the reactivity of the cysteine residue, and Arg4 added at
the N-terminus to aid in the uptake of the nanoparticles by endosomes. The final protein
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was expressed as a fusion with SpyCatcher in high yield (Figure 4.21). The mCherry
constructs express in much higher yield and are easily purified by His¢-tag and TEV
cleavage to give the fusion needed as per the original design (Figure 4.4).
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Figure 4.21 Arg4-mCherry(Ser131Cys, Asp132Lys)-SpyCatcher protein expression. Unlike
mPlum, mCherry constructs are synthesized and purified in high yield. The SDS-PAGE (left)
shows characteristic 3-band breakdown pattern for mCherry, and expression yield of mature
purple protein (center) is much higher than mPlum. The absorption peak for mCherry (right, blue)
is centered at 590 nm, and the emission peak (right, orange) has a small Stokes shift to 610 nm.

With the Arg4-mCherry(Ser131Cys, Asp132Lys)-SpyCatcher protein fusion
made, we could assemble the final endocytosis product. Since we want the smallest
distance between the nanocrystal and acceptor protein for maximum FRET and the
highest overlap between QD emission and protein absorption, this is best achieved using
585 nm peak emission CdSe/ZnS QDs. These were encapsulated using PMAO polymer
and functionalized with 1 mol% PDEA to keep the disulfide linkage close to the
nanocrystal. With a simple disulfide exchange, the majority of the probe is made except
for inclusion of the endosome disrupting peptide. This construct exhibits significant
FRET from the QD to proteins conjugated on the surface, and the absorbance from the
mCherry protein indicates there are an average of 25 proteins per nanocrystal (Figure
4.22a,b). To simulate entering the cytosol of a typical cell, this probe was subjected to a 2
mM solution of reduced glutathione in PBS buffer, causing the disulfide linkage to be
cleaved. When this occurs, the FRET signal is lost and the QD brightness is restored
(Figure 4.22b). This proof of concept test lays the groundwork for future in vitro tests
under live cell imaging conditions.
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Figure 4.22 Disulfide-linked QD probe displays FRET and spectral changes under cellular
reducing conditions. (a) Absorbance spectra for 560 nm QDs (orange), QD-disulfide-[ Arg4-
mCherry(Ser131Cys, Asp132Lys)-SpyCatcher] (blue), and the difference curve for the protein
fusion (green). (b) Fluorescence emission spectra showing energy transfer from conjugation of
QD (blue) to QD-disulfide-[ Argd-mCherry(Ser131Cys, Asp132Lys)-SpyCatcher] (red). Spectra
after 10 min (orange) or 1 hour (green) reduction with glutathione.
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4.3 Conclusions

The use of the SpyTag-SpyCatcher conjugation system represents a major shift in
design for preparing nanoparticle conjugates. Through its ability for either component to
be genetically-expressed and the traceless covalent linkage formed from these
components, it has changed the way we think about designing surface interactions and
how to incorporate biomolecules into a nanoparticle construct. Engineering of the
SpyCatcher protein has allowed precise control over the placement and orientation of
displayed groups, and its expressibility has led to the creation of protein fusions with
unique structure and function. Novel and orthogonal peptide/protein coupling systems
continue to be developed, and these may form the basis for even more complex
engineering.!!*!72

Using this system, we have created probes from antibody fragments conjugated to
quantum dots for live cell labeling. While simple, this construct has been difficult to
realize with the level of precision needed using other conjugation techniques. On the
other end of the spectrum, the level of manipulation possible using this system has let us
create complex, highly-engineered, and multifunctional probes of nanoparticle
endocytosis. These constructs have unique photophysical and stimulus-responsive
properties that would not be possible without the SpyTag-SpyCatcher system. For good
reason, this protein has infiltrated almost all our nanoparticle conjugate designs in some
way, and it has led us to expand into larger collaborations towards even more complex
materials, with SpyCatcher at their core.
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4.4 Materials and Methods

Chemicals and materials. CdSe/ZnS nanocrystals were purchased from Ocean
Nanotech. Poly(maleic anhydride-alt-1-octadecene) (PMAO) was purchased from
Polysciences, Inc. NH2-PEG4-N3 and NH2-PEG3 were purchased from Aurum
Pharmatech. SM(PEG)2 was purchased from ThermoFisher. Mutagenesis kits and
competent cells were purchased from New England Biolabs. Custom DNA oligos were
purchased from Genscript. Plasmids were procured from Addgene, and cell lines were
purchased from ATCC. All other reagents and chemicals were purchased from
MilliporeSigma and used without further purification.

Site-directed mutagenesis.
PCR Amplification

A PCR amplification reaction was set up comprised of: 12.5 uL Q5 Hot Start Hi Fidelity
Master Mix, 1 puL of template DNA to be changed (25 ng), 9 uL MilliQ H>O, 1.25 uL
each of the Forward and Reverse primers (see below). This mixture was PCR amplified
through the following cycle:

98°C - 0:30

35 cycles of:
98°C -0:10
66°C —0:30
72°C —2:50

72°C —2:00

4°C — Hold

After PCR, agarose gel electrophoresis was used to confirm the correct size amplified
product for recircularization.

Kinase, Ligase, Dpnl (KLD) Digest

1 puL of product was mixed with 5 pL KLD Reaction buffer (NEB), 3 uL MilliQ water,
and 1 pL 10X KLD Enzyme Mix (NEB). The mixture was incubated at room temperature
for 30 minutes and transformed into NEB 5-alpha Competent E. coli cells.

Transformation

NEB 5-alpha Competent E. coli cells were thawed on ice. 5 pl of the KLD mix were
added to the cells and incubated on ice for 30 minutes. The cells were heat shocked at
42°C for 30 seconds and allowed to recover on ice for 5 minutes. 950 pl of room
temperature SOC was added into the mixture, and the cells were incubated at 37°C for 60
minutes with shaking (250 rpm). The mixture was plated on LB + ampicillin agar plates
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and incubated overnight at 37°C to yield single colonies that contain the resistance

plasmid.

Primers used in this work.

Mutation Forward Sequence Reverse Sequence

mPlum GCCACTACTGCGCCGAG CGCCGTCCTTCAGC

D169C GTCAAG TCAGCC

R4- CGTCGGCGTCGGGCCATG | GCCTGAACCTCCACCAA

SpyCatcher | GTTGATACC TATGAGCGTCACC

Amplification

R4-mPlum- 1: gagaacctgtacttccagggcCGT I: CAACCATGGCCCGACGC

SpyCatcher | cGGCGTCGGGCCATGGTTG | CGACGgccctggaagtacaggticte

i;l;z;)rl:bly 2: CATATTGGTGGAGGTTC | 2: gacctcctegeecttgetcacGCCT
AGGCgtgagcaagggcgaggaggtc | GAACCTCCACCAATATG

mPlum E16P | CGCTTCAAGCCGCACATG | CATGAACTCCTTGATGAC
GAGG CTCCTCGC

SpyCatcher- | GTGAGCAAGGGCGAGGA CTGACCCCAAATACCTTG

ELP- GGAT CGGACC

mCherry ELP

Excision

mCherry CAACTTCCCCTGCGACGG GTGCCGCGCAGCTTCACC

SI31C ccce TTGTAG

Arg4 GTCGTGGCGCCATGGTTG GACGACGGCCCTGAAAAT

insertion ATACCTTATC ACAGGTTTTCG

mCherry

mCherry CTTCCCCTGCAAGGGCCC TTGGTGCCGCGCAGCTTCACC

DI32K CGTAATG

Recombinant protein expression. Plasmids encoding SpyCatcher or fluorescent protein
variants were transformed into the E. coli expression cell line BL21 (DE3)
(MilliporeSigma) for heterologous protein expression. Single colonies from agar plates
were used to inoculate cultures of LB broth (25 mL) containing ampicillin (50 pg/mL)
and grown at 37 °C overnight (250 rpm). This starter culture was then used to inoculate 2
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x 500 mL LB broth containing ampicillin (50 pg/mL) at 0.05 OD600 and grown at 37 °C
with shaking (250 rpm). Once cells density reached 0.4 - 0.6 (2 - 4 hr post-induction),
protein expression was induced with 1 mM IPTG. Cultures were then grown 4 hours at
30 °C with shaking (250 rpm) to avoid the formation of inclusion bodies. Cells were
harvested (6000 x g, 20 min, 4 °C) and the cell pellet was resuspended in 30 mL lysis
buffer (20 mM Tris pH 8.0, 300 mM NaCl, 10 mM imidazole). Cell pellets were stored at
-80 °C.

Recombinant protein purification. Recombinant Hiss-tagged proteins were isolated via
IMAC using a prepacked 1 mL Ni-NTA column (GE Healthcare). To remove loosely
bound proteins, the column was washed with 50 mM imidazole for 20 column volumes.
Hise-tagged protein was eluted utilizing a linear imidazole gradient up to 250 mM.
Chromatography steps were conducted at 1 mL/min utilizing an AKTA Pure FPLC
system (GE Healthcare).

Successful protein expression was confirmed by band shift in whole cell lysate in
Laemmli buffer and 0.05% 2-mercaptoethanol on a BioRad Criterion Stain-free 4—20%
SDS-PAGE. The gel was UV-activated for 2 min before imaging on a ProteinSimple
FluorChem E system. As poor purification was observed for some samples, Western blot
was performed for confirmation. A Bio-Rad Trans-Blot Turbo system with nitrocellulose
membrane was used to transfer protein from the SDS-PAGE gel and the membrane
incubated in ThermoFisher SuperBlock buffer for 1 h. The protein of interest was first
labeled during a 30 min incubation with rabbit Anti-Hise Tag polyclonal antibody
(1:5000 in TBST, Tris-Buffered Saline with 0.1-0.05% Tween-20), followed by another
30 min incubation with Goat-Anti Rabbit-AlexaFlour488 (Sigma-Aldrich; 1:5000 in
TBST). BioRad Precision Plus Protein Standards fluorescence was activated with
Thermo-Fisher SuperSignal West Pico Chemiluminescent Substrate and imaged in
chemiluminescent mode. TBST washes were performed between each incubation step.

Nanoparticle-SpyCatcher conjugation. To generate permanent QD-SpyCatcher
conjugates, PAOA-encapsulated QDs (2 uM, 200 pL) in 100 mM HEPES, pH 7.8, were
combined with SM(PEG)2 (100 mM, 50 uL) in DMSO. The reaction was mixed at room
temperature for 30 minutes. The mixture was diluted to 4 mL with 100 mM HEPES, pH
7.0, and excess reagents were removed by centrifugal dialysis (Amicon Ultra-4, 100 kDa
MWCO), washing with 3 x 4 mL of HEPES buffer. An aliquot of SpyCatcher Ser35C
protein (200 uM, 100 pL) was added to a 1.5 mL low protein-binding centrifuge tube, the
QDs were added, and the reaction was mixed overnight at 4°C on a rotary mixer. The
reaction mixture was diluted to 4 mL with 100 mM HEPES, pH 7.5, and excess
SpyCatcher protein was removed by centrifugal dialysis (Amicon Ultra-4, 100 kDa
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MWCO), washing with 4 x 4 mL of buffer. The retentate was diluted to 400 puL in
HEPES buffer, and the QD-protein conjugate was stored at 4°C.

For disulfide conjugated QD-SpyCatcher, PMAO-encapsulated QD film was
taken up with 1:99 ratio of PDEA (11.14 mg, 50 umol) to 2-(2-(2-methoxyethoxy)
ethoxy) ethylamine (818.5 pL, 4950 pmol) in 50 mM sodium borate, pH 8.5 and
sonicated for 30 minutes at 60°C. The mixture was heated in an 80 °C water bath for 60
minutes, slowly cooled in the bath to room temperature, and then sonicated for 30 more
minutes. The mixture was concentrated to 1 mL by spin dialysis (Amicon Ultra-15, 100
kDa MWCO), and excess polymer was removed by ultracentrifugation and dialysis as
previously described. An aliquot of SpyCatcher Ser35C protein (200 uM, 100 uL) was
desalted on a Biospin-6 Desalting Column (Bio-Rad) and further washed by centrifugal
dialysis (Amicon Ultra-4, 3 kDa MWCO), washing with 3 x 4 mL of HEPES buffer to
remove all TCEP storage buffer. The retentate was diluted to 100 uL in a 1.5 mL low
protein-binding centrifuge tube, the QDs were added, and the reaction was mixed
overnight at 4°C on a rotary mixer. The reaction mixture was diluted to 4 mL with 100
mM HEPES, pH 7.5, and excess SpyCatcher protein was removed by centrifugal dialysis
(Amicon Ultra-4, 100 kDa MWCO), washing with 4 x 4 mL of buffer. The retentate was
diluted to 400 pL in HEPES buffer, and the QD-disulfide-protein conjugate was stored at
4°C.

Nanoparticle-SpyCatcher characterization. To determine the size of as-synthesized
nanocrystals, a dilute dispersion of nanocrystals in hexane was drop cast onto an ultrathin
carbon film on lacey carbon support, 400 mesh copper TEM grid (Ted Pella) and dried in
a fume hood. Images were collected on a Gemini Ultra-55 Analytical Field Emission
Scanning Electron Microscope (Zeiss) in dark-field transmission mode under 30 kV
accelerating voltage. Diameters for 100 random nanoparticles were manually designated
in ImagelJ and a distribution was plotted.

To determine the size of aqueous nanoparticles, dispersions were diluted to 20 nM
in 100 mM HEPES, pH 7.8 for PAOA-encapsulated nanoparticles, and in 100 mM
HEPES, pH 7.0 for PMAO-encapsulated and SpyCatcher-functionalized nanoparticles.
The dispersions were sonicated for 30 minutes prior to measurement. Diameters were
measured by dynamic light scattering using a Malvern Zetasizer with typical count rates
of 150 kilocounts per second. Data were collected for 60 seconds each in 5 separate runs
and fit using Malvern Zetasizer software to a volume-weighted size distribution of
hydrodynamic diameter.

SpyCatcher calibration curve and enumeration. To confirm the presence of
SpyCatcher proteins on the nanoparticle surface, fluorescence spectra were taken under
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270 nm excitation prior to and after conjugation, with the difference curve showing a
protein peak around 340 nm. A calibration curve was generated of known concentrations
of purified SpyCatcher, and the difference curve peak was used to determine the
concentration of SpyCatcher protein in the nanoparticle conjugate. A ratio made with the
protein to nanoparticle concentration defined the number of proteins per nanoparticle.

SpyCatcher enumeration via activated disulfide exchange leaving group. To follow
the disulfide exchange of SpyCatcher onto the nanoparticle surface, the absorption
signature of the leaving group (pyridine-2-thione) was measured at 343 nm in a plate
reader as a function of time. The concentration of pyridine-2-thione was determined from
this absorbance and its extinction coefficient (8,080 M™' cm™), and a ratio with the
nanoparticle concentration defined the number of SpyCatcher proteins exchanged per
nanoparticle.

mTurquoise-SpyTag conjugation and characterization. To confirm the activity and
presence of SpyCatcher on the nanoparticle surface, an excess of SpyTag-mTurquoise
fluorescent protein was added to a small sample of SpyCatcher-conjugated nanoparticles
(e.g. 100 pl of 38.7 uM SpyTag-mTurquoise to 100 pl of 1 uM QD585-SpyCatcher) and
incubated overnight with mixing. The excess mTurqoise was washed out with 3 x 15 mL
100 mM HEPES, pH 7.0 on a centrifugal dialysis filter (Amicon Ultra-15 100kDa pore)
and taken up in 100 pl of buffer. Absorption spectra were taken prior to and after m
Turquoise conjugation, showing a peak in the difference spectrum around 435 nm. The
concentration of mTurquoise was determined from this absorbance and the extinction
coefficient (30,000 M! cm™), and a ratio with the nanoparticle concentration defined the
number of proteins per nanoparticle.

2G10 antibody conjugation and characterization. In order to generate the final QD-
antibody construct, SpyCatcher-conjugated QDs (100 pl, 1 pM, 100 pmoles) and
SpyTag-2G10 antibody (8.9 ul, 22.6 uM, 201 pmoles, ~2x excess) were simply mixed
overnight and used without further purification. Various ratios of antibody to
nanoparticles were tested by modulating the amount of SpyTag-2G10 added. To verify
the presence of antibodies on the nanoparticle surface, fluorescence spectra were taken
under 270 nm excitation prior to and after conjugation, with the difference curve showing
a protein peak around 340 nm. A calibration curve was generated of known
concentrations of purified SpyTag-2G10, and the difference curve peak was used to
determine the concentration of antibody conjugated to the nanoparticle conjugate. A ratio
made with the protein to nanoparticle concentration defined the number of proteins per
nanoparticle.
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Cell culture. CHO-K1 cells expressing nuclear eBFP were maintained in tissue culture-
treated polystyrene dishes (Corning) at 37 °C in a 5% CO; atmosphere in Ham’s F-12
media (Sigma) containing 10% fetal bovine serum (FBS, Gibco), 1% penicillin—
streptomycin solution (Life Technologies), and 100 pg/mL geneticin to maintain the
eBFP expression.

MDA-MB-231 cells expressing urokinase plasminogen activation receptors
(uPAR) were maintained in tissue culture-treated polystyrene dishes (Corning) at 37 °C
in a 5% CO; atmosphere in Dulbecco’s modified Eagle’s medium (DMEM, Sigma)
containing 10% fetal bovine serum (FBS, Gibco) and 1% penicillin—streptomycin
solution (Life Technologies). Cocultures of the two cell lines were grown in DMEM
containing 10% FBS, and 1% penicillin—streptomycin.

Cell antibody staining and microscopy. Cells were grown in an 8-well chamber slide
to 80%+ confluency. Media was aspirated from the cells, and the wells were washed with
2 x 500 uL DMEM without phenol red. QD constructs were diluted to 10 nM
concentration in DMEM without phenol red and added to the dish. Cells were incubated
for 1 hour at 37°C in an incubator and washed 1 x with 500 uL PBS + 10 mM glucose.
The cells were then incubated in a 5 ug/mL solution of AlexaFluor488-WGA
(ThermoFisher) in PBS + glucose at room temperature for 10 minutes, and they were
then washed 3 times with 500 uL PBS + glucose. Fresh PBS + glucose was added, and
the cells were imaged by confocal microscopy.

Confocal images of the focal plane at the chamber interface were obtained using
an inverted Zeiss LSM710 system with a 1.4 N.A. 63x Apochromat oil immersion
objective. QD emission was excited using a 405 nm diode laser with an MBS-458/514
main dichroic beam splitter, and emission was collected from 605 — 690 nm.
AlexaFluor488 signal at the cell membrane was excited with a 488 nm diode laser with
an MBS-488/594 main dichroic beam splitter, and emission was collected from 495 — 575
nm.
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5 | Building Hybrid
Materials through
Nanocrystal S-layer
Interactions?

2 Portions of this work were completed in collaboration with others: Dr. Francesca Manea,
who performed the S-layer protein engineering and imaging, Dr. Nick Borys, who
performed the lifetime measurements, and Dr. Dong Li who performed the cell binding
studies, AFM measurements, and confocal microscopy.
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5.1 Introduction

When considering the design of a nanoparticle conjugate, we often only study
how to affix a certain molecule or biological component to the nanocrystal surface. But a
defining feature of nanoparticle probes over a molecular dye, for example, is its
multivalency — there are many points of attachment instead of the single functional site
found in a molecule. While this can often act as a detriment to the final product through
interactions between conjugated groups, changes in affinity or potentiation, or disruption
of the colloidal stability, it also provides another facet of design to think about structures
beyond two-component, binary systems.

Arranging nanoparticles in two dimensions gives rise to patterned materials with a
range of applications ranging from nanoelectronics and optics'’>!7* to biochemical
sensing.!”>!76 To precisely pattern nanoparticles in 2D, bottom-up approaches using self-
assembling biological molecules such as DNA and proteins offer a scalable route under
mild conditions. For example, DNA origami has been used to scaffold nanoparticles into
arrays or wires at interparticle distances to allow modulation of optical properties of
adjacent nanocrystals.!”’"!7° This precise interparticle spacing has been difficult to
achieve due to either inefficient bioconjugation of large, slowly-diffusing components or
quantitative bioconjugation that disrupts the underlying scaffold. Inefficiencies in self-
assembly become more problematic as the complexity of the material increases, as
decreases in yield are compounded with each modification. Proteins are also promising
scaffolds for the development of hierarchical nanomaterials as they can be engineered
with angstrom precision and self-assemble into robust, complex architectures.'8-132
However, the lack of control surrounding the assembly interaction between nanoparticles
and proteins,'®* the poor ability to exploit the intrinsic structural capabilities within
protein assemblies,’ and limited engineering strategies to create a material densely
arrayed with nanomaterials have hindered progress.

Many bacteria and archaea contain a surface monolayer of highly ordered proteins
or glycoproteins as their outermost cell envelope. This so-called S-layer is built via self-
assembly of protein monomers as a two-dimensional crystalline array on the outer
membrane which encapsulates the whole cell surface.'®*!1*° Their controllable assembly
into crystalline arrays, !¢ well-defined lattice dimensions, and robust construction across
a range of pH and temperatures make S-layers an attractive nanoparticle scaffold (Figure
5.1).%7 S-layers form 2D crystals rather than 3D crystals which limits X-ray
crystallography and atomic resolution structures, which has hindered more complex
design. Specifically, while certain S-layers have been engineered with a single
nanoparticle attachment site'**1%° they have not been explored for the simultaneous
display of multiple nanomaterials. We have utilized the atomic resolution structure!®! of
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SbsB, the S-layer protein from a thermophilic bacterium Geobacillus
stearothermophilus,'*? to identify locations amenable to modification and conjugation for
simultaneous display of multiple nanoparticles.

Figure 5.1 2D crystalline array of S-layer protein visualized by STEM. STEM image of a
SbsB protein nanosheet, showing crystalline rows of protein monomers. Sheets can reach many
microns in lateral size while just one monomer thick.

We need not be limited to the 2D crystalline morphology of S-layer sheets in
solution, however. In nature, capabilities such as stimulus responsive porosity or
toughness are bestowed by living organisms that control the assembly of nanoscale
functional building blocks in a biocomposite.!**!%* Engineered versions of these materials
are a growing sector of research for their ability to combine the strengths of living and
designed materials.!”>!°® For these engineered living materials (ELMs), the living
component provides the ability to sense, adapt, and grow, while the incorporation of a
non-living component expands the physical or chemical properties.!*>!®” To this end, S-
layer engineering may be the pathway to achieve precise control of hybrid material
properties through the incorporation of engineered nanomaterials. Depending on the
species, an organism’s S-layer can demonstrate unique symmetry and unit cell
dimensions, with a variety of functional groups exposed in a precise repetitive
manner.!**2%! Previous efforts have already identified and manipulated S-layer proteins

as templates for drug delivery, catalytic reactions, separations, and bio-sensing, !36:188-202-
211

Caulobacter crescentus is the most genetically tractable microorganism known to
possess an S-layer, and is known for forming well-ordered biofilms.?>?!? Its S-layer

&9



protein, RsaA, oligomerizes in the presence of Ca** into a hexameric unit that self-
assembles into a two-dimensional array with 22 nm lattice spacing (Figure 5.2).21321
Recent studies have identified several permissive sites for peptide insertion that do not
affect RsaA self-assembly, and this allows the potential use of RsaA for biomolecular
interactions and selective conjugation.?%>!¢ Using the SpyCatcher attachment system
developed previously, we have designed a new hybrid material comprised of
nanoparticles bound to these cell membrane proteins into a synthetic biofilm (Figure 5.2).
Inclusion of this inorganic component allows for tuning of mechanical or stimulus-
responsive properties of the hybrid material.

C. crescentus g

insertion site

Assembled hybrid
bacterial tissue

Nanoparticle

SpyTag displayed on RsaA

PEG polymer wrapping /  SpyCatcher

Figure 5.2 Schematic of hierarchically-ordered cell-nanoparticle hybrid material.
Engineered S-layer protein RsaA of C. crescentus displays SpyTag peptide that covalently reacts
with SpyCatcher-functionalized nanoparticles to form supracellular assemblies with enhanced
mechanical properties.

Here we describe the fabrication of a new class of hybrid 2D materials comprising
self-assembling protein which scaffolds plasmonically-coupled nanoparticles. This
avenue is modular with respect to dimensionality and composition of the protein building
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block and interparticle distances that allow energy transfer between conjugated
nanoparticles. These hybrid composites allow the tailorable deposition of densely arrayed
single or double species of nanoparticles through the use of protein engineering tools and
protein conjugation systems. Using this, we have shown a decrease in the lifetime for
quantum dots (QDs) when colocalized with gold nanoparticles (Au NPs) on the
nanosheet from plasmon transfer. Taking advantage of the unique properties of C.
crescentus and its S-layer proteins, we also report hierarchically-ordered, biotic-abiotic
hybrid structures developed through engineered nanoparticle patterning and intracellular
crosslinking that imparts functions like improved mechanical stiffness or magnetism in
the hybrid material.
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5.2 Results and Discussion

5.2.1 Engineered S-layers for binding Au nanoparticles

In the development of nanoparticle patterning, we sought a means to accurately
position two different types of nanoparticles on an S-layer nanosheet. To first create S-
layers that bound metallic nanoparticles, we took advantage of the ability of Au NPs to
form bonds with thiols,?*2® and we introduced a cluster of cysteine residues in the SbsB
monomer to produce a region for localized Au NP binding. By examining the SbsB
crystal structure!®! and identifying solvent-exposed side chains in the lattice,?!” four
amino acids positioned on the surface of SbsB were chosen for mutation. The mutated
residues are clustered above the intramonomer pore and were located within a 100 A?
area, where the thiol side chains would be exposed to the bulk solution. STEM and
interference reflection microscopy (IRM) of engineered SbsB sheets show that modified
sheets are typically rectangular ranging from 1-10 pm in length, similar to wild-type
sheets (Figure 5.3). Furthermore, the nanoscale lattice dimensions of Cys-containing
SbsB sheets are indistinguishable from non-engineered sheets (Figure 5.3). These
observations indicate that the incorporation of the cysteine cluster does not impede SbsB
crystallization or sheet formation.

To probe metallic nanoparticle binding, we incubated unmodified sheets or Cys-
containing sheets with 5 nm citrate-coated Au NPs overnight with gentle rocking at room
temperature. To ensure nanocrystals on the nanosheet surface were conjugated via thiol
interactions, sheets were washed to remove excess, unbound particles. The surface of
native SbsB nanosheets did not bind Au NPs, indicating low nonspecific interactions
between Au NPs and the SbsB protein (Figure 5.4B). SbsB monomers that contain the
incorporated Cys cluster were found to generate nanosheets that bind Au NPs (Figure
5.4C) with an overall binding site coverage of 5%. This demonstration shows that our
cysteine cluster can bind metallic nanoparticles, but the efficiency of binding is
insufficient to uniformly cover the nanosheet.
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Figure 5.3 Visualization of recombinant SbsB and SbsB Cys cluster constructs. Interference
reflectance microscopy (IRM) images illustrate micron-scale nanosheets, while STEM images
show the nanoscale oblique array, typical for SbsB.
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Figure 5.4 SbsB sheets containing metal-binding Cys residues bind Au NPs. (A) Cartoon
depiction of SbsB crystal structure illustrating two key areas of embellishment; the C-terminal
SpyTag (green) and the Cys cluster (red box). Residues that were mutated to Cys are highlighted
in yellow and shown as spheres. Insert shows zoomed in surface of SbsB region containing the
cysteine cluster. Changed residues are labelled and inter-Cys residue distances are shown. STEM
images of wild type SbsB sheets (B) showing no nanoparticle conjugation and SbsB sheets
embellished with cysteine residues (C) with 5 nm Au NPs bound.
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5.2.2 S-layers incorporating protein-coupling tags can bind a versatile
set of nanoparticles

To improve upon the conjugation efficiency of nanoparticles to nanosheets, we
examined whether the protein-peptide coupling pairs, SpyTag/SpyCatcher,!'® and an
orthogonal protein-peptide coupling system, SnoopTag/SnoopCatcher,!'* could conjugate
nanoparticles to SbsB arrays more effectively. Here, we examined whether the
nanoparticle size, nanoparticle surface chemistry, or protein-coupling tag type would
affect nanosheet coverage. We chose the unstructured C-terminus of SbsB for SpyTag
peptide insertion since we had previously utilized it as a site for embellishment amenable
to modification,?!® and the SbsB crystal structure indicates the C-terminus is solvent
exposed on the outward facing surface.'”! The SbsB C-SpyTag construct displays the
same expression and purification yield as wild type SbsB, and highly-ordered sheets are
observed by STEM as for the wild type sheets, indicating the 13 amino acid peptide
addition does not hinder self-assembly.

Next, we probed whether the SpyTag/SpyCatcher system could enable high-density
attachment of inorganic nanocrystals. We examined the covalent attachment of
semiconductor quantum dots (QDs)! and lanthanide-doped NaYFs upconverting
nanoparticles (UCNPs)’ onto our nanosheets. In order to maintain colloidal stability and
resistance to aggregation in aqueous media, both types of hydrophobic nanocrystals were
first encapsulated in amphiphilic copolymer layers.’®>*!? A single cysteine mutant,
SpyCatcher Ser35Cys, was expressed for conjugation to the nanocrystal polymer surface
as previously discussed through heterobifunctional crosslinkers or activated disulfide
exchange (Figure 5.5).
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Figure 5.5 Conjugation of SpyCatcher protein to nanoparticles. Two-step conjugation of
cysteine-modified SpyCatcher S35C protein to (A) PAOA-encapsulated QDs through a
succinimidyl ester-PEG;-maleimide heterobifunctional crosslinker and (B) POA-encapsulated
UCNPs through generation of an activated disulfide and subsequent disulfide exchange.
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Figure 5.6 SbsB nanosheets can display semiconductor quantum dots at high occupancy
while preserving their optical properties via SpyTag/Catcher conjugation. (A) Cartoon
depicting coupling of SbsB-SpyTag to SpyCatcher-coated QDs. (B) STEM image of QD-
SpyCatcher conjugated to SbsB-SpyTag nanosheets. (C) Confocal microscopy images of SbsB
sheets displaying QDs. IRM images (top) showing SbsB sheets, with or without SpyTag, in the
absence and presence of QD-SpyCatcher, respectively. The corresponding fluorescence images
(bottom) show yellow fluorescence due to the selective conjugation of QD-SpyCatcher upon
excitation at 405 nm.
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The SpyCatcher-functionalized QDs were incubated with SbsB C-SpyTag sheets
(Figure 5.6A) for covalent attachment and imaged by STEM and confocal
microscopy. Nanoparticle-conjugated SpyCatcher maintained its affinity for SpyTag,
resulting in specific conjugation to tagged SbsB nanosheets. QDs were readily visualized
bound to nanosheets via STEM (Figure 5.6B), with a calculated sheet coverage of 18%,
which is significantly higher compared to those conjugated via thiol sidechains. When
QD-conjugated sheets were probed at 405 nm, we could clearly see emission localized to
sheets (Figure 5.6C). This indicates the QDs maintain their functionality when bound to
SbsB nanosheets, giving a characteristic emission peak at 585 nm (Figure 5.7).
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Figure 5.7 Emission of QD-SpyCatcher conjugated to SbsB C-SpyTag. Typical
fluorescence image (left) of QDs localized to SbsB nanosheets. Emission profile (right) is shown
for the boxed red region in the fluorescence image. An emission peak at 585 nm indicates the
fluorescence signal observed is due to bound QDs.

A second protein-coupling tool, SnoopTag/SnoopCatcher,!'* was investigated for
its amenability to nanoparticle attachment and to probe whether the Spy and Snoop
systems can be used orthogonally within an SbsB nanosheet, using inorganic
nanoparticles. SnoopTag was inserted into the C-terminus of SbsB as previously outlined
using SpyTag and incubated with SnoopCatcher-conjugated nanoparticles (Figure 5.8A).
As seen with SpyTag incorporation, SnoopTag had no effect on the nanoscale lattice
dimensions of SbsB, nor on the micron sized sheets. SnoopCatcher conjugated to UCNPs
of different sizes was successfully bound to SnoopTag embellished nanosheets via
isopeptide bond formation (Figure 5.8B,C).
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Figure 5.8 SbsB nanosheets display ceramic, upconverting nanoparticles at high
occupancy while preserving their optical properties via SnoopTag/Catcher conjugation. A)
Cartoon depicting protein coupling between SbsB-SnoopTag and UCNP-SnoopCatcher. STEM
images of SbsB-SnoopTag nanosheets coupled to SnoopCatcher-conjugated 8 nm NaYF,4 (B) and
5 nm NaGdF4 (C) UCNPs. (D) Visualization of SbsB sheets bound with 8 nm NaYF4 UCNP by
confocal microscopy. IRM images (top) show SbsB sheets, with or without SnoopTag, in the
absence and presence of UCNP-SnoopCatcher, respectively. The corresponding luminescence
images (bottom) indicate selective conjugation of UCNP-SnoopCatcher upon excitation at 980
nm.

99



In addition, we found QD attachment to SbsB C-SnoopTag sheets to be similar to
SbsB C-SpyTag sheets, with coverage increasing marginally from 18 to 22 %. However,
SnoopCatcher-conjugated UCNPs show significantly higher attachment to nanosheets
compared to their SpyCatcher counterparts. STEM images reveal uniform nanoparticle
conjugation to sheets for both § nm NaYFs UCNPs and 5 nm NaGdFs UCNPs each
doped with 20% Yb*" and 2% Er*" (Figure 5.8B, C). Furthermore, when excited by 980
nm light, high-occupancy bound UCNPs displayed characteristic upconversion
luminescence from the dopant ions, with peaks around 540, 560, and 660 nm (Figure
5.9). Emission was localized to SbsB C-SnoopTag sheets, indicating these nanoparticles
remain functional when conjugated to SbsB nanosheets via covalent attachment with
SnoopCatcher (Figure 5.8D). The use of protein-coupling reactions to bind a range of
nanoparticles demonstrates the high selectivity and programmability of these systems,
which has not previously been explored for conjugation to S-layers.
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Figure 5.9 Emission of NaGdF4-SnoopCatcher bound to SbsB C-SnoopTag. Typical
luminescence image (left) of doped NaGdFs UCNPs localized to SbsB nanosheets. Emission
profile (right) is shown for the boxed red region in the image. Emission peaks at 525, 545, and
660 nm are Er** emission from bound UCNPs.

Taken together, these experiments provide information on how nanoparticle
coverage across modified SbsB sheets varies with conjugation method, protein coupling
system, nanoparticle composition, and nanoparticle size (Figure 5.10). We found that
thiol chemistry via Cys residues was the least effective route for nanoparticle
conjugation. The SnoopTag/Catcher protein coupling system displayed increased
coverage of nanoparticles compared to its SpyTag/Catcher counterpart. Strikingly, the
coverage of NaYF4 UCNPs increased from 2.5 % for the Spy system to dense 30.5 % for
the Snoop system. While not as dramatic, a 7 % increase in coverage was observed for
NaGdF4 UCNPs when coupling was switched from the Spy system to Snoop system.
Overall, these results show one of the major determinants of coupling efficiency is the
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type of covalent linkage, with the covalent protein coupling systems increasing sheet
coverage of nanoparticles by six-fold to ~ 30 % compared to using reactive sidechains.
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Figure 5.10 Isopeptide conjugation allows high-occupancy, multicomponent display of
nanoparticles through SbsB nanosheet scaffolds. Samples are color coordinated in respect to
the conjugation method used for attachment to the sheet. Particle diameter is indicated by pattern,
wherein 5 nm is solid, 11 nm are vertical lines and 16 nm are horizontal lines. Error bars are +
one standard deviation from the mean.

We observe that in particular, UCNPs have the tendency to cluster across the
nanosheet. Since these wrapped particles display a strongly positive surface, it is likely
that the clusters are small aggregates that arise due to pH effects. In this case, there may
be nanoparticles that are not forming interactions with the underlying SbsB scaffold
itself, but rather with its neighboring nanoparticle.
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5.2.3 Dual modified S-layers can yield nanosheets bearing two
nanoparticle types at high occupancy

To fabricate dually-embellished SbsB, several regions within the monomer were
probed for the simultaneous incorporation of reactive sidechains or conjugation tags.
Based on our previous work, we targeted two loop regions in addition to the C-terminus
(Figure 5.11). The first loop lies between the sugar-binding domain and crystallization
domain of SbsB and is referred to as the ‘mid’ loop. The second modified loop spans the
inter-monomer pore and is referred to as the “pore’ loop.

mid Ioo_p1

Figure 5.11 Cartoon of SbsB crystal structure depicting sites of embellishment for
nanoparticle binding or conjugation. Targeted mid and pore loops and the C-terminus for
SpyTag/SnoopTag incorporation are labelled and highlighted in red. Residues selected for Cys
incorporation are shown as yellow spheres.

All modifications, including dual tagged constructs, result in crystalline
nanosheets identical to wild type sheets upon the addition of 10 mM Ca*", as previously
described.?!® Two dual modified full-length SbsB variants were investigated to determine
their ability to selectively bind two distinct nanoparticles: 1) SbsB mid loop (ML)
SpyTag, C-terminal SnoopTag and ii) SbsB Cys cluster, C-terminal SpyTag. For each of
these constructs, the dual tagged SbsB sheets displayed the capacity to bind two distinct
nanoparticles (Figure 5.12A,D).
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Figure 5.12 Dual modified S-layer nanosheets can localize two types of nanocrystals at
distinct locations and display plasmonic properties. (A) Schematic of dual engineered SbsB
system, containing both SpyTag and SnoopTag for protein coupling. (B) STEM image of
SpyTAG/SnoopTag embellished SbsB sheets conjugated to both UCNPs and QDs under elevated
salt conditions (500 mM NaCl). (C) Visualization of SbsB sheets bound with UCNP and QDs by
confocal microscopy, displaying emission behavior expected for bound QDs and UCNPs. (D)
Schematic of dual engineered SbsB system, containing a Cys cluster for thiol chemistry and
SpyTag for protein coupling. (E) STEM image of Cys and SpyTag embellished SbsB sheets
conjugating both AuNPs and QDs under elevated salt conditions (500 mM NacCl). (F)
Fluorescence lifetime measurements of SbsB nanosheets conjugated with QDs with AuNPs (left)
and QDs (right). Inserts show the corresponding emission spectra.

Two constructs were probed for dual nanoparticle attachment: SbsB ML-SpyTag,
C-terminal SnoopTag and SbsB Cys cluster, C-terminal SpyTag. The first version of
modified SbsB sheet could bind both semiconductor QD and ceramic UCNP sequentially
through attached SpyCatcher and SnoopCatcher, respectively (Figure 5.12C). We found
that aggregates were more likely to form when both types of nanoparticles were
incubated with nanosheets simultaneously. Therefore, incubating sheets with one type of
nanoparticle at a time yielded the greatest occupancy. We hypothesized that unfavorable
electrostatic or hydrophobic interactions between the Au NPs and QDs drove this
segregation, thus we probed the effect of the ionic strength, addition of detergent, and
sonication on nanoparticle conjugation (Figure 5.13). We observed that an elevated ionic
strength (500 mM NaCl) encourages a more disperse coverage of the nanoparticles across
the sheet without affecting occupancy, suggesting that interactions between nanoparticles
can be modulated using additive reagents. The presence of low concentrations of
detergent (0.5 - 1 % TWEEN/SDS), did not have a noticeable effect on nanoparticle
aggregation. We also note that these detergents did not compromise the integrity of our
S-layer sheets, illustrating the robust nature of our bioscaffold. Sonication resulted in
aggregation of nanoparticles across the sheet, likely due to denaturation and subsequent
aggregation of SpyCatcher or SnoopCatcher on the nanoparticle surface.
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Figure 5.13 STEM images of nanoparticle conjugation to dual modified sheets. (A) Au NP
and QD-SpyCatcher conjugation to SbsB Cys cluster, C-SpyTag nanosheets. (B) UCNP-
SnoopCatcher and QD-SpyCatcher conjugation to SbsB ML-SpyTag, C-SnoopTag nanosheets.
Nanoparticles display the capability to bind singly and as a combination across both types of dual
engineered sheets. In both cases, high salt (500 mM NaCl) partially alleviated clustering of
nanoparticles across the sheet.
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To probe potential plasmonic materials, we focused on the construct SbsB Cys
cluster, C-SpyTag for conjugation of Au NPs and QD-SpyCatcher (Figure 5.12D,E).
Even with sequential nanoparticle conjugation steps, the Au NPs and QDs still had the
tendency to segregate into clusters across the sheet. As observed with dual-tagged sheets,
nanoparticles had the tendency to pack closely together under low salt conditions (Figure
5.13). This effect was partially alleviated with an increase in solution ionic strength,
suggesting that nanoparticle clumping could be a result of electrostatic interactions
between protein-conjugated nanoparticles. Despite clustering of nanoparticles across dual
modified sheets, we also observed extended regions of colocalization of nanoparticles
within 10-30 nm. This interparticle distance range is advantageous, as it lies within the
region useful to observe plasmon transfer. Therefore, we probed the plasmonic behavior
of nanosheets with bound Au NPs and QDs.

5.2.4 Plasmonic interactions between nanoparticles on dual modified
SbsB sheets

One advantage of colocalizing two different nanoparticles across a 2D protein
sheet is the ability to probe interactions occurring between different nanoparticles at
designated spacing. We sought to determine if conjugated nanoparticles were
appropriately spaced across the nanosheet to measure plasmonic enhancement of QD
emission using localized lifetime measurements. For nanosheets displaying QDs alone,
we observe typical QD emission with an emission peak of 585 nm and lifetime decay of
53 ns uniformly distributed over the protein sheets. In comparison, QD radiative decays
are inhomogeneous in dual modified sheets with measured lifetimes as low as 15 ns
(Figure 5.12F). This change in radiative lifetime of the QDs suggests that within the dual
modified sheets, QDs and Au NPs are close enough for proximal Au NPs to decrease the
excited state lifetime of the QDs through either radiative rate enhancement via the Purcell
effect??%%2! or non-radiative quenching. The localized nature of the enhanced dynamics of
the QDs suggests that the interparticle distances between the Au nanoparticles and the
QDs is not homogeneous, and indeed, regions of QD emission with unperturbed lifetimes
were observed. Based on TEM measurements (Figures 5.3 & 5.4) and X-ray structures of
the SbsB unit cell,'”*!! we expect Au NP and QDs conjugated to the same protein sitting
on opposite faces of the sheet are separated by 3 nm (edge to edge distance). Au NP and
QDs on adjacent proteins would be separated by approximately 10 nm. If we could
improve the precise arrangement of nanoparticles onto the two sites, these interparticle
distances are ideal for plasmon transfer.
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Figure 5.14 Optical measurement of SbsB nanosheets with conjugated AuNP. (A)
Fluorescence lifetime measurement of SbsB sheets with bound AuNP and (B) the corresponding
weak emission spectrum.

The localized nature of the observed enhancement prevented such a quantitative
comparison between the QD-only and the dual modified sheets. However, regions with
shorter radiative lifetimes were approximately 2 to 4 times brighter than the
corresponding regions with unperturbed lifetimes in the dual modified sheets (Figure
5.12F). This observation suggests that the enhanced dynamics arise from a localized
enhancement of radiative rates of the QDs due to the nearby Au NPs. Nanosheets
containing only thiol-conjugated Au NPs exhibit a weak, broad emission (FWHM=60
nm) with a shorter lifetime than the QDs alone (Figure 5.14). Although this broad
emission overlaps with the QD emission, it is ~10x weaker than any of the QD emission
observed in the dual modified sheets. Nevertheless, these experiments show that
photophysical properties can be affected by the nanoscale patterning of nanoparticles on
S-layer sheets, and this lays the groundwork for further investigation of this scaffolded
assembly.

5.2.5 Patterned display of nanocrystals on bacterial surfaces

In addition to free floating SbsB S-layer sheets, the RsaA S-layer of C. crescentus
bacteria was also engineered to display the SpyTag peptide (Figure 5.2). The SpyTag
peptide was integrated into RsaA at amino acid position 690 for solvent exposure,
resulting in our engineered rsa4690:SpyTag strains. The rsa4690:SpyTag strain was
immobilized on a 1.2 um filter membrane using a filtration apparatus, and high-resolution
atomic force microscopy (AFM) was used to characterize the surface morphology. The
Caulobacter strain used has the gene for the extracellular polysaccharide layer (EPS)
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deleted, which has enabled direct imaging of the S-layer, as the surface polymers no
longer obscure the surface. An area scan shows many cells trapped on the filter
membrane without disruption of their native shape, and the AFM height image shows
long-range order of hexagonal repeating units (Figure 5.15a). The Fast Fourier Transform
(FFT) of the image reveals 2D frequency peaks that are typical for a hexagonal
crystalline lattice (Figure 5.15a inset). The average unit spacing found is 22 = 1 nm,
which is in agreement with the value derived from X-ray crystallography,?!> so the
recombinant RsaA proteins were successfully expressed and self-assembled on the cell
surface. This is the first high resolution mapping of the RsaA lattice structure on the
surface of a living bacterial cell, and this technique may be used to probe the influence of
other materials attached to this lattice.
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Figure 5.15 AFM analysis of RsaA lattice and bound QDs on Caulobacter surface. (A) High
resolution AFM height image shows the 2D protein array of RsaA on a C. crescentus cell surface.
Inset: Fast Fourier Transform of the S-layer image shows 2D frequency peaks that are typical for
a hexagonal crystalline lattice with 22 nm spacing. (B) AFM height image of C. crescentus cells
showing QDs conjugated to the surface with line profiles in the inset.

Unlike previously studied biomimetic materials, where loosely bound
nanoparticles only show short-range ordering,>?>??° the high affinity between SpyTag
and SpyCatcher and the high stability of the covalent isopeptide bond can drastically
increase the packing density and long-range ordering. To demonstrate the formation of
densely-packed nanoparticle arrays on the RsaA S-layer lattice, we decorated the S-layer
with luminescent QDs. As-synthesized CdSe/ZnS core/shell QDs were first passivated by
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encapsulation with an amphiphilic copolymer, PAOA (Figure 2.3). Surface-displayed
amine groups were further reacted to yield maleimide groups, which were reacted with
the thiol of a SpyCatcher Ser35Cys mutant protein (Figure 5.5). The final size of the
SpyCatcher-functionalized QDs (SC-PEG-QDs) was approximately 11 nm, as measured
by DLS (Figure 5.16).
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Figure 5.16 Size determination of CdSe/ZnS QD constructs. (a) STEM image of unmodified
CdSe/ZnS nanoparticles. (b) Distribution of nanoparticle diameter from analyzing STEM images.
Nanoparticle mean diameter is 6.1+£0.6 nm. N = 100 particles. (c¢) Dynamic light scattering size
measurements of QD conjugates: hydrophobic (blue), PAOA-wrapped (green), and SpyCatcher-
functionalized (red) QDs. Peak values found as an average of 5 runs are: 7.5 nm, 8.9 nm, and 10.9
nm, respectively.

QDs with and without the SpyCatcher motif, SC-PEG-QDs and PEG-QDs
respectively, were incubated with the C. crescentus rsaA690:SpyTag overnight at room
temperature, and unbound QDs were removed from the reaction through a series of wash
steps. The Caulobacter strain without a SpyTag insertion was used as a negative control.
When either SpyCatcher or SpyTag was absent from the construct, no QD luminescence
signal was observed (Figure 5.17). Only when SC-PEG-QDs were mixed with the
rsaA690:SpyTag strain did we observe bright luminescence from QDs. Furthermore, the
QD emission correlated with the crescent shape of the bacterial cells, indicating they are
localized at the cell surface (Figure 5.17). QD conjugation conditions were further
optimized and it was found that the luminescence intensity increased with the QD
concentration until saturating around 100 nM QD incubation concentration (Figure 5.18).
Our recent work on the engineering of RsaA protein has identified eight locations that
could be used for efficient grafting of different functional materials,??° so the amount and
efficiency of conjugation may be tunable with future changes to the peptide insertion.

109



The cell surface morphology was probed by AFM to determine the density of
bound QDs on the RsaA lattice. Closely packed, spherical objects were revealed on top of
the bacterial surface, indicating the surface is covered with SC-PEG-QDs (Figure 5.15B).
The average particle-to-particle spacing was found to be 43 nm by FFT, and line
segments cut across the lattice have a 45 nm peak to peak distance corroborating the FFT
analysis. This distance is correlated with a packing of one QD per every other lattice site,
which demonstrates the ability of the SpyCatcher-decorated QDs to densely react with
the SpyTag functionalized S-layer surface. These results show the first highly ordered,
stable, 2D array of nanoparticles that has been assembled by the surface of a living cell
and exhibit the utility of engineered biological systems in the fabrication of designed
hierarchical materials.

+SpyTag -SpyTag +SpyTag -SpyTag +SpyTag -SpyTag
+SpyCatcher-QD +SpyCatcher-QD +PEG-QD +PEG-QD -QD -QD

Brightfield QD

Merged

Figure 5.17 Specific attachment of engineered S-layer protein RsaA-SpyTag on the C.
crescentus cell surface to SpyCatcher-functionalized nanoparticles. QDs, with and without
conjugated SpyCatcher protein, were incubated with the engineered C. crescentus strains, with
and without 7sa4690:SpyTag. Only the construct with both complementary parts displays QD
conjugation.
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Figure 5.18 Optimization of the conjugation between QD-SpyCatcher and C. crescentus.
Confocal fluorescence microscopy images of (a) No SpyTag negative control and (b-¢)
rsaAeso:SpyTag strain with various amount of QDs. All images (a-e) were collected under the
same conditions and imaging parameters. (f) The average fluorescence intensity of individual
bacterial cells as a function of QD concentration. The fluorescence intensity reaches saturation
around 200 nM QDs, while the control shows no increase. All conjugation reactions were
carried out for 3 hours at room temperature.

5.2.6 Formation of QD-bacteria supracellular assemblies

One aspect that separates nanocrystals from other types of materials is the property
of multivalency. Since each QD is functionalized with multiple SpyCatcher proteins, this
enables them to serve as crosslinking agents to connect two or more bacterial cells
together through their SpyTag-coated surfaces. When the C. crescentus rsa4690:SpyTag
strain was incubated with 100 nM SC-PEG-QDs at 25°C for two days, aggregates of SC-
PEG-QDs on cells appeared in the culture. These QD-incorporated aggregates, deemed
supracellular assemblies, were initially small clusters of Caulobacter cells which
eventually grew into large 3D structures ranging from 20 to 100 um in width. Confocal
imaging shows the presence of QDs throughout the volume of the bacterial assemblies,
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indicating QDs played the role of a crosslinking agent. Indeed, the QDs were found
sandwiched between adjacent cells, organizing bacterial cells into ordered domains
within the supracellular assemblies (Figure 5.19). However, when the same strain was
incubated with PEG-QDs that lack the SpyCatcher motif, only small cell aggregates were
observed, indicating that QDs play a major role in the assembly process. These
supracellular assemblies form within two days under both shaking and static conditions,
and they can be successfully used to seed new assemblies when transferred into fresh
growth conditions. Since the extracellular polysaccharide has been removed in this strain,
its nonspecific interactions cannot account for the formation of the supracellular
assemblies. C. crescentus has a lifecycle phase where the bacteria produce a protrusion
with a sticky end called a holdfast. In cell culture, cells can attach at their holdfasts
accumulate into a soft aggregate, and this is likely what we see in samples not crosslinked
via nanoparticles.

Figure 5.19 Observation of QD supracellular assemblies using confocal microscopy.
Engineered C. crescentus strains cultured in PYE media with 100 nM SC-QD for 48 hours (A) or
30 days (B). The 3D structure of the supracellular assemblies was rendered by collecting Z-stacks
of DAPI stained cells (green) bound to SC-QDs (yellow) colocalized throughout the assemblies.
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5.2.7 Nanoparticle-mediated mechanical properties of supracellular
assemblies

Conferring tunable mechanical properties into an ELM is challenging, where the
hierarchical ordering in the complex system, the inter- and intramolecular interactions,
and the long-term stability must be well controlled.??’>** The rapid formation of
supracellular assemblies through a high density of QD crosslinkers can provide enhanced
stiffness, but it is infeasible to measure their viscoelastic properties with traditional
rheometry as the supracellular assemblies are still small and mobile. However, AFM-
based nanoindentation is high resolution and sensitive enough to investigate the
mechanical properties of the supracellular assemblies.?*!2%¢ To probe this, an AFM
cantilever was immersed into a droplet of cell culture on top of a poly-L-lysine coated
glass slide, positioned above a supracellular assembly, and compressed (Figure 5.20a). A
lock-in amplifier was used to produce a sinusoidally varying load on the bacterial
assembly (Figure 5.20b), and the storage modulus, G’, and loss modulus, G’’, were
calculated from the amplitude of the calibrated deflection signal, piezo displacement, and
contact area between the bacterial assembly and AFM cantilever (see Methods).

Dynamic mechanical analysis of the supracellular assemblies reveals that the
covalent crosslinking significantly improves their viscoelastic performance. The non-
crosslinked bacterial assemblies have a maximum storage modulus of 38 Pa at 100Hz
(Figure 5.20b), and similarly weak values are obtained whether the assemblies are grown
without QDs or with PEG-QDs as a nonbonding additive (Figure 5.21). However, when
the same strain was incubated with SC-PEG-QDs, the storage modulus significantly
increased from 38 Pa to 1,230 Pa at 100 Hz. This significant >30-fold enhancement in
stiffness suggests that SpyCatcher-modified QDs act as a covalent crosslinking agents
and the multivalent nature of those QDs promotes the close packing of the bacterial cells.
Both the storage modulus and the loss modulus show a frequency dependence that is
typical of gel materials,”*” and as the modulation frequency increases, the material cannot
relax and appears stiffer (Figure 5.20b). The substantial improvement in storage modulus
upon SC-PEG-QDs addition indicates that the crosslinking density in the gel has
increased.?®
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Figure 5.20 Mechanical properties of the supracellular assemblies as measured by AFM.

(A) Illustration of the experimental setup. (B) The storage moduli (G, filled) and loss moduli

(G, open) of supracellular assemblies with SC-PEG-QDs (squares) or with PEG-QDs (circles).
(C) Transient response of the supracellular assemblies to the applied stress as a function of time
before (orange line) and after (black line) cleavage of the disulfide bond between the SpyCatcher

motif and the polymer.
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Figure 5.21 Elasticity of supracellular materials by storage modulus. The storage moduli G’
of supracellular assemblies formed with SC-PEG-QDs (black squares), with PEG-QDs (red
circles), and without QDs (blue triangles).

To confirm that the specific and covalent linkage between QDs and S-layer proteins
is the cause of the material stiffness enhancement, a SC-S-S-PEG-QD was synthesized
with a cleavable disulfide bond inserted between the SpyCatcher motif and the PEG
linker. If the interaction is due to this linkage, cleaving the bond would disrupt the
bacterial crosslinking and revert the material properties back to those of the weak
assembly. C. crescentus cells were incubated with SC-S-S-PEG-QDs for 24 hours to
induce the formation of supracellular assemblies, and tris(2-carboxyethyl)phosphine
(TCEP) reducing agent was added to the cell culture and incubated at room temperature
for 2 hours. The tipless AFM cantilever was used to deliver an initial compression force
of 80 nN to the assemblies, and the response to the applied force was recorded as a
function of time. For samples without TCEP addition, the supracellular assemblies
showed predominantly elastic behavior and sustained the applied stress with only slight
deformation. However, for samples exposed to TCEP, the applied compression force
quickly dropped to zero loading force, indicating the assembly returned to predominantly
liquid characteristics with cells sliding past one another (Figure 5.20c).

By controlling the bulk material through additive chemical means, we can perform
manipulations such as deposition and erasure of the material through forming and
dissolving of the crosslinked network. One other possibility intrinsic to this system is the
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possibility of regrowth after disruption to the assembly. Since the network is comprised
of living cells, if we supply the inorganic QDs, cell growth can repair damage caused to a
deposited film (Figure 5.22). After 20 hours of incubation supplemented with nutrients
and QDs to form new crosslinks, a 20 um gap can be fully and autonomously repaired by
the material. With this new dial for tuning the living material at the macroscale, we can
imagine future applications that exploit this reconfigurability to repair damage, seal
openings, or as a means of patterning on a templated surface.

Figure 5.22 Supracellular material can repair itself under growth conditions. QD-bacterial
hybrid film after a section is damaged (left) and after 20 hours of incubation (right) with growth
media and supplemental QDs. Yellow fluorescence is from bound cell surface-bound QDs.

5.2.8 Expansion of hybrid materials to additional capabilities

While the SpyCatcher-decorated QDs have been shown to be essential in forming
the cells into a 3D network, they fundamentally only act as nodes of multiple attachment
sites, regardless of the nanoparticle inside. The luminescent properties of the QD are
useful in imaging the overall structure of the assemblies, but do not impart any other
interesting material properties. However, since the method of constructing the multivalent
SpyCatcher nanoparticles is modular, we can use the properties of another nanoparticle
type to modulate the bulk material. For example, by encapsulating and conjugating
magnetic Fe3O4 nanoparticles instead of QDs, we lose the luminescent properties but gain
magnetic control over the cell-NP network (Figure 5.23). This same concept may be
expanded in the future to use other nanocrystals with unique functionality paired with
living materials capable of secreting or displaying their own properties to form highly-
engineered material composites.
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Figure 5.23 Assembly of bacterial film mediated by NP-magnetic field interaction. (a)
Schematic of magnetic field templating of supracellular aggregates. Cultures of C. crescentus
decorated with SpyCatcher-conjugated iron oxide nanoparticles before (b) and after 24 hours (c)
incubation on a ring magnet. (d) Confocal microscopy of xylose-induced GFP expression (green)
in the bacterial culture from (c). Disruption (e-g) and reformation (h-j) of assemblies as
influenced by the distance from the inducing magnet. Scale bar for (b-d) is 2 mm.

117



5.3 Conclusions

Here, we demonstrate that through engineering of peptide-protein conjugation
systems into the S-layers SbsB and RsaA, we can enable covalent display of multiple
types of nanoparticles on free-floating protein sheets and on the surface of living cells.
These hybrid materials exhibit unique properties not easily obtained through other means
of synthesis.

Using the S-layer deposition platform, we have developed the first modular
protein-based strategy for self-organizing hybrid composites and reveals the potential of
hierarchical protein assemblies for the development of tailored plasmonic architectures.
We were able to engineer the insertion of peptide tags without affecting nanosheet
dimensionality or crystallization, and we observed these systems are more effective than
thiol-Au interactions for nanocrystal attachment, which reflects the irreversible nature of
the isopeptide bond versus a transient interaction. Pairing a C-terminal protein-coupling
tag with a Cys cluster allowed conjugation of both Au NPs and QDs across the same face
of the nanosheet, although coverage was not uniform. We observed shortened lifetimes
and increased brightness for QDs colocalized with Au NPs, likely as a result of plasmon
transfer. Although preliminary, this work expands the current palette of engineered
hybrid materials displaying optoelectronic properties.’!’*!” This modular and scalable
fabrication of hybrid S-layer nanosheets could benefit a range of emerging fields,
including photovoltaics, electric field enhancement, and metamaterials.

In addition to engineered sheets, we have created a new hybrid living material and
expressed control over its mechanical properties. The S-layer protein RsaA was also
engineered to incorporate the SpyTag peptide for covalent assembly with SpyCatcher
functionalized QDs. The formation of a dense layer of QDs on the cell surface serves as a
multivalent node to promote the self-assembly of large 3D supracellular assemblies. The
covalent crosslinking between bacterial cells significantly increases the storage and loss
modulus of the assembly when compared to naturally-forming bacterial aggregates.
Furthermore, reduction of a cleavable linkage disrupts the network and disassembles the
material, providing a switch between a stiff gel and fluid state. So, the mechanical
properties of the hybrid living supracellular assemblies can be controlled through the
engineered interactions of nanoparticles in the network. As a living material, damage
caused to the hybrid structure can be repaired by cellular growth supplemented with
crosslinking nanoparticles. By modifying the physical properties of the nanocrystal
component, we can introduce new functionality to the hybrid material, such as magnetic
field-induced assembly. With all these new design possibilities, we can begin to think
about other functionality that may be imparted by the inorganic component, as well as the
myriad of functions and manipulations available to living systems using this novel
material platform.
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5.4 Materials and Methods

Generation & isolation of engineered SbsB variants for nanoparticle conjugation.
All plasmids and cell lines used in the current study are outlined in Table 5.1. The
generation of recombinant SbsB protein, derived from the G. stearothermophilus sbsB
gene, has been previously described.?!® To generate SpyTag!!'® and Cys-containing SbsB
constructs, isolated starter plasmids were subjected to site-directed mutagenesis (Q5 Hot-
Start High Fidelity mutagenesis kit, NEB), following the manufacturer’s instructions, and
mutagenic primers (IDT) (Table 5.2). Protein coupling tags were inserted into regions of
interest within the SbsB gene as previously described.?!® Positive clones were confirmed
via DNA sequencing. Plasmids encoding SbsB variants were transformed into the E. coli
expression cell line HMS174(DE3) (MilliporeSigma) for heterologous protein
expression.

Table 5.1 Plasmids used in this study.

Plasmid name' Encodes for protein x Strain?

pET28A SbsB wt SbsB HMS174(DE3)

pET28A SbsB C-SpyTag SbsB with C-terminal SpyTag HMS174(DE3)

pET28A SbsB C-SnoopTag | SbsB with C-terminal SnoopTag | HMS174(DE3)

pET28A SbsB Cys cluster | SbsB with Cys quartet cluster HMS174(DE3)

pDEST14 SpyCatcher SpyCatcher BL21(DE3) pLysS

pET28A SnoopCatcher SnoopCatcher BL21(DE3) pLysS

"' nomenclature is given for: C-: tag insertion into the C-terminus.

2 bacterial host used for protein expression
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Table 5.2 Primers used in this study.

Plasmid used | Primer sequence (5 — 3)* Modification
pET28A SbsB | i) F TAATTTCGAATGTGTTGAGATTTATACAC incorporation
wt R ATAAAATCAACATCTGCAGTAG of four Cys
. residues into
ii) F AGACGGTTACCATTAGAATGCAGTGTATAAATC SbsB®
R AGACGGTTACCATTAGAATC
iii) F
TAATGGTAATGTTTACAATTCAAGGGTAACGATG
R
ACTTCAACATAATCATTAGTACCTACAAGTGTAGTT
G
iv) F TTGTCCAACTTGTACTACACTTGTAGGTAC
R ACTTTTTTAAGACGGTTACCATTAGAATCGAG
pDEST14 F TGAAGAAGATTGTGCTACCCATATTAAATTC substitution of
SpyCatcher | R ATTGTCATATCACCGGAC serine 35 to
cysteine in
SpyCatcher
pET28A F GATTGATCAGTGTGGGACCTATCAAAATG substitution of
SnoopCatcher | R GCGCCATAGATATCGGGA serine 35 to
cysteine in
SnoopCatcher

2 F, forward; R, reverse primers. Cys residue substitutions are underlined.

b the following substitutions were done to create a solvent-exposed Cys cluster on the surface of
SbsB 1) S662C, ii) T679C, iii) V698C, iv) A682C.

Single colonies from solid media were used to inoculate cultures of LB broth (5
mL) containing kanamycin (50 pg/mL) and grown at 37 °C overnight (250 rpm). This
starter culture was then used to inoculate 500 mL LB broth containing kanamycin (50
png/mL) and grown at 37 °C with shaking (250 rpm). Once cells density reached 0.4 - 0.6
(2-4 hr post-induction), protein expression was induced with 1 mM IPTG. Cultures were
then grown overnight at 18 °C with shaking (250 rpm) to avoid the formation of inclusion
bodies previously described.?*° Cells were harvested (6000 g, 20 min, 4 °C) and the cell
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pellet was resuspended in 30 mL lysis buffer (20 mM Tris pH 8.0, 300 mM NaCl, 10 mM
imidazole). Cell pellets were stored at -80 °C.

Recombinant Hise-tagged protein was isolated as previously described by gravity-
flow immobilized metal-affinity chromatography (IMAC).** Following IMAC, purified
protein was dialyzed against 20 mM Tris pH 8.0 to remove imidazole. All purification
steps for the isolation of SbsB Cys cluster, also included 10 mM TCEP, to avoid the
formation of disulfide linkages between monomers. A TEV protease cleavage step, to
remove the C-terminal Hise-tag, was carried out as previously described.?!® Protein
purification and Hise-tag cleavage were confirmed by SDS-PAGE and Western blot. The
addition of 10 mM CacCl; to our final purified protein products initiated the crystallization
of SbsB monomers into nanosheets displaying oblique rectangular lattice with unit cell
dimensions of § nm x 11 nm.

Modification and generation of protein-coupling systems. Genes encoding for
SpyCatcher and SnoopCatcher were encoded within the pDEST14 and pET28A
plasmids, respectively (Addgene). Both plasmids also contained an N-terminal hexa-Hise
tag for purification purposes, followed by a TEV protease cleavage site. Cys residues
were incorporated into solvent exposed loops of SpyCatcher and SnoopCatcher proteins,
specifically at positions S35C and N58C, respectively. Mutagenesis was carried out using
a QS site-directed mutagenesis kit, per the manufacturer's instructions, using primers
shown in Table S2. Cys-containing variants were verified by DNA sequencing. These
inserted Cys side chains were required for the attachment of SpyCatcher/SnoopCatcher to
the surface of nanoparticles via thiol chemistry.

Plasmids containing our modified SpyCatcher/SnoopCatcher were transformed
into BL21(DE3) pLysS E. coli cells. Cell growth and recombinant protein expression
were carried out following protocols as previously described.!!® Following overnight
protein expression, cells were harvested via centrifugation (6000 g for 20 min at 4 °C),
The resulting cell pellet was resuspended in 30 mL lysis buffer (20 mM Tris pH 8.0, 300
mM NaCl, 10 mM imidazole) and stored at - 80 °C.

Recombinant Hise-tagged proteins were isolated via IMAC using a prepacked 1 mL
His-tag column (GE Healthcare). Protein binding was carried out at 10 mM imidazole.
To remove loosely bound proteins, we carried out a wash step at 40 mM imidazole for 20
column volumes. Hiss-tagged protein was eluted utilizing a stepwise imidazole gradient
to 250 mM. An additional purification step of preparative SEC was also carried out
wherein affinity-purified samples were injected onto Superdex 200 matrix (HiLoad 16/60
column, GE Healthcare) pre-equilibrated with 20 mM Tris pH 8.0, 300 mM NaCl and 10
mM TCEP (for Cys-containing variants). All chromatography steps were conducted at 1
mL/min utilizing an AKTA Explorer system (GE Healthcare). Gel filtration confirmed
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products were a single species with a native mass of ~ 15 kDa. SDS-PAGE analysis
further confirmed solution SEC results, with a single, distinct band for purified Catcher
proteins, again at approximately 15 kDa. Yields for SpyCatcher/SnoopCatcher constructs
were typically between 2 - 10 mg/mL.

Nanoparticle synthesis and aqueous passivation. NaY.78Ybo2Ero.02F4 and
NaGdo .78 Ybo2Ero.02F4 UCNPs were synthesized as described’ and transferred to water
with poly(n-octylacrylamide)-co-poly(2-aminoethylacrylamide) (POA, 3 kDa)
amphiphilic random copolymer as described previously.?!* Hydrophobic CdSe/ZnS QDs
with emission maxima of 585 nm (Ocean Nanotech) were transferred to water by
encapsulation in amphiphilic copolymer poly(acrylic acid)-co-poly(n-octylacrylamide)-
co-poly(2-aminoethylacrylamide) (PAOA, 3 kDa) according to previous studies.’®>

Nanoparticle-SpyCatcher conjugation. For QD-SpyCatcher conjugates, PAOA-
encapsulated QDs (2 uM, 600 pL) in 100 mM HEPES, pH 7.8, were combined with the
crosslinker succinimidyl ester-PEG;-maleimide (SM(PEG)», (ThermoFisher, 100 mM,
100 pL) dissolved in DMSO, and mixed at room temperature for 30 min on a rotary
mixer. The reaction mixture was diluted to 4 mL with 100 mM HEPES, pH 7.0, and
excess PEG reagent was removed by centrifugal dialysis (Amicon Ultra-4, 100 kDa
MWCO), washing with 3 x 4 mL of buffer. The retentate was diluted to 500 pL in a 1.5-
mL low protein-binding centrifuge tube (Eppendorf), the SpyCatcher Ser35Cys mutant
(132 uM, 200 pL) was added, and the reaction was mixed overnight at 4°C on a rotary
mixer. The reaction mixture was diluted to 4 mL with 100 mM HEPES, pH 7.0, and
excess SpyCatcher protein was removed by centrifugal dialysis (Amicon Ultra-4, 100
kDa MWCO), washing with 4 x 4 mL of buffer. The retentate was diluted to 600 mL in
HEPES buffer, and the QD-protein conjugate was stored under ambient conditions.

To generate UCNP-SpyCatcher conjugates, POA-encapsulated UCNPs (10 pM,
200 pL) in 200 mM MES, pH 5.0, were combined with 5,5'-dithiobis(2-nitrobenzoic
acid) (Ellman’s reagent, 10 mM, 100 pL, Aldrich) and 2-iminothiolane HCI (Traut’s
reagent, | mM, 10 pL, Sigma) dissolved in 100 mM MES, pH 6.0. Under vigorous
stirring, 700 uL. of 200 mM CAPS buffer, pH 10.0 was added dropwise, and the mixture
was allowed to react for 20 mins. The reaction mixture was diluted to 4 mL with 100 mM
HEPES, pH 7.5, and excess reagents were removed by centrifugal dialysis (Amicon
Ultra-4, 100 kDa MWCO), washing with 3 x 4 mL of HEPES buffer. An aliquot of
SpyCatcher Ser35C protein (200 uM, 100 pL) was desalted on a Biospin-6 Desalting
Column (Bio-rad) and further washed by centrifugal dialysis (Amicon Ultra-4, 3 kDa
MWCO), washing with 3 x 4 mL of HEPES buffer to remove all TCEP storage buffer.
The retentate was diluted to 100 pL in a 1.5-mL low protein-binding centrifuge tube, the
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UCNPs were added, and the reaction was mixed overnight at 4°C on a rotary mixer. The
reaction mixture was diluted to 4 mL with 100 mM HEPES, pH 7.5, and excess
SpyCatcher protein was removed by centrifugal dialysis (Amicon Ultra-4, 100 kDa
MWCO), washing with 4 x 4 mL of buffer. The retentate was diluted to 400 mL in
HEPES buftfer, and the UCNP-protein conjugate was stored under ambient conditions.

Nanoparticle-SpyCatcher characterization. To determine the size of as-synthesized
UCNPs, a dilute dispersion of nanocrystals in hexane was drop cast onto an ultrathin
carbon film on lacey carbon support, 400 mesh copper TEM grid (Ted Pella) and dried in
a fume hood. Images were collected on a Gemini Ultra-55 Analytical Field Emission
Scanning Electron Microscope (Zeiss) in dark-field transmission mode under 30 kV
accelerating voltage. Diameters for 100 random nanoparticles were manually designated
in ImagelJ and a distribution was plotted.

To determine the size of aqueous UCNP and QD, dispersions were diluted to 20
nM in 100 mM HEPES, pH 7.8 for PAOA-wrapped nanoparticles, in 100 mM MES, pH
6.0 for POA-wrapped nanoparticles, and in 100 mM HEPES, pH 7.0 for SpyCatcher-
functionalized nanoparticles. The dispersions were sonicated for 30 minutes prior to
measurement. Diameters were measured using a Malvern Zetasizer with typical count
rates of 150 kilocounts per second. Data were collected for 60 seconds each in 5 separate
runs and fit using Malvern Zetasizer software to a volume-weighted size distribution of
hydrodynamic diameter.

To confirm the presence of SpyCatcher on the nanoparticle surface, absorption
spectra were taken prior to and after conjugation, showing a protein peak at 280 nm. The
concentration of SpyCatcher was determined from this absorbance and the extinction
coefficient (10,810 M! cm™), and a ratio with the nanoparticle concentration defined the
number of proteins per nanoparticle.

Protein coupling reactions to SbsB nanosheets. Crystallized SbsB nanosheets (~ 1
mg/mL) with the relevant tag(s) (SpyTag/SnoopTag), were incubated in an excess of
nanoparticle (1-5 uM) functionalized with their relevant protein partner
(SpyCatcher/SnoopCatcher). Similarly, Au NPs (5 nm or 100 nm, citrate capped, Sigma)
were kept in excess for thiol conjugation to Cys-containing SbsB sheets. All incubations
were carried out overnight at room temperature with gentle rocking unless specifically
stated otherwise. Prior to imaging and further analysis, unbound nanoparticles were
removed via two centrifugation steps (16000 g, 10 min). The supernatant containing
excess nanoparticles, was removed and pelleted sheets were resuspended in 20 mM Tris,
pH 8.0.
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Visualization of SbsB nanosheets using confocal microscopy. Interference reflection
microscopy (IRM) and fluorescence microscopy were carried out on a Zeiss LSM 710
confocal microscope with an Axio Observer Z1 (Carl Zeiss Micro Imaging, Thornwood,
NY). A solution of SbsB nanosheets was mounted between a glass slide and glass
coverslips (No. 1.5) using a Secure Seal spacer with a 13 mm diameter, 0.12 mm
thickness (ThermoFisher Scientific, Waltham, MA.) and imaged using a 100x% oil
immersion objective (Plan-Apochromat, 1.40 NA). A 405 nm argon ion laser was used to
excite samples containing QDs and an Arroyo 980 nm continuous wave laser for samples
with bound UCNPs. To collect reflection images, a 514 nm laser was reflected into the
sample using a mBST80/R20 plate. The reflected light was collected and imaged onto the
detector. Images were analyzed and exported using Zen Black software.

Visualization of SbsB nanosheets using scanning transmission electron microscopy
(STEM). Samples for electron microscopy were prepared and visualized as previously
described.'® Image analysis and nanoparticle counting were carried out in Fiji V1.0.2%
Coverage analysis was performed in a manually, wherein boxes corresponding to 120
SbsB monomers (100 x 100 nm) were randomly dropped on the image and nanoparticles
manually counted (n = 5).

Plasmonics experiments. The experimental investigation of lifetime enhancements of
the dual modified were performed using a home-built scanning confocal microscope.
Pulsed laser excitation (5 ps pulse width; 40 MHz repetition rate) was provided by a
supercontinuum laser source (Leukos) that was filtered using an acousto-optical tunable
filter (AOTF; Gooch and Housego) to an ~5 nm-wide band centered at 520 nm. The laser
excitation was focused to a diffraction-limited spot (~320 nm in diameter) by a 100X
objective with an NA of 0.95 (Nikon). The CW equivalent power for all measurements
reported here was ~10 nW. QD emission from the diffraction-limited excitation spot was
collected by the same objective, passed through two 532 nm long-pass filters (Semrock)
and focused on a single-photon counting avalanche photodiode (SC-APD; MPD) for
lifetime measurements or a spectrometer (Andor) connected to a cooled scientific charge
coupled device (CCD; Andor iXon) for emission spectra measurements. For the lifetime
measurements, time-correlated single photon counting (TCSPC) was performed using a
PicoHarp device. All transients reported in this work are significantly longer than the
instrument response which exhibited a nominal full-width-at-half-max of ~70 ps.

Chemicals. Reagents were purchased from Sigma-Aldrich, VWR and used upon
receival. 1.2 um filter membranes were purchased from Millipore. AFM cantilevers used
in this study are BioLever mini BL-AC40TS (Resonance frequency at around 110 kHz in
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air and 30 kHz in water with a spring constant of about 0.09 N/m) from Asylum Research
and NP-O10-D triangular, tip-less cantilever (Resonance frequency at around 20 kHz in
air and 4 kHz in water with a spring constant of about 0.06 N/m) from Bruker.

Engineering of C. Crescentus strains that produce recombinant S-layer protein
RsaA. The construction of a strain library expressing recombinant RsaA bearing Spy-Tag
insertions at different locations has been previously described.??® Briefly, two C.
crescentus background strains of CB15 (lacking EPS layer) and CB15N (expressing EPS
layer) strains were created by removing sapA, the protease that cleaves RsaA with foreign
inserts, and/or rsaA4. Next, a library of integration strains with stable expression of
engineered RsaA protein were created by integrating the SpyTag peptide into the
genomic copy of the rsad gene. SDS-PAGE was used to analyze the expression of
engineered RsaA. As shown in Figure S1, a highly expressed protein band at 100 kD,
which corresponds to the correct RsaA MW of 97kD to 102kD for both integrations can
be identified. These new integration strains grow at a similar rate and have similar
morphology to wild type strains and most importantly, these strains stably express RsaA-

SpyTag.

Passivation of QDs by poly(acrylic acid)-co-poly(n-octylacrylamide)-co-poly(2-
aminoethylacrylamide) (PAOA) amphiphilic copolymer. CdSe/ZnS core/shell QDs
(Ocean Nanotech) with emission maxima of 585 nm were passivated according to
previous studies.’®*° Concentrations of CdSe/ZnS QDs were determined by first exciton
absorbance. For aqueous dispersion of QDs, PAOA polymer (24 mg, 7.5 pmol, 2500-fold
molar excess over QDs) was dissolved in 1 mL of MeOH and 14 mL of CHCl3; was
added. QDs in toluene (200 pL of 15 uM, 3.0 nmol) were added with stirring, and the
solvents were evaporated overnight under a gentle stream of No. The resulting residue
was dispersed in 15 mL of 200 mM sodium bicarbonate buffer, pH 8.0 by sonication for
30 minutes. The suspension was heated in an 80 °C water bath for 60 min, slowly cooled
over 2 hours in the bath to room temperature, and then sonicated again for 30 min. Excess
polymer was removed using centrifugal dialysis devices (Amicon Ultra-15, 100 kDa
MWCO), washing with 3 x 15 mL of 100mM HEPES, pH 7.8. To remove residual
polymer and insoluble aggregates, the retentate was diluted to 1.5 mL with buffer and
centrifuged at 20800 x g for 5 min. Aqueous QD dispersions were stored under ambient
conditions.

Synthesis of SpyCatcher-conjugated QDs. PAOA-wrapped QDs (2 uM, 600 pL) in 100
mM HEPES, pH 7.8 and succinimidyl ester-PEG>-maleimide (SM(PEG)., ThermoFisher,
100 mM, 100 pL) in DMSO were combined in a 1.5-mL centrifuge tube and mixed at
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room temperature for 30 min on a rotary mixer. The reaction mixture was diluted to 4 mL
with 100mM HEPES, pH 7.0, and excess PEG reagent was removed by centrifugal
dialysis (Amicon Ultra-4, 100 kDa MWCO), washing with 3 x 4 mL of buffer. The
retentate was diluted to 500 pL in a 1.5-mL low protein binding centrifuge tube
(Eppendorf), SpyCatcher-Ser35Cys mutant protein (132 uM, 200 pL) was added, and the
reaction was mixed overnight at 4°C on a rotary mixer. The reaction mixture was diluted
to 4 mL with 100mM HEPES, pH 7.0, and excess SpyCatcher protein was removed by
centrifugal dialysis (Amicon Ultra-4, 100 kDa MWCO), washing with 4 x 4 mL of
buffer. The retentate was diluted to 600 pL in HEPES buffer, and the QD-protein
conjugates were stored under ambient conditions.

Synthesis of SpyCatcher-S-S-PEG-QDs. To generate activated disulfide-functionalized
QDs, PAOA-wrapped QDs (2 uM, 300 pL) in 100 mM HEPES, pH 7.8, 5,5'-dithiobis(2-
nitrobenzoic acid) (10 mM, 400 pL), and 2-iminothiolane (1 mM, 100 pL), were diluted
into 600 puL of 200 mM CAPS, pH 10.0 and mixed at room temperature for 1 hour. The
reaction mixture was diluted to 4 mL with 100mM HEPES, pH 7.0, and excess reagents
were removed by centrifugal dialysis (Amicon Ultra-4, 50 kDa MWCO), washing with 3
x 4 mL of buffer. The retentate was diluted to 600 pL and stored under ambient
conditions.

SpyCatcher-Ser35Cys mutant protein (132 uM, 100 pL) was treated with 1mM
immobilized TCEP on agarose (ThermoFisher) for 30 minutes prior to use and
centrifuged 5 min at 16,000 x g to remove beads. The treated protein was added to 100
uL of the activated QDs, and the reaction was mixed overnight at 4°C on a rotary mixer.
The reaction mixture was diluted to 4 mL with 100mM HEPES, pH 7.0, and excess
SpyCatcher protein was removed by centrifugal dialysis (Amicon Ultra-4, 100 kDa
MWCO), washing with 4 x 4 mL of buffer. The retentate was diluted to 200 uL in
HEPES buffer, and the QD-protein conjugates were stored under ambient conditions.
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Synthesis of PDPA linker. PEG;-diamine (1750 pL, 8.8 mmol, Sigma) was dissolved in
6 mL of 100 mM HEPES, pH 7.8 with 3 mL of acetonitrile and the pH was adjusted to
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7.5 with 5 M HCI. The solution was mixed with 50 mg of succinimidyl 3-(2-
pyridyldithio)propionate (SPDP, 0.16 mmol, ThermoFisher) dissolved in 1 mL DMSO.
The pH was readjusted to 7.5 with 5 M HCI, the reaction mixture was sonicated briefly to
clear, and the solution was stirred overnight for 16 hours. The product was purified on a
Ci1s HPLC column (Vydac) using a linear 2-92% CH3CN gradient with 0.1% TFA over
45 min, with product eluting at 19 min (24% CH3CN). MS, C18H32N304S2 (MH+)
calculated: 418.18; found: 418.4. Fractions containing the product were pooled and
evaporated to 59.8 mg (90% yield) of a viscous yellow oil.

Passivation of QDs by poly(maleic anhydride-alt-1-octadecene) (PMAO)
amphiphilic copolymer. For disulfide-functionalized QDs, first PMAO polymer (30 mg,
1.33 umol, 16 monomer units per nm? of QD surface) was dissolved in 1 mL of acetone
and 14 mL of CHCls. QDs in toluene (200 pL of 15 pM, 3.0 nmol) were added with
stirring, and the solvents were evaporated under a gentle stream of N> overnight. The
QD/polymer residue was then resuspended in 15 mL of 50 mM sodium borate, pH 9.0,
with mixture of excess amines for reaction with maleic anhydrides.*” This suspension
was sonicated for 30 minutes at 60 °C, heated in an 80 °C water bath for 60 minutes,
slowly cooled in the bath to room temperature, and then sonicated for 30 minutes. The
sample was concentrated using centrifugal dialysis (Amicon Ultra-15, 100 kDa MWCO),
and excess polymer was removed by 3 x 1 L dialysis (Spectra/Por Float-A-Lyzer G2, 100
kDa MWCO) into 100 mM HEPES, pH 7.0. The retentate was diluted to 1 mL with
HEPES buffer and centrifuged at 16100 x g for 5 min to remove residual polymer and
insoluble aggregates. and aqueous QD dispersions were stored under ambient conditions.

AFM imaging and nano-indentation. /n situ force microscopy was performed on a
Bruker Multimode AFM equipped with a fluid cell using soft tapping mode in
liquid.?****! The AFM probe consisted of a sharp silicon tip on a silicon nitride cantilever
(BioLever mini). In a typical experiment, 50 uL of C. crescentus cells in PYE media was
incubated with 100 nmol/L SpyCatcher-functionalized QDs for 1h at room temperature.
The sample was fixed with 2.5% glutaraldehyde and the cells were immobilized onto a
1.2 um filter membrane by a filtration apparatus. The sample were then washed with
fresh PYE buffer to remove unbounded nanoparticles. For typical imaging conditions,
AFM images were collected at scan frequencies of 0.5 - 1 Hz.

For the nano-indentation experiments, a triangular, tip-less NP-O10 AFM
cantilever with a typical stiffness of 0.06 N/m was mounted onto the tip holder of an
Asylum MFP-3D AFM. The sensitivity of the cantilever was calibrated by performing a
deflection-distance curve on a clean glass surface in air, and the spring constant were
determined using the thermal noise method. The cantilever was then immersed into a
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water droplet on top of a clean glass coverslip. A Zurich Instruments’ HF2LI Lock-in
Amplifier was used to drive the Z-piezo in the MFP-3D scanner, which controlled the
movement of the AFM cantilever. The oscillation of the Z-piezo and the cantilever
generated a small, sinusoidal oscillating force, and the applied mechanical load, or stress,
created a corresponding strain (deformation). The exact distance the Z-piezo travelled
under a sinusoidal voltage was calibrated first, as the sensitivity of the Z-piezo is both
voltage and frequency dependent. The calibration was done by pressing the tip-less
cantilever onto the glass surface, and a sinusoidal voltage from the lock-in amplifier was
applied to the Z-piezo. The deflection amplitude signal of the cantilever was then sent
back into the lock-in amplifier to deduce the cantilever deflection voltage and the phase
shift. Since the hard glass surface showed no deformation under the loading force (d = H
— h =0), the actual travel distance of Z-piezo H was equal to the cantilever deflection
distance A. After the Z-piezo linearity calibration, the bare glass surface was switched to a
0.01 wt% PLL treated glass coverslip, and on top of which an aliquot of bacterial culture
solution (ca. 100 uL) was placed. Immersed in the cell culture, the AFM cantilever was
positioned on top of a typical supracellular assemblies, and the viscoelastic properties of
the supracellular assemblies were investigated as we gradually lowering the head to
achieve different degree of compression of the whole material.

Under each compression, a sinusoidal driving voltage with a frequency range
from 0.1 Hz to 100 Hz was used. The applied loading force F' was determined by
multiplying the cantilever deflection voltage with the cantilever sensitivity and spring
constant. Assuming the bacterial cells that not touching cantilever does not contribute
significantly to the force measurement, the applied stress ¢ was calculated using Equation
1, where F is the force applied to sample, 4 is the force applied area, K is the cantilever’s
spring constant, S is the cantilever’s sensitivity, Vamp is the cantilever’s deflection
amplitude, ao is the cantilever’s tip area. The strain € was calculated using Equation 2,
where D is the diameter of the supracellular assemblies. With the knowledge of stress o,
strain g, and phase shift 0, the storage modulus (G’) and the loss modulus (G’’) of the
supracellular assemblies were determined using Equation 3 and Equation 4, respectively.
The storage modulus G’ represents the stiffness of a viscoelastic material and is related to
the energy stored during a loading cycle. The loss modulus G’’ is related to the energy
dissipated during one loading cycle.

0 = F/A = KXS§%Vamp/ao (1)
e=d/D=(H-h)/D=(H—-S%Vamp)/D (2)
G’ = o/excos(0) 3)
G’ = o/exsin(0) 4)
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Optimization of QD conjugation to C. crescentus. Two types of QDs with and without
the SpyCatcher protein (SC-PEG-QDs and PEG-QDs) were incubated overnight with C.
crescentus CB15NAsapA rsa4690:SpyTag strain in PYE media at room temperature. The
CB15NAsapA strain without SpyTag was used as a negative control. After the
incubation, the bacterial cells were spun down, and unbound QDs were removed with the
supernatant. Fresh PYE media or 1X PBS buffer was added to resuspend the cell pellet,
this washing step was repeated three times before 10 pL of the final solution was applied
to a pre-cast 2% agar gel pad for confocal imaging.

To test the nanoparticle conjugation efficiency, different amounts of SpyCatcher-
coated QDs were incubated with 50 pL of C. crescentus JS4022 p4B-rsaAe00723:SpyTag
strain for 3 h at room temperature. A JS4022 native strain without the SpyTag was used
as the negative control. All the samples were triply washed as above prior to imaging. As
shown in Figure 5.20, the population of cells with yellow luminescence increased with
the nanoparticle concentration, indicating nanoparticles were bound to their surface
through SpyCatcher and SpyTag. The increment of luminescence gradually reached
saturation when the nanoparticle concentration was above 200 nM. At the same time, the
negative control sample showed no luminescence increase as a function of nanoparticle
concentration, indicating the conjugation between cells and nanoparticles is specific.
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6 | Summary and Outlook
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One of the biggest issues affecting the development of nanoparticle technologies
is irreproducibility in both synthesis and application. Much of the work presented here
has included efforts to minimize these variations in order to have more control over
nanoparticle conjugate design. By encapsulating nanocrystals within polymer layers of
known and designed composition, we both protect the optoelectronic properties of the
nanocrystal from the environment and display chemistries on the surface that are agnostic
to the nanocrystal inside. This first level of modularity allows us to use the same
conjugation strategies regardless of the nanocrystal type or size. Using these surface
displayed groups, I have designed chemical linkages for biomolecules and other cargo
that can be controllably decorated onto the nanoparticles. Copper-catalyzed click, which
was previously impossible on QD fluorophores,* was achieved through a mechanistic,
nanoscale understanding of these surfaces and how they can affect chemical reactions.*
This method is now available as a choice when designing QD constructs, which expands
our capabilities in fabrication.

The introduction of SpyCatcher and other covalent protein-based conjugation
systems has caused a major paradigm shift in our design of nanoparticle constructs. With
this compact, specific, irreversible, and expressible conjugation, we can begin to devise
new conjugation techniques that take advantage of these amazing features. With
SpyCatcher proteins decorating our nanocrystal surfaces, we can differentiate them into
different probes depending on what SpyTag-fusion complement to add. Using this
platform, we created highly-oriented conjugates of the 2G10 antibody scFv and imaged
its uPAR-mediated internalization in live cell microscopy. With the inclusion of
disulfide-forming chemistries for functionalization of the nanocrystal encapsulation
polymers, we also introduced cleavable linkages between nanoparticles and the proteins
displayed on the surface. As it is expressible as a protein fusion, we generated a
SpyCatcher-fluorescent protein chimera to act as a FRET acceptor when bound to the
nanoparticle that is released upon disulfide cleavage. The SpyCatcher component allows
for the postsynthetic introduction of an antimicrobial peptide to the final construct.
Without this specific linkage, it would be difficult to control the addition of this molecule
to the probe. These applications only scratch the surface of possibilities in using these
protein coupling systems for controllable fabrication, and I believe they will be a major
part of nanomaterials science for years to come.

In addition to binary probes, we can also generate more complex materials using
SpyCatcher-nanoparticle constructs. The simultaneous display of plasmonically-coupled
nanoparticles across protein nanosheets at high density opens up new research directions
in optoelectronic materials. And since these nanoparticles are covalently linked to the
SbsB scaffold and thus not readily released off the nanosheet, our materials are amenable
to both dry and liquid environments. This capability could allow us to study plasmonics
beyond liquid crystals?* and at the liquid-liquid or air-liquid interface. The S-layer array
has a consistent 3 nm thickness without the roughness or defects of other fabricated
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nanofilms,?** due to a single self-assembly geometry of identical subunits. The materials
are robust across a range of solution-processible conditions that may otherwise disrupt
inorganic thin films, but they do not require the high temperatures, pressures, or harsh
conditions employed in many top-down methods.>**?*> These factors taken together make
S-layer display a very attractive platform for precise arrangement of nanomaterials
beyond what we’ve shown in this work. With the diversity of S-layer structures known
and growing numbers of orthogonal protein conjugation systems, some extraordinarily
complex, yet precise structures may be realized.

This nanoscale ordering is also present in the living-nonliving hybrid materials we
have generated, but now in 3 dimensions. The multivalent and cleavable nature of the
nanoparticle conjugates enables tunable and dynamic mechanical properties that allow us
to design advanced and responsive materials. Supracellular networks crosslinked by
nanoparticle nodes exhibit novel emergent behavior, such as markedly increased material
toughness, triggered assembly under magnetic field, and autonomous repair of damage.
External control of biofilm formation and dissolution could allow coupling of external
stimuli to cellular regulation processes and dynamic control of biosensing. Towards even
more complex materials, a biomimetic nacre-like layer-by-layer structure could be
assembled when supracellular bacterial networks are sandwiched between inorganic
microplatelets. In the design of future ELMs, we can begin to think about other
functionality that may be imparted by the inorganic component as well as the myriad of
functions available via living systems.

While it can be very difficult to tame their shortcomings, the opportunities
afforded by nanomaterials in a vast array of applications make the investigations worth
pursuing. In this work, I have presented a number of attempts to control for variability
and establish modular design rules for building robust nanoparticle constructs. These
efforts manifest in applications from precise luminescent probes for labeling and
examining cellular processes to 2D patterned arrays and 3D hybrid cellular networks.
This tremendous diversity of utility is what makes nanoparticle research so captivating,
and it will remain so as the field continues to mature for years to come.
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7 | Appendix I: Labeling
Specificity of Kv2.1 with
QD-GxTX Conjugates
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7.1 Introduction

One of the largest problems plaguing nanoscience research is the major disparity
of seemingly identical processes. Batch to batch variability inherent to nanoparticles is
compounded through each manipulation and can yield very different results by the time
the final product is made. One of the major findings outlined in Chapter 3 was the proof
of concept cellular imaging for a QD-GxTX probe of potassium channel activity. We
were able to show that the construct bound to cells that express the targeted channel and
that the probe dissociates when the channel is activated. In moving this technology closer
towards neuronal imaging in acute brain slices, we wanted to show the high specificity of
labeling before moving on to that more complex system.

In order to show the specificity of the QD-probe, we employed a second CHO cell
line that would not express the potassium channel but would instead express eBFP
fluorescent protein in the nucleus under antibiotic pressure. This would allow us to
coplate the two cell lines together and differentiate them under the microscope using the
blue nuclear fluorescence. What follows is a series of experiments attempting to show
specificity of labeling for the QD-GxTX construct, how certain procedural changes or
additives affect the labeling, and the eventual dismissal of this research avenue.
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7.2 Results and Discussion

7.2.1 Disparity in cell labeling based on location

In developing this QD-GxTX probe, we have worked closely with our
collaborators in the Sack Lab at UC Davis. When it initially looked like the probe was
showing promise as a label that responded to tonic potassium flux (Figure 3.20), I took
the QD-GxTX to the Sack Lab to test that activity by patch clamp electrophysiology. In
this technique, an electrode is inserted into the cell so that the cell membrane potential
can be controlled directly instead of with potassium ion concentration gradients. In our
first attempt, however, we saw that the surface labeling was much patchier than
previously seen, that there was a large amount of nonspecific attachment of the yellow
QD fluorescence to the growth surface, and that the cells started to die very quickly under
the imaging conditions (Figure 7.1).

Start of imaging after 20 Same field of view after 5 Different field of view 7
minutes of incubation in ice minutes minutes into imaging
session

Figure 7.1 QD-GxTX labeling UC Davis CHO cell line. CHO Kv2.1 labeled with QD-GxTX
at different imaging stages. Cells are purple/blue and QD staining is yellow fluorescence.

There are countless things that may be different when a preparation changes from
one lab to another, and I spent time carefully eliminating possibilities until we discovered
the growth was on a poly-L-lysine treated glass dish whereas the previous experiments
took place on a proprietary tissue culture plastic (ibiTreat). The differences between these
surfaces drastically changes the interactions with nanoparticles, and thus the labeling
conditions (Figure 7.2). Unfortunately, at this time we also came to the end of a batch of
nanoparticles for encapsulation and conjugation, and the replacement batch did not seem
to function through the Cu-mediated click conjugation without quenching. We were
forced to change nanocrystal types, and it took several trials before I was satisfied with
their performance and we could try again for electrophysiology experiments.
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Poly-L-lysine 70,000 MW

ibiTreat Polymer Surface on Glass Untreated Glass

Figure 7.2 Cell culture dish surface effects on QD labeling. CHO Kv2.1 grown on various
surfaces and labeled with QD-GxTX. Cells (blue) show very different QD membrane staining
(yellow fluorescence) depending on the cell culture surface. QD nonspecific attachment to the
surface is much higher in the glass samples as well (middle, right).

Minocycline-induced
Kv2.1 channel
expression

No Kv2.1 channel
induction

LBNL imaging

UC Davis imaging

Figure 7.3 Imaging disparity between labs. In the LBNL imaging (top), the QD labeling (red)
is highly membrane-associated in the sample with channels and absent in cells without. In the UC
Davis imaging (bottom), showing the QD labeling (red fluorescence) found everywhere and
transiently transfected GFP-tagged Kv2.1 channels (green).
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Despite rigorous testing prior to transferring systems, there was still a large
discrepancy between imaging in the two labs. For this new set of QD-GxTX, I had
showed the high membrane specificity for cells expressing the Kv2.1 channel (Figure
7.3) on our cell line. Unfortunately, so many factors change from one lab to another:
buffers and solutions, equipment, microscope setup, cell lines and treatment conditions,
etc. When attempting to image a similar batch of QDs at UC Davis, we saw punctate
staining of all cells regardless of channel presence, and we saw no colocalization with
transiently transfected GFP-tagged Kv2.1 channels (Figure 7.3). As stated previously,
batch variation in QD preparations can cause large differences in function. However,
upon using the same batch of QD-GxTX on my cell line at LBNL, they perform largely
as expected, with high staining on channel-expressing cells and appropriately negative
controls (Figure 7.4).

QD640-GxTX S13Pra QD640-GxTX S13Pra F33E QD640-Wrap Only

Figure 7.4 Nonspecific UC Davis QD batch shows specificity on LBNL cell line. CHO Kv2.1
labeled with various QD-GxTX constructs. While not as conformal to the membrane or uniform
as previous batches, there is clear labeling of cells with the channel (top left) and no labeling

without channels (bottom left) for this QD-GxTX batch. QD only samples (right) still show little
nonspecific attachment. Red fluorescence is QD staining and green is cellular autofluorescence.

+ Minocycline

- Minocycline

137



7.2.2 Toxin reduction and membrane blocking modulate binding but
not specificity

In light of these results, we decided to reestablish our cell line using a sample
from the Sack Lab so that there was at least biological continuity across the two spaces.
Established alongside was another CHO-K1 cell line that did not express the Kv2.1
potassium channel, but instead expressed eBFP fluorescent protein in the cell nucleus.
This way, when these two cell types are plated together in a common dish, we can look
for the blue fluorescent cells as a negative control for specific labeling. In addition to
newly established lines, it was discovered that QD-GxTX conjugates at that time had
relatively short shelf lives and would aggregate over a period of days. The GxTX toxin,
as a membrane intercalating peptide, has a face of the molecule that is quite hydrophobic.
When the concentration of them is high, or there are a large number on a nanoparticle,
they can trigger the precipitation out of solution. To mitigate this, I began using a small
molecule, 4-pentynoic acid, in 1:1 ratio when synthesizing the QD-toxin conjugates as a
way to reduce the number of toxins per nanoparticle and to impart extra colloidal stability
instead. In preliminary tests, it appeared that while the aggregation was reduced, this
change led to an overall decrease in cell labeling with no corresponding increase in
specificity (Figure 7.5). eBFP cells without potassium channels showed similar levels of
staining as the channel-induced cells, for both toxin variants.

5nM QD640-GxTX(Ser13Pra) 5nM QD640-GxTX(Ser13Pra, F33E)

Figure 7.5 Reduced valency of QD-GxTX constructs does not improve specificity. Coplated
CHO Kv2.1 and CHO eBFP labeled with QD-GxTX. For both toxin variants, the QD probes stain
cells with and without (blue nuclei) channel expression roughly equally. Green is cellular
autofluorescence and blue is eBFP.
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In deciding how to reduce the level of nonspecific labeling, the first parameter to
tune was the QD concentration. It could just be that at a lower concentration, the QDs
would partition more to the intended target and we’d be able to measure a specific effect.
In a series of concentration measurements, while the overall level of labeling is reduced
to near zero, there is no point that shows preference for the channel-expressing cells over
the eBFP cells and in some cases the eBFP cells have higher labeling. (Figure 7.6). The 5
nM sample is the only one that shows full membrane staining, so that concentration was
maintained, and other factors were modulated instead.

5 nM QDs 1 nM QDs 500 pM QDs 100 pM QDs

Figure 7.6 Concentration series of QD-GxTX. Coplated CHO Kv2.1 and CHO ¢BFP labeled
with various QD-GxTX concentrations for 30 mins at 4°C. Reducing the QD concentration (left
to right) reduces staining, but cell type specificity is unaffected even at the lowest concentrations.

Since it appeared that a lower number of toxins reduced the interaction of the QD
probes with the membrane, it was posited that the nonspecific labeling we’re seeing is
from partitioning of the toxins into the cell membrane rather than actual binding at the
channel sites. As a means to mitigate this, the inclusion of a toxin (GxTX(AC4)) that
could intercalate into the membrane but is not capable of binding to the channel might
effectively block this nonspecific attachment. This AC4 variant has had the 4 C-terminal
residues removed and thus has low affinity for the potassium channel. Inclusion of this
blocker during or before QD-GxTX incubation dramatically reduced all binding, but had
a small, if any, effect on specificity (Figure 7.7). The blocking is effective, but we could
not see labeling of the expressing cells anymore, so further optimization of
concentrations and conditions was needed.
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100nM GXTX(AC4) incubated with 100nM GxTX(AC4) incubated with 100nM GxTX(AC4) incubated 15min,
5nM QD640-GxTX(Ser13Pra, Phe33Glu) 5nM QD640-GxTX(Ser13Pra) then 5nM QD640-GxTX(Ser13Pra)

Figure 7.7 Inclusion of nonbinding GxTX variant before and during labeling reduces
overall staining. Coplated CHO Kv2.1 and CHO eBFP labeled with QD-GxTX. Including
GxTX(AC4) during (left, center) or before (right) labeling with 5 nM QD-GxTX reduces the
overall level of staining, but not specifically from the negative control eBFP cells (blue nuclei).

7.2.3 Batch variation supersedes adjustments to labeling procedure

As I’ve experienced time and again, the batch to batch deviation for nanoparticle
constructs is often larger than whatever biological or physical effect we’re trying to
measure. Since we are limited procedurally, and often by stability or availability, in how
large of a batch of a QD conjugate we can produce, it is inevitable that we must make
fresh constructs. Sometimes this can be from just one stage previous, where they end up
very similar to the last batch, and some require synthesis all the way back from the
nanocrystal to the finished probe. In this instance, when a new batch of QD-GxTX was
synthesized to optimize the blocking behavior, the QDs showed staining in massive
clumps all over all cell types and the culture dish surface even in the presence of the
blocking compound (Figure 7.8). This was highly unexpected based on the previous set
of experiments and it was very difficult to tell what factors may have caused such a
dramatic shift.

10nM QD-GXTX 20nM QD-GxTX

10nM Wrap 10nM QD-GxTX 1uM dC4 Block 1uM dC4 Block

QD640-GxTX

Figure 7.8 Batch variation dominates over biological or procedural changes. Coplated CHO
Kv2.1 and CHO eBFP labeled with QD-GxTX. Labeling shown here (red fluorescence) is in stark
contrast to previous attempts as in Figure 7.6. However, nonconujugated QDs (left) show that this
issue is with GxTX nonspecific adhesion. Green is cellular autofluorescence and blue is eBFP.
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In an attempt to remedy this sticking, I repeated the labeling with this same batch,
but in the presence of coating compounds. Molecules like albumin found in serum and
cell media should coat the nanoparticle to help avoid the nonspecific attachment,
especially to the culture surface. Glycerol serves as an additive to increase the viscosity
of the dispersion, hopefully to avoid aggregation of the nanoparticles. In the case of all
additives, some of the nonspecific labeling was alleviated, especially at the culture dish
surface, but none were effective at breaking up the large QD aggregates (Figure 7.9). The
labeling was also largely unaffected by the blocking toxin, in contrast to the previous
finding.

5nM QD640-GxTX 5nM QD640-GxTX 5nM QD640-GxTX 5nM QD640-GxTX
NES Media 5% FBS in NES 20% Glycerol in NES

Figure 7.9 Dispersion additives do not disrupt QD-GxTX aggregates in labeling. Coplated
CHO Kv2.1 and CHO eBFP labeled with QD-GxTX. Inclusion of additives to coat the QDs
(media, FBS) or increase the viscosity (glycerol) lower the overall staining (red fluorescence), but
do not reduce QD aggregation or recover the GxTX(AC4) blocking effect. Green is cellular
autofluorescence and purple is eBFP fluorescence.

No Blocking

1uM dC4 Blocking

Since the QD aggregates seemed to have high affinity for the substrate surface,
and we know that the majority of the Kv2.1 channels are expressed on the underside of
the cell in contact with the glass, we thought it might aid our labeling to dissociate the
cells off the surface and label them while suspended in solution. Then, once they have
settled back down, they can be imaged at the interface. I synthesized a new batch of QD-
GxTX, then labeled and imaged the dissociated cells. These showed no aggregation
behavior but also no labeling of the cells or the culture surface (Figure 7.10). The
incongruity of making modifications and the outcomes under the microscope made it
extremely difficult to make any predictive changes from one experiment to the next.
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5nM QD640- 5nM QD640- 10nM QD640- 10nM QD640-
GxTX GXTX/4-PA GxTX GXTX/4-PA
NES NES Media Media

No Blocking

1uM dC4 Blocking
10min

Figure 7.10 Dissociated cells do not show increased labeling from accessibility of channels.
Coplated CHO Kv2.1 and CHO eBFP dissociated and labeled with various QD-GxTX
concentrations. Dissociation of cells from the culture surface should expose more channels, but
labeling is completely eliminated as compared to the previous trial. Green is cellular
autofluorescence and purple is eBFP.

In a last attempt to remove the seemingly insurmountable issues with predictive
and successful cell imaging, I completely regenerated the entire system. I established new
cell lines, changed the nanocrystal type completely, and resynthesized the QD-GxTX
construct from the synthesized nanocrystal to the final probe. The cell lines were healthy
and the QD probes had a modest number of toxins to promote binding but avoid
aggregation. And yet, there was no labeling observed for any sample (Figure 7.11).

10nM QD560 Wrap 10nM QD560-GxTX  20nM QD560-GxTX

No Blocking

10uM dC4
Blocking 10 min

Figure 7.11 Full system overhaul results in zero labeling. Coplated CHO Kv2.1 and CHO
eBFP labeled with various QD-GxTX constructs. No red QD fluorescence observed for any
sample at any concentration or treatment. Green is cellular autofluorescence and blue is eBFP.
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The time investment into continuing down this avenue simply became too high
for no forward progress and very little understanding gained about the system. These
experiments are a long, slow process (average 1 round of imaging/week) that requires the
constant maintenance of cell lines as well. In this instance, it appears that the fluctuations
in preparing the QD probes purely outweigh any apparent biological effects, and any
signal we generate is lost in the noise. Throughout the process of eliminating as many of
the confounding variables as possible, it was always important to have a positive control
to ensure the cell lines were working as intended. In this case, an organic dye-labeled
GxTX was used to show the specificity across cell types and its state-dependent labeling
upon the addition of K" ions (Figure 7.12). The dye version of this probe shows high
specificity for the CHO Kv2.1 membrane, especially in the striations beneath the cell,
with minimal staining of the CHO eBFP cells. Upon potassium addition, the fluorescence
is quickly dissociated and dissipated into solution (Figure 7.12). One of the most
frustrating aspects of this work is how well the dye version functions and not being able
to produce any improvements upon it with a nanocrystal probe. It may be possible to do
s0, but it requires further scrutiny.

10nM DyLight550-GXTX  10nM DyLight550-GxTX
Before K+ After K+

Figure 7.12 Dye-labeled GXxTX shows specific labeling and K* response. Coplated CHO
Kv2.1 and CHO eBFP labeled with DyLight550-GxTX conjugate. (Left) Labeling shows specific
binarization between Kv2.1 cells (red) and eBFP cells (purple). After K* ion addition (right),
DyLight fluorescence is drastically diminished as toxin dissociates from the membrane.
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7.3 Conclusions

Without the ability to reliably make hypotheses and test them, it is impossible to
make progress towards our goal of specific Kv2.1 potassium channel labeling. If we
cannot meet this criterion in the model cell system, there is little chance of being able to
do so in a more complex system like an acute brain slice. While some information has
been gained around techniques to discourage nonspecific interactions, like blocking
membranes with inactive toxin species, the effects are not reliable to all trials or batches.
In a system with these many variables, the effects of batch-to-batch variation are
compounded until this variation dominates any others within the system.

While I ultimately decided to abandon this direction of research, I don’t think the
aims presented here are impossible. We know from the organic dye example that a
fluorescently-labeled probe comprised of the GxTX toxin can function in the way we
intend. From other research endeavors, we also know that specific labeling with QD-
based probes is also viable. I think with the right creative changes and probably a new
approach to this problem, it may be possible to move forward towards neuronal QD
imaging of potassium channels in the future.
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