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Abstract
Covalent Conjugation of Active Proteins to Single-Walled Carbon Nanotubes
by
Francis Ledesma
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley
Professor Markita P. Landry, Chair

Nanoparticles are nanometer-scale materials capable of interacting with biomolecules on various
size scales from small molecules to oligonucleotides to proteins. Their unique ability to distribute
throughout the body and internalize into cells has led to their recent use as signal transducers for
analyte sensing and therapeutic cargo carriers. Current techniques for attaching biomolecular cargo
to nanoparticles typically rely on affinity between the two species, especially noncovalent
adsorption via hydrophobic interactions. Proteins in particular have complex tertiary structures
that must be maintained for biosensing and delivery applications. This is difficult to achieve when
attaching proteins to nanoparticles by noncovalent adsorption due to the propensity of proteins to
denature and desorb in complex biological environments such as blood plasma. Additionally, the
large variability among proteins and their affinity for nanoparticles makes it difficult to predict the
successful generation of potential protein-nanoparticle systems. Control of the interactions
between nanoparticles and proteins is thus crucial to the successful development of tools to
understand and interface with biological systems.

Towards this end, exploring protein conjugation to single-walled carbon nanotubes (SWCNTs)
could advance the study of nanoparticle-protein conjugates. SWCNTs have shown utility as
biosensing signal transducers due to their intrinsic, photostable, and minimally attenuated
fluorescence emission in biological environments. Furthermore, their small size and large surface
area make them ideal vehicles for cellular cargo delivery. Several noncovalent protein-SWCNT
constructs for sensing and delivery have been developed but are susceptible to instability and loss
of function when applied in biological systems. Covalent conjugation of proteins to SWCNTs
could mitigate these effects and produce stable constructs to monitor disease progression and
deliver therapeutics.

This dissertation presents the development of an adaptable platform for the covalent attachment of
proteins to SWCNTs for analyte sensing and protein delivery. We first optimized the platform and
workflow by attaching a model enzyme, Horseradish Peroxidase, to SWCNTs for hydrogen
peroxide (H202) sensing. We find that it is possible to maintain both intrinsic SWCNT fluorescence
and peroxidase enzymatic activity via triazine-thiol-SMCC crosslinker chemistry, which are key
to subsequent function as a sensor. The resulting sensor shows sensitive, stable, and repeatable
fluorescence modulation when exposed to H2O: in solution and immobilized on glass. After
demonstrating the utility of the platform, we have applied this methodology to covalently



conjugate the CRISPR-Cas9 ribonucleoprotein to SWCNTs for delivery to cells for targeted gene
editing. Using an in vitro DNA cleavage assay, we verified that Cas9 activity is maintained after
SWCNT conjugation and dependent on crosslinker:protein ratio. This also suggests that the
covalent conjugation platform is adaptable to other proteins, but reaction optimization should be
completed every time to elucidate the optimal conditions for each protein.

The findings presented in this dissertation review the creation and optimization of a platform for
the development of covalent protein-SWCNT constructs for increased stability and function in
biological environments. Prioritizing covalent attachment of recognition elements and functional
groups will lead to nanoparticle-based sensors and delivery vehicles with enhanced efficiency
compared to previous efforts. Future directions of inquiry are also discussed and guidelines for
efficiently exploring these new directions are summarized within.



This thesis is dedicated to my parents, Francisco and Shirley, for their unwavering love and
support of their family. Thank you for giving us the world.
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Chapter 1: Introduction

1.1 Nanoparticles for Biological Applications”

Nanoparticles (NPs) are nano-scale tailorable platforms that range in size from 1 to 100 nm and
can be constructed from different materials such as polymers, metals, and lipids.! Since their length
scale is on the order of many biologically-relevant molecules such as small-molecule drugs,
hormones and proteins, and toxic byproducts, NPs have been investigated for a wide variety of
biological applications including as drug-delivery vehicles and nanosensors for health and
environmental diagnostics.>> A broad range of NPs are available for these applications, but each
comes with limitations. Such limitations should be considered when constructing a NP-based
system for a particular application and these limitations can be overcome by leveraging the distinct
advantages each NP class offers. For example, an ideal NP system for cargo delivery should
employ facile cargo conjugation, protect its cargo from degradation in vivo, exhibit low toxicity
and immunogenicity, be effectively uptaken by cells, provide stability and endosomal escape,
biodegrade on a timescale that avoids accumulation, and release its cargo at the target location.’
Similarly, an ideal NP system for analyte sensing should be stable over time, selective for its target
analyte over other molecules, sensitive enough to detect low amounts present in the application
system, and able to translate the detection of analyte to a detectable signal.?

Simultaneously achieving all figures of merit is challenging, thus NP design is typically
approached by considering the application and optimizing for the features most important therein.
Because NP structure is closely related to its advantages, the most commonly used NP classes are
outlined in this section by discussing their structures, advantages, and limitations in the context of
cargo delivery (Figure 1.1). However, most of these qualities are also applicable for designing
biosensing systems as the application environments, such as cells, tissue, in vivo, environmental
ecosystems, and food and beverage products, all require mitigation of toxicity and degradation for
effective use.

* Portions of this section are adapted from Ledesma, F., Ozcan, B., Sun, X., Medina, S. M. &
Landry, M. P. Nanomaterial Strategies for Delivery of Therapeutic Cargoes. Adv Funct Materials
32,2107174 (2022).
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Figure 1.1. Schematic structures of NPs used for the delivery of small molecule drugs, nucleic
acids, and proteins. Some images in this figure are adapted with permission from Servier
Medical Art by Servier (http://smart.servier.com), licensed under a Creative Commons
Attribution 3.0 Unported License.

1.1.1 Lipid-based NPs

Lipid-based NPs are the most broadly used NPs for delivery in mammalian systems, with several
lipid NP-based drugs on the market.” Their advantages include high bioavailability,
biocompatibility, biodegradability, low toxicity, self-assembly, ease of surface modifications, and
ability to carry a wide range of cargos that vary in size. However, the main drawbacks associated
with lipid-based NPs include low encapsulation efficiency and limited systemic delivery to
locations other than the liver.’



Liposomes, one of the most widely used types of lipid-based NPs, measure ~30 nm through several
micrometers. Liposomes are composed of a spherical assembly of phospholipid bilayers, providing
the ability to simultaneously encapsulate hydrophilic, hydrophobic, and lipophilic cargo. Thus,
liposomes are favorable for co-delivery of a broad spectrum of cargos such as proteins,
oligonucleotides, and small molecules.®® Their in vitro and in vivo stability can be improved using
surface modifications involving the incorporation of ligands or polymers such as polyethylene
glycol (PEG)’ or chitosan.'?

Lipid nanoparticles (LNPs), another subset of lipid-based NPs, range in size from 50 to 1000 nm
and have structures similar to that of liposomes, but the main difference lies in the micellar
structures formed in their cores. LNPs are typically composed of cationic or ionizable lipids that
facilitate conjugation with cargo, phospholipids, and cholesterol that provide membrane stability,
and PEGylated lipids that improve stability and extend circulation.”!! Although permanently-
charged cationic lipids were developed in early systems to overcome low cargo encapsulation
limitations, their permanent positive charge was found to cause high toxicity and
immunogenicity.'> More recently, ionizable lipids have been developed and offer a modular
alternative to permanently-charged cationic lipids. The ionizable lipid core of LNPs remains
neutral at physiological pH but becomes protonated in the acidic environment of endosomes, thus
allowing both endosomal escape and reduced toxicity.!'"!* Such advantages make ionizable LNPs
especially promising for nucleic acid delivery, including the co-delivery of functionally distinct
nucleic acid therapies.”! 114135

Exosomes are nanosized (30-120 nm) extracellular vesicles that are naturally secreted by cells to
facilitate intercellular communication. Exosomes are composed of a cell-derived lipid bilayer
membrane that surrounds their hydrophilic core, which allows for encapsulation of hydrophobic
and hydrophilic cargoes ranging from small molecules to oligonucleotides.!® Exosomes are
promising in vivo delivery vehicles due to their high biocompatibility, low immunogenicity, and
intrinsic ability to cross biological barriers. However, the clinical translation of exosomes is limited
by the lack of standardized techniques for their purification and challenges in their isolation from
biological fluids.'®!8

1.1.2 Polymer-based NPs

Polymeric NPs, a class consisting of natural and synthetic polymers, range in size from 1 to 1000
nm and are widely used as delivery vehicles. Additionally, some polymers are also used as surface
modification tools. Cargo can be encapsulated in their core, entrapped in the polymer matrix, or
chemically conjugated to the NP surface or to the polymer itself.” Therefore, the facile synthesis
and functionalization of polymers enables control over the NP’s characteristics and flexibility in
the types of cargo that can be loaded and delivered. Similar to lipid-based NPs, polymeric NPs can
load a wide range of cargo, including hydrophilic and hydrophobic compounds that vary in size
from small molecules to macromolecules like proteins.” Other advantages of polymeric NPs
include biocompatibility and biodegradability.!” However, polymeric NPs are limited by toxicity

risks that are caused by aggregation or the interaction of highly positively charged polymers with
blood.”?°



Two common forms of polymeric NPs are nanospheres, which encapsulate cargo within their core
and nanocapsules, which distribute cargo within their polymer matrix. Micelles are a type of
polymeric NP that self-assemble to form nanocapsules with a hydrophobic core and hydrophilic
coating to protect cargo and provide stability.” Dendrimers are hyperbranched globular polymers
consisting of an atomic or molecular core in the center and tunable branches and functional groups
on the surface, which allow precise control over size, shape, and surface chemistry for cargo
conjugation.® Cargo can be loaded either by encapsulation or conjugation to the dendrimer surface.
One type of dendrimer that is well-studied is polyamidoamine (PAMAM). PAMAM has
protonatable amine groups that enable escape from endosomal degradation, simple and flexible
encapsulation, non-immunogenicity, and suitability for oral delivery owing to enhanced
penetration of the gut epithelial barrier.®

Other polymers can be used to form NPs for delivery, such as chitosan, polyethylenimine (PEI),
polylactic acid (PLA), polyglycolic acid (PGA), and polylactic-co-glycolic acid (PLGA). Chitosan
is a natural polymer that is mucoadhesive, highly biocompatible and biodegradable with low
toxicity, has high affinity to cell membranes, facilitates endosomal escape, and can load a wide
range of cargos such as nucleic acids, anticancer agents, proteins, and antibiotics. However,
chitosan is limited by poor solubility due to its low protonation percent at physiological pH.%?!
PEI is a cationic synthetic polymer with a high positive charge that makes it favorable for the
delivery of negatively charged drugs, nucleic acids, and bioactive molecules, and allows efficient
cellular uptake. The main drawback associated with PEI is that its high positive charge leads to
toxicity because negatively charged components in blood could form aggregates with PEIL.
Therefore, to find the balance between efficiency and toxicity, a trending approach is to coat PEI
surfaces with PEG, chitosan, or other passivating molecules.® Other synthetic polymers that can
form NPs include PLA, PGA, and PLGA, which have similar properties and advantages including
high biocompatibility and biodegradability.® In particular, PLGA offers flexibility through
adjusting its lactic acid to glycolic acid ratio.?? Another polymeric NP type is polymersomes, which
are artificial vesicles composed of amphiphilic block copolymers, resembling the structure of
liposomes. Polymersomes are reported to have improved stability and cargo-retention efficiency,
making them effective vehicles for the delivery of therapeutics to the cytosol.’

1.1.3 Inorganic NPs

Inorganic NPs are mostly used for research purposes in sensing and imaging and are sparsely used
in clinical applications due to their inability to biodegrade. Inorganic NPs typically measure
between ~2-100 nm, with advantages including tunable optical, magnetic, and electric properties
in addition to facile modification of their size and geometry.” Major drawbacks associated with
inorganic NPs besides their non-biodegradability include low as-synthesized solubility and
toxicity risks arising from the nature of their constituent heavy metals. Due to the toxicity risks
associated with inorganic NPs, only biodegradable and nontoxic inorganic NPs are suitable for in
vivo delivery purposes, whereas the unique optical properties of each inorganic NP can be explored
in imaging and sensing. Iron oxide NPs, silica NPs, gold NPs (AuNPs), and carbon-based NPs
such as carbon nanotubes (CNTs) are the most common nanoparticles of this class.

Iron oxide NPs comprise the majority of FDA-approved inorganic NP-based therapeutics.’
Favorable properties of iron oxide NPs include biodegradability, biocompatibility, and unique
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magnetic properties.??”>* Tron is an essential trace element, so iron transport pathways and iron
homeostasis are well-understood, which leads to greater confidence in its low toxicity relative to
other inorganic NPs whose toxicity and biodegradability are less understood.??

Silica NPs also exhibit biodegradability and low toxicity, but the unique advantage of silica NPs
lies in their excellent tunability in physical features such as size (surface area and volume), shape,
porosity (mesoporous silica NPs), and surface modifications such as conjugation to targeting
ligands or imaging agents. Such flexibility in the potential physical and chemical modifications
make silica NPs favorable for carrying various types of cargo.?*-?>2¢ However, the main limitation
of silica NPs include a lack of understanding of their long-term stability in vivo.?

AuNPs are among the most studied inorganic NPs because of their unique optical and photothermal
properties (arising from free electrons on the surface) that can be tailored through modifications
in size, shape, structure, and composition.” While AuNPs are not biodegradable,?’ their inherent
inertness is believed to result in low toxicity.??> Concerns regarding long-term biocompatibility and
accumulation-based toxicity limit the use of AuNPs.?>28

Other emerging inorganic NPs include metal-organic frameworks (MOFs) and quantum dots
(QDs), particularly graphene QDs. MOFs are crystalline porous coordination polymers that are
composed of inorganic metal subunits linked to organic ligands. As a result of their large surface
area, highly ordered structure, and easily tunable pore size and shape, nano-sized MOFs offer
flexibility in loading a wide range of cargoes.?*° QDs are inorganic semiconducting nanocrystals
with high fluorescence intensity and photostability as well as broad excitation and narrow emission
spectra, which make QDs especially promising for in vivo imaging. When integrated into drug
delivery systems, QDs can provide real-time tracking in vivo. However, like most inorganic NPs,
they are limited by their non-biodegradability and toxicity.’! Graphene QDs are an attractive
alternative to conventional QDs for delivery purposes because they maintain the favorable optical
properties of QDs while simultaneously offering improved mechanical strength, greater
biocompatibility, and lower toxicity.>?

While this large library of NPs has been developed for delivery of various cargo to cells, not many
are simultaneously suitable for sensing applications. Lipid- and polymer-based NPs exhibit good
biocompatibility but require external signal transduction mechanisms, such as fluorescent dye
molecules, to transduce or communicate the binding of an analyte. Inorganic NPs are best suited
for this purpose, relying on a variety of intrinsic signal transduction modes such as aggregation,
colorimetry, and fluorescence. In particular, single-walled carbon nanotubes (SWCNTs) are an
interesting class of inorganic NPs that can serve as both cargo delivery vehicles and biosensing
platforms owing to their unique physical and optical properties such as intrinsic fluorescence, high
surface area, high mechanical strength, and electrical and thermal conductivity.*?

1.2 Single-Walled Carbon Nanotubes as Versatile Nanoparticles

After being discovered by [jima and Ichihashi in 1993, SWCNTSs have emerged as a versatile NP
class for both cargo delivery and optical biosensing.*** For example, SWCNTs have shown
successful facilitation of both plasmid DNA and RNA delivery to plants while protecting cargo
from degradation and avoiding direct cellular toxicity.***” SWCNTSs have also been successfully
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leveraged as optical biosensors for a variety of relevant biological analytes including dopamine,
insulin, and the SARS-CoV-2 virus.*3#" These applications rely on the unique physical and optical
properties of SWCNTs, including their high-aspect ratio for plant cell wall penetration, high-
surface area for cargo loading, and intrinsic near-infrared fluorescence emission for signal
transduction of analyte sensing.>* These beneficial qualities motivate further investigation of these
NPs for biological applications.

Chemically, SWCNTs are carbon allotropes composed of a cylindrically-rolled graphene sheet
(one plane of covalently bound sp?>-hybridized carbon atoms). With average lengths of 1 um and
diameters of 1 nm, these NPs can be considered essentially one-dimensional (Figure 1.2a). The
direction of rolling along the graphene sheet imparts handedness or chirality to SWCNTs, denoted
by two integers (n,m) depending on the vector direction, v (Figure 1.2b). Depending on their
chirality, SWCNTs experience varying electronic band structures that enable them to be metallic,
conducting, or semiconducting in nature.*!-#?



o .
a4, 00 . .
" Wi 0% ol - % S0 Ty S0 i

r 3 L %
’y Dt ap T - .
FORCTTE AL LETEHITT 1ol TS A 0 NSRRI

1000 1100 1200 1300

Wavelength (nm)
Tissue Transparenc
9 10 S e
SWCNT 10
Emission o RDye 78-CA
8 - 0.8 z >
§ @ s NR QDs
E 6 L 0.6 % g < DNA-Carbon nanotubes
3 & 3
- = 9 11 AtanT
< L 5 =
£ 4 - 0.4 § g
< § zo
2- 102 8 ‘i
Blood Wat
Scattering Aet!):r 0.1 T T T
0 . . . 5 0
5 e B ie i 0.00001 0.001 0.1 10 1000
Wavelength/nm Exposure Time (h)

Figure 1.2. Schematic depiction of SWCNT and their advantageous properties. (a) SWCNTs
consist of a cylindrically-rolled sp?>-hybridized hexagonal carbon lattice with an aspect ratio that
renders them one-dimensional. (b) Semiconducting SWCNT chirality diameter and electronic
natures are dependent on the vector rolling direction from (0,0). (¢c) Mixtures of semiconducting
SWCNT exhibit an overall nIR fluorescence emission spectra (black) composed of the sum of
all SWCNT single chirality emissions present in the sample (dotted). (d) SWCNT fluorescence
in the nIR range (850-1350 nm) exists between the wavelengths at which blood scatters and
water absorbs. This window renders SWCNT tissue-transparent and thus ideal for in vivo
imaging applications. (¢) SWCNTs (x) show excellent photostability compared to other IR
fluorophores like dye molecules (diamond) and quantum dots (triangle), maintaining their
fluorescence intensity over 10 hours of exposure without photobleaching. Portions of this figure
adapted from Boghossian, A. A. et al. Near-Infrared Fluorescent Sensors based on Single-Walled
Carbon Nanotubes for Life Sciences Applications. ChemSusChem 4, 848—-863 (2011).



These differences in band-gap energies among SWCNT chiralities affect their fluorescence, as
SWCNT fluorescence is excitonic in nature.*** Briefly, the semiconducting nature of SWCNTSs
renders the valence electrons in the sp>-hybridized lattice mobile and excitable to a higher energy
state by visible light. When external photons excite an electron to the higher energy state, it creates
an exciton, which is composed of the excited electron and the hole in the valence shell it leaves
behind, bound by Coulombic attraction. As this excited electron decays from its higher energy
state and combines with the hole, energy is released in the form of fluorescent emission in the near
infrared (nIR) range from 850-1350 nm. Since SWCNT band-gap energies vary by chirality, the
wavelength of fluorescence emission varies accordingly (Figure 1.2c). A sample of pure chirality
SWCNT thus emits fluorescence at a single wavelength and a mixture of SWCNT chiralities
results in several emission peaks over the nlR range. In addition to chirality, SWCNT fluorescence
is also influenced by the dielectric constant of the surrounding medium and the presence of charged
or redox active molecules near the SWCNT surface, shifting the emission wavelength or
enhancing/quenching emission intensity.>*> The modularity of SWCNT fluorescence in this
manner enables its use as a signal transducer in various sensor applications when paired with
molecular recognition elements to selectively bind analytes of interest.

Uniquely, SWCNT fluorescence emission is intrinsic to the SWCNT itself, requiring no external
moieties to produce the signal. The wavelength range of SWCNT emission also falls in a window
of biological relevance, being greater than the wavelengths at which blood scatters light and lesser
than the wavelengths at which water absorbs light (Figure 1.2d). These properties render SWCNT
tissue-transparent, enabling their use for in-vivo nIR sensing. Furthermore, SWCNT show
excellent photostability, maintaining their fluorescence emission intensity over the course of 10
hours without photobleaching (Figure 1.2¢). This enables longer use applications for SWCNT-
based sensors compared to other fluorescent molecules like IR dyes and quantum dots, which
photobleach quickly in comparison. Altogether, these advantageous properties make SWCNT an
ideal NP for sensor and cargo delivery.

1.3 SWCNT Functionalization for Sensing and Delivery

Towards these ends, previous strategies for generating SWCNT-based constructs for cargo delivery
and sensing have leveraged nonspecific adsorption of cargo or sensing modalities to the
hydrophobic SWCNT surface that often rely on compatibility between the cargo and SWCNT or
engineering new molecular recognition elements. For example, the hydrophobic surface of
SWCNT typically causes them to aggregate in aqueous environments and prevents their use in
cellular systems. However, this surface feature can be harnessed to noncovalently adsorb
biomolecules directly to the SWNCT surface such as small interfering ribonucleic acids (siRNA),
taking advantage of m-m stacking interactions between the RNA bases and the SWCNT sp?-
hybridized lattice to produce stable SWCNT-RNA constructs in aqueous solution.’’” These
constructs can then be delivered to plant cells and show greater targeted gene knockdown than
delivering the siRNA alone. Furthermore, plasmid DNA has been successfully attached to
SWCNTs and delivered to plant cells by leveraging electrostatic charge interactions between
negatively charged plasmid DNA and positively charged poly-ethylen-imine (PEI) attached to the
SWCNT surface.¢



Similarly for sensing applications, molecular recognition elements have been adsorbed to
SWCNTs to selectively bind analytes of interest and modulate SWCNT fluorescence to signal
successful binding. Many recognition element options have been demonstrated for SWCNT,
including single-stranded DNA (ssDNA) to both disperse SWCNT in aqueous solution via 7t-7t
stacking and bind analytes like dopamine and serotonin, two important neuromodulators for brain
activity.3®4>46 Proteins have also been demonstrated as viable molecular recognition elements,
leveraging the natural affinity of proteins like enzymes, receptors, and antibodies for their
substrates to selectively bind analytes and subsequently modulate SWCNT fluorescence. For
example, the ACE2 cell surface receptor can be noncovalently adsorbed to ssDNA-dispersed
SWCNTs to generate a nanosensor for the SARS-CoV-2 Spike protein, enabling rapid point-of-
care COVID diagnostics.*°

However, these examples of SWCNT-based constructs succeeded in performing their intended
function due to the biomolecules in question being amenable to noncovalent attachment to
SWCNTs. In the case of cargo delivery, n-n stacking and electrostatic attraction work for RNA,
DNA, and plasmid delivery, but would not be reliable methods for attaching other cargo such as
small molecule drugs for cytotoxicity or large proteins like the CRISPR-Cas9 ribonucleoprotein
(Cas9 RNP) for gene editing. It is possible that some molecules could be adsorbed to SWCNTs via
hydrophobic interactions if they feature hydrophobic groups/pockets, but this is not a guaranteed
possibility for every cargo and requires extensive and costly low-throughput screening to identify
molecules amenable to attachment. Thus, non-covalent adsorption is not a generalizable strategy
when designing SWCNT-based cargo delivery. Additionally, delivery of non-specifically adsorbed
cargo via SWCNT could suffer from a lack of stability in complex biological environments such
as in the plant cytosol or mammalian blood stream, leading to the premature desorption of cargo
from the SWCNT and loss of efficacy.

In the case of sensor development, similar limitations exist when relying on noncovalent
adsorption of recognition elements like DNA and proteins to the SWCNT surface. For example,
directed evolution can be performed on ssDNA sequences to find those that effectively bind to
both SWCNT and the analyte of interest, but these processes require extensive time and labor to
perform.*® For protein recognition elements, each protein exhibits differing net charge states at
various pH values, requiring extensive screens of conditions for each protein of interest to be
adequately adsorbed to the SWCNT surface. Furthermore, some proteins contain large
hydrophobic pockets of amino acids within their core, which could unintentionally interact with
the hydrophobic SWCNT surface after adsorption, causing the protein to denature and lose its
natural affinity for the target analyte.

On the other hand, a generalizable platform for covalent attachment of biomolecules to SWCNTs
could overcome these limitations. Rational design of conjugation sites on the biomolecule could
remove the dependence on favorable biomolecule properties for successful attachment and avoid
unintended protein denaturing. Stable covalent bonds between SWCNT and the biomolecule
would mitigate biomolecule desorption in the intended application environment, ensuring
constructs remain stable and active in complex biological fluids. These principles would shift
SWCNT construct design away from extensive screening and towards rational design, eliminating
the need for costly and labor-intensive screening to identify good molecular recognition elements
and conditions for cargo loading.



1.4 Scope of Dissertation

This dissertation will describe a flexible platform for generating SWCNT constructs with
covalently-bound proteins for biological applications, using Horseradish Peroxidase (HRP) as a
model protein for platform development. Chapter 2 will discuss the motivation and chemical
strategy for covalent-SWCNT conjugation of HRP. Chapter 3 will detail various characterization
techniques available to validate successful conjugation of HRP while maintaining both SWCNT
characteristic properties and HRP enzymatic activity. Chapter 4 will discuss the performance of
the resulting nanosensor in various form factors and propose a mechanism by which the sensor
operates. Chapter 5 will demonstrate the utility of the platform by extending it towards other
complex proteins for further nanosensor and cargo delivery applications. Finally, Chapter 6 will
summarize the conclusions from developing the platform in Chapters 2-5 and suggest routes for
further investigation enabled by the platform.
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Chapter 2: A Platform for Covalent SWCNT-Protein Conjugation’

2.1 Chapter Abstract

Single-walled carbon nanotubes (SWCNTs) are desirable nanoparticles for sensing biological
analytes due to their photostability and intrinsic near-infrared fluorescence. Previous strategies for
generating SWCNT nanosensors have leveraged nonspecific adsorption of sensing modalities to
the hydrophobic SWCNT surface that often require engineering new molecular recognition
elements. An attractive alternate strategy is to leverage the pre-existing molecular recognition of
proteins for analyte specificity, yet attaching proteins to SWCNT for nanosensor generation
remains challenging. Towards this end, we detail previous strategies for developing SWCNT-based
nanosensors, introduce our platform for covalent protein-SWCNT nanosensor generation, and
outline techniques for assessing the viability of our model protein, Horseradish Peroxidase (HRP),
for optimizing and developing this platform. We demonstrate successful singular SMCC
functionalization of HRP for conjugation to SWCNTs by QTOF-MS analysis, maintained SWCNT
sp>-hybridized lattice integrity upon HRP functionalization by characteristic absorbance and
fluorescence peaks, minimal free HRP in the final nanosensor product after purification by SDS-
PAGE and UV-Vis-IR absorbance of purification flowthroughs, and negligible nonspecific
adsorption of HRP to dispersed SWCNT by a corona exchange dynamics assay. This platform can
be extended to any proteins of interest and followed to ensure successful nanosensor generation.

2.2 Chemical Strategies for Development of Protein-SWCNT Sensors

Single-walled carbon nanotubes (SWCNTSs) possess unique optical and physical properties that
make them attractive materials for biomedical applications.* In particular, their intrinsic
photoluminescence in the near-infrared (nIR) region and lack of photobleaching are ideal traits for
in vivo and ex vivo sensing and imaging in biological systems.*’*8 Another advantage of SWCNTSs
as nanosensors is the diversity of functionalization that add synergistic functions to the SWCNT
conjugates. For instance, the functionalization of SWCNTs with biomolecules, such as single-
stranded DNA (ssDNA), creates a corona phase at the proximity of SWCNT surfaces which can
interact specifically with analytes of interest, resulting in modulation of the SWCNT optical
signal.* Owing to their sequence modularity, various ssDNA sequences have been identified to
play this corona phase molecular recognition (CoPhMoRe) role through screening for selective
recognition of target molecules.®® Furthermore, ssDNA can be evolved to have a selective
interaction with an analyte through systematic evolution of ssDNA ligands by exponential
enrichment.*® While these ssDNA-SWCNT conjugates have shown promising analyte-specific
fluorescence signal modulation, the platform fails to guarantee nanosensor generation for a specific
analyte of interest as the molecular recognition element of these nanosensors is not rationally
designed.

T Portions of this chapter are adapted from Ledesma, F. et al. Covalent Attachment of Horseradish
Peroxidase to Single-Walled Carbon Nanotubes for Hydrogen Peroxide Detection. Preprint at
https://doi.org/10.1101/2023.12.14.571773 (2023).
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Researchers have pursued the development of semi-rationally designed polymer-SWCNT
conjugates to better develop nanosensor generation for a particular analyte. For example, Bisker
et al. used a small phospholipid library screen to identify the phospholipid-PEG polymer DPPE-
PEG(5000) to selectively recognize fibrinogen proteins with an 80% decrease in SWCNT
fluorescence intensity upon addition of fibrinogen protein.>! Similarly, Bisker and colleagues
identified another PEGylated lipid, C16-PEG(2000)-Ceramide, to serve as a recognition element
for SWCNT-based insulin nanosensors with a turn-off response of around 60%.* Though these
approaches successfully demonstrate CoPhMoRe sensing of their target analytes, they still require
labor-intensive screens of similar polymer coating libraries to identify the optimal candidate for
use as a molecular recognition element. Another approach for polymer-SWCNT nanosensors
involves the use of synthetic peptide mimics named peptoids, which feature N-substituted side
chains that confer both resistance to protease degradation and sequence tunability to rationally
design molecular recognition. Chio ef al. demonstrated the utility of these polymers by designing
a small peptoid library and identifying a peptoid with both hydrophobic anchor sequences to bind
to the SWCNT surface and loops of side chains designed to selectively bind the target protein
Wheat Germ Agglutinin.>? While this system successfully showed the ability to rationally design
polymer-SWCNT nanosensors, the need for extensive library screens to identify successful
molecular recognition elements remains a limitation to using pre-existing molecular recognition
elements for nanosensor development. Overall, there are several advantages of polymer-SWCNTs
for nanosensor development, including the development of nanosensors for which there exist no
natural molecular recognition elements and the tunability of their selectivity and sensitivity
profiles often achievable with more extensive screening.

Direct attachment of known molecular recognition elements such as proteins to SWCNTSs present
an orthogonal method for nanosensor generation that can circumvent some of the drawbacks of
polymer-SWCNT screening, including time and cost of screening for nanosensor sensitivity,
limited nanosensor selectivity, and less straightforward mechanistic function of the resulting
nanosensor. Given their natural affinity for binding a target analyte, proteins are often the most
readily available molecular recognition elements with which to develop nanosensors through
protein-SWCNT conjugation.’® While protein-SWCNT nanosensors can be rationally designed to
detect or image a variety of biomarkers, the major drawback is that protein attachment to SWCNTs
often compromises protein stability or SWCNT fluorescence.>#>>4

Traditionally, protein-SWCNT conjugates have been prepared by non-covalent approaches.>
These methods typically rely on physical adsorption of the hydrophobic domains of proteins to
SWCNT surfaces. For example, ultrasonication of SWCNT and protein®® or dialysis-based ligand
exchange®’ facilitates the non-specific adsorption of proteins to SWCNT surfaces. These non-
covalent approaches, however, are dependent on the nature of the proteins which leads to varying
levels of adsorption; thus, they are not generalizable.’® Moreover, non-covalent attachment is often
accompanied by conformational changes in the proteins, leading to the loss of their biological
functions.> For example, Palwai et al. reported a complete loss of enzymatic activity of
horseradish peroxidase (HRP) five days after immobilization on SWCNT.> A random alignment
of the proteins on SWCNT may also reduce the efficiency of their biological activities, even if
conformational stability is maintained. Therefore, non-covalent approaches are not a generalizable
approach to developing protein-SWCNT nanosensors.
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In this regard, covalent functionalization of proteins to SWCNT promises better stability and
controlled alignment of the conjugated proteins.®>$! However, covalent functionalization of
SWCNT for sensing and imaging applications has been challenging because covalent bonds can
introduce unintentional sp? defects into the sp? SWCNT lattices. While certain engineered SWCNT
defects are used to shift SWCNT fluorescence for defect-based sensing, when introduced
unintentionally, these defects often attenuate or fully eliminate the optical transitions in SWCNTs
that drive SWCNT photoluminescence.’>®* On the other hand, recent reports have shown
successful covalent conjugation of proteins and peptides to SWCNTSs while preserving their optical
properties. For example, it has been shown that minimal introduction of quantum defects can
preserve or even enhance the photoluminescence of SWCNTSs.*6> Following these findings, Mann
et al. developed a protocol to covalently conjugate proteins to SWCNT by controlling the density
of quantum defects.%%” An alternative approach is to covalently functionalize SWCNTs without
introducing sp? defects using azide-based conjugation.®®% Since the azide-based covalent bonds
do not introduce an sp® defect by re-aromatizing the sp? lattice, this approach has a significantly
higher degree of freedom in the density of functionalization compared to the approaches that use
quantum defects. Recently, we have applied this chemistry to develop a versatile protocol to
covalently functionalize SWCNTs and showed the potential of this chemistry to maintain analyte-
specific responses of previously-reported nanosensors.”®

2.3 HRP as a Model Protein for SWCNT Conjugation Platform Development

With the goal of covalent protein conjugation to SWCNTs for sensor development, many
candidates for a model protein exist. An ideal model protein for development of this strategy
should be amenable to the desired conjugation chemistry, small enough in molecular weight to be
easily purified from SWCNTs, show minimal nonspecific adsorption to SWCNTs to confirm
successful covalent conjugation, and bind an analyte of biological relevance. Thus, we are seeking
a protein that achieves these figures of merit to best optimize and demonstrate the utility of this
platform. In this regard, we employ Horseradish Peroxidase (HRP) as a model protein for the
detection of hydrogen peroxide (H202). H>0: is a critical component of reactive oxygen species
(ROS) that play a pivotal role in many industrial and biological processes including ecosystem
regulation in surface water, sterilization in food and beverage products, and cellular oxidative
stress and signaling.”!”> Consequently, developing fluorescent nanosensors for H,O; that can be
used for hydrogen peroxide detection or imaging is valuable, particularly non-photobleaching
probes.

To synthesize our nanosensors, we first covalently modified unfunctionalized (pristine) SWCNTs
with the azide-based triazine approach as previously reported (Figure 2.1).9%7° Briefly, we reacted
pristine SWCNTs with cyanuric chloride and sodium azide to produce high density triazine-
labelled SWCNTs (Trz-H-SWCNTs) with minimal quantum defects, maintaining intrinsic
SWCNT optical properties like nIR fluorescence emission. Trz-H-SWCNTs were further
functionalized with the amino acid cysteine in the presence of triethylamine. Nucleophilic
substitution of the solvent-exposed chlorines on the triazine handles with the primary amine of
cysteine produced thiol-functionalized SWCNTs (SH-SWCNTSs).
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Figure 2.1. Synthesis of HRP-(GT)15-SWCNT nanosensors. Synthesis scheme for nanosensor
was performed according to previously established protocols. The SMCC:HRP ratio was
optimized for single maleimide addition and reaction time and temperature were selected
according to manufacturer protocol. Excess reactants were filtered away after each step and the
final product was diluted back to the starting reaction volume.

These SWCNTs maintained their optical properties as shown by the preservation of characteristic
absorbance (Figure 2.2a) and fluorescence (Figure 2.2b) peaks. Notably, the choice of cysteine for
functionalization was made in part due to Sulfo-SMCC being chosen as the crosslinker for this
protein-SWCNT conjugation platform. This crosslinker is optimal for this conjugation scheme as
it features two orthogonal functional groups: an N-hydroxysuccinimide-ester group (NHS-ester)
that first reacts with solvent-exposed primary amines on HRP and a maleimide group that
subsequently forms a stable covalent bond with free thiol groups on the SWCNT. This stepwise
order of crosslinking afforded by Sulfo-SMCC helps minimize unwanted side reactions and
imparts the flexibility of extending this platform to conjugate other proteins with exposed primary
amines with the same SH-SWCNT sample.
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Figure 2.2. UV-Vis-IR absorbance and nIR fluorescence characterization of HRP-(GT):s-
SWCNT nanosensors. (a) Absorbance spectra of (GT)is-coated SWCNTSs along the nanosensor
synthesis route show maintained characteristic peaks. (b) nIR fluorescence baselines for the
samples in (a) show preservation of SWCNT intrinsic fluorescence throughout synthesis.

We reacted the NHS-ester group of Sulfo-SMCC with solvent-exposed primary amines on HRP to
form maleimide-functionalized HRP (SMCC-HRP) for subsequent conjugation to SH-SWCNTs.
There are 6 solvent-exposed primary amines in the form of lysine residues on the surface of HRP,
3 of which are the most amenable to crosslinker functionalization (K232, K241, K174).”3 The other
3 lysines are either involved in salt bridges (K65 and K149) or barely exposed to solvent (K84).”*
As such, we expected to add between 1 and 3 SMCC crosslinkers to HRP under these reaction
conditions. Optimizing the SMCC:HRP ratio during the conjugation reaction via QTOF-MS shows
successful addition of 1 SMCC for a 10:1 SMCC:HRP ratio and the appearance of dual
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functionalization at a higher ratio of 20:1 (Figure 2.3). As all 3 potential lysines are not located
within the binding pocket of HRP and subsequent activity assays show negligible loss in enzymatic
activity post-SMCC functionalization, the exact identity of which lysine is modified was left
unknown, though previous literature suggests the most reactive lysine of the potential candidates
is K232.7 Thus, we concluded that the optimal ratio of SMCC:HRP is 10:1 as it leads to singular
functionalization, though this ratio would need re-optimization for any new protein to be used with
this strategy depending on its number and availability of solvent-exposed primary amines.
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Figure 2.3. SMCC-HRP conjugation ratio optimization. Quantitative time-of-flight mass
spectrometry (QTOF-MS) of HRP alone (a), SMCC-HRP reacted at a 10:1 ratio (b), and SMCC-
HRP reacted at a 20:1 ratio (c) shows a ratio-dependent degree of maleimide functionalization.
Though poly-dispersed, the primary mass of HRP alone by QTOF-MS reads as 43147 Da as
seen in (a). According to the manufacturer, the mass added for one maleimide addition to HRP
corresponds to about 219 Da, as seen by the appearance of the 44393 Da peak in (b). Similar
additions of 219 Da to the other peaks present in (a) can be seen in (b) as well. Though (c) reveals
20:1 SMCC:HRP leads to a higher mono-functionalization than 10:1 as indicated by percent
integrated area, it also exhibits higher dual-functionalization in the appearance of the 43612 Da
peak. To minimize the potential of multiple maleimide additions reducing enzymatic activity,
10:1 SMCC:HRP was chosen for SWCNT conjugation.

To solubilize SH-SWCNTs for conjugation with HRP, we assessed 3 potential amphiphilic
SWCNT dispersants: (GT)is ssDNA, the amphiphilic lipid Cis-PEG(2000)-Ceramide (Cer), and
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the surfactant sodium cholate (SC). We induced noncovalent adsorption of each coating with
SWCNTs through m-m aromatic stabilization and hydrophobic attraction, respectively. Each
dispersant was added to SH-SWCNTs and subjected to probe-tip sonication on ice according to
previously established protocols.*®’ The resulting products ((GT)is-SH-SWCNT, Cer-SH-
SWCNT, and SC-SH-SWCNT) showed high yield (100-300 mg L!) and solubility in water after
centrifugation to remove aggregates and excess dispersant (Figure 2.4a).

a) 1.0
0.8
S
8
@ 0.6~ (GT)15-SH-SWCNT
= —— Cer-SH-SWCNT
g 04+ —— SC-SH-SWCNT
T
<
0.2+

0800 400 600 800 1000 1200

b) 1.0
0.8+
3
g 0.6F —— C30p-SH-SWCNT
= —— T30-SH-SWCNT
g 04- —— (GT)-SH-SWCNT
Q
<
0.2+

0'900 400 600 800 1000 1200
Wavelength (nm)
Figure 2.4. UV-Vis-IR absorbance spectra of SH-SWCNTs after probe tip sonication and
centrifugation. After unsuspended SWCNT aggregates were removed by centrifugation,
absorbance spectra were taken for each sample. All samples show expected SWCNT absorbance
peaks in the nIR range (850 to 1350 nm), indicating probe tip sonication minimally interfered
with the SWCNT sp? lattice. Each sample was diluted to normalize their absorbance to the linear
range of Beer-Lambert’s Law between 0 and 1 for accurate [SWCNT] calculation. (a) Cer-SH-
SWCNTs were diluted 20X for absorbance measurements, while (GT)15-SH-SWCNTs were
diluted 10X and SC-SH-SWCNTs were diluted 2X. The corresponding absorbances at 632 nm
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were used for Beer-Lambert’s Law to measure [SWCNT] in each diluted sample of 18.77,21.69,
and 19.44 mg L'}, respectively, and 375.42, 216.87, and 38.88 mg L-! when multiplied by their
dilution factors. (b) All samples were diluted 20X for absorbance measurements. The
absorbances at 632 nm for C30-SH-SWCNTs, T30-SH-SWCNTs, and (GT)s-SH-SWCNTs were
used to measure [SWCNT] in each diluted sample of 5.18, 7.76, and 11.09 mg L', respectively,
and 103.54, 155.26, and 221.87 mg L! when multiplied by their dilution factors.

The solubilized SWCNT products were subsequently assessed for the degree of nonspecific HRP
adsorption to their surface with a corona exchange dynamics assay.® Briefly, this assay leverages
the fluorescence quenching effect of fluorophores proximal to SWCNT to measure the degree of
nonspecific protein adsorption to SWCNT surfaces. Compared to fluorescein (FAM)-
functionalized control proteins fibrinogen (FBG-FAM) and human serum albumin (HSA-FAM),
HRP-FAM showed lower FAM fluorescence quenching when incubated with SWCNTs, indicated
by a higher endpoint fluorescence fold change value (Figure 2.5). Since the degree of FAM
quenching is proportional to the amount of nonspecific protein adsorption to the SWCNT surface,
our results suggest that HRP shows minimal nonspecific adsorption to all three dispersed
SWCNTs. This result highlights the utility of HRP as a model protein as its low level of adsorption
helps ensure subsequent SWCNT sensor responses can be attributed to covalently attached HRP
only, rather than a mixed population of covalently-attached and nonspecifically-adsorbed HRP.
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Figure 2.5. Corona exchange dynamics characterization of HRP with dispersed SH-SWCNTs.
Corona exchange assay for HRP and control proteins shows minimal HRP adsorption to different
dispersant-SH-SWCNT samples. Fold change was calculated as the endpoint FAM fluorescence
value 60 min after SWCNT addition to FAM-proteins divided by the initial FAM fluorescence
for each protein sample. Error bars represent the standard deviation of experimental replicates (n
=3).
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Though all three dispersants were good candidates in minimizing nonspecific HRP adsorption, we
proceeded with H,O» nanosensor development with (GT)15-SH-SWCNTs as they showed greater
colloidal stability than SC-SH-SWCNTs through the rest of the sensor’s synthesis (Figure 2.6a)
and greater response to H2O than Cer-SH-SWCNTs (Figure 2.7a).
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Figure 2.6. HRP-(GT)15-SWCNT compared to other HRP-SWCNTs. (a) UV-Vis-IR absorbance

spectra show loss of colloidal stability for HRP-SC-SWCNTs after purification as shown by the

complete loss of characteristic SWCNT absorbance compared to (GT)s- and Cer-coated HRP-

SWCNTs. (b) UV-Vis-IR absorbance spectra for HRP-T30-SWCNTs, HRP-C30-SWCNTs and

HRP-(GT)s-SWCNTs.
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Figure 2.7. HRP-(GT)15-SWCNT nanosensor fluorescence response to H>O> compared to HRP-
SWCNTs with other dispersants. (a) Comparing the integrated change in fluorescence for each
sensor construct in response to the same amount of H>O2 shows a similar response profile
between the HRP-(GT)15-SWCNT nanosensor and HRP-C3o-SWCNT and HRP-(GT)s-SWCNT.
By contrast, HRP-Cer-SWCNT shows no turn-on response and HRP-T30-SWCNT shows a small
but immediate turn-on response. (b) The fluorescence baselines of all HRP-SWCNT constructs
show strong quenching before H>O addition, enabling the large magnitude fluorescence turn-
on response observed in (a). The wavelength range of the (9,4) SWCNT chirality is marked with
red arrows for tracking solvatochromic shifts. (¢) Endpoint (60 min post-H,O> addition)
wavelength shifts for the (9,4) chirality fluorescence peaks of the samples shown in (a) show no
clear trend in relation to the observed turn-on response. Of the three constructs that exhibited a
turn-on response, the HRP-(GT);5-SWCNT nanosensor shows the largest red-shift in
fluorescence while HRP-C30-SWCNT shows no solvatochromic shift and HRP-(GT)s-SWCNT
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shows a slight blue-shift. Both HRP-Cer-SWCNT and HRP-T30-SWCNT shows slight blue-
shifts despite exhibiting no turn-on response to H>O». Error bars represent the standard deviation
between experimental replicates (n = 3).

After de-salting excess unreacted crosslinker from the SMCC-HRP reaction, we reacted SMCC-
HRP with (GT)15-SH-SWCNTs to covalently link HRP to SWCNTs. Following centrifugal
membrane filtration to remove excess unreacted SMCC-HRP (Figure 2.8), we characterized the
final nanosensor product (HRP-(GT)is-SWCNT). The nanosensor showed maintained
characteristic optical absorbance (Figure 2.2a) and fluorescence (Figure 2.2b) properties of
SWCNT throughout the synthesis process. The different peaks in Figure 2.2b correspond to
different chiralities of SWCNT, which emit fluorescence at different intensities in response to our
excitation laser at 721 nm. This monochromatic laser predominantly excites the (10,2), (9,4), (8,6),
(10,5), and (8,7) chiralities more efficiently than chiralities that resonate at lower excitation
wavelengths, resulting in the largest emission peaks at wavelengths greater than 1100 nm. The
relative intensities of these emission peaks were slightly altered following triazine
functionalization for (GT)15-SH-SWCNT compared to pristine (GT)15-SWCNT, where the (9,4)
and (8,6) chirality SWCNTs showed increased emission intensity at 1135 nm and 1195 nm,
respectively, relative to the other chirality peaks at shorter wavelengths. This is expected from
previous literature findings that the triazine functional group modifies the SWCNT chemical
potential, increasing emission intensity for these chiralities at our excitation wavelength of 721
nm.® To account for these different chirality effects, we opted to analyze the nanosensor response
by measuring the area under the fluorescence emission curve by integrating from 850 to 1350 nm
rather than measuring the intensity at any single chirality peak wavelength.
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Figure 2.8. Purification of SWCNT from unconjugated SMCC-HRP. (a) SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) gel of spin-filter flowthrough shows full protein removal after
three washes. Control additions of 100-1000 ng HRP to gel show barely detectable protein at
100 ng, thus 3 spin-filtration steps are sufficient to remove protein from nanosensor. (b) UV-
Vis-IR absorbance spectroscopy of the spin-filter flowthroughs confirm minimal free protein
remains in the sample. The absorbance peak of HRP at 400 nm gradually decreases to 0 in
successive filter flowthroughs, echoing the findings from PAGE analysis.

We found that attaching HRP to SWCNTs yielded a decrease in fluorescence intensity proportional
to the concentration of HRP in the conjugation reaction, with minimal shifts in the SWCNT
fluorescence peak wavelengths for HRP-(GT)15-SWCNT relative to the base (GT)15-SH-SWCNT
material (Figure 2.9b). This uniform decrease in fluorescence intensity is a desired and common
mechanism to generate turn-on fluorescent nanosensors.”” Since the observed quenching is
proportional to the amount of HRP available for conjugation, we hypothesize that HRP is affecting
SWCNT fluorescence emission by proximity to the surface upon conjugation, leading to greater
attenuated fluorescence intensity as more HRP is conjugated. If this attenuation was due to
unintended quantum defects or other sp? lattice damage introduced by the synthesis process, the
SWCNT fluorescence intensity would not be modulated in the presence of the HRP substrate H.O»
but instead remain attenuated. Subsequent experiments show that the resulting nanosensors can
modulate in fluorescence and exhibit different fluorescence responses to the addition of H2O», with
the highest magnitude of fluorescence increase achieved with the nanosensor generated with 1 mg
mL! HRP in the conjugation reaction (Figure 2.9a). Additionally, previous studies have shown
that SWCNT fluorescence intensity decreases in the presence of H»O> rather than increase,
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providing further evidence that the catalysis of H2O2 by HRP facilitates the turn-on fluorescence
76
response.
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Figure 2.9. Optimizing [HRP] in conjugation reaction via nanosensor fluorescence turn-on
response. (a) Varying the concentration of HRP in the covalent conjugation reaction to SWCNTs
results in varied nanosensor fluorescence responses to the same concentration of H>O». At 0.25
and 0.5 mg mL-! HRP in the conjugation step, the product nanosensor shows a turn-off response
to 29.4 mM H,O,. Increasing the HRP concentration to 1 mg mL™! results in a product that
exhibits a 200% increase in fluorescence intensity upon H>O: addition. However, increasing the
HRP concentration further to 1.5 and 2 mg mL! decreased the nanosensor’s peak response to
around 100%. Thus, an optimum functionalization density of HRP on SWCNT exists when the
reaction conditions are 1 mg mL-' HRP to 10 mg L' (GT)is-SH-SWCNT. (b) The fluorescence
baseline of the HRP-(GT)is>-SWCNT nanosensors is progressively quenched as HRP
concentration is increased in the conjugation step. As HRP concentration is increased, it is
probable that the number of HRP attached per SWCNT increases proportionally, leading to
increased fluorescence quenching as seen by progressive decrease in the intensity peak around
1134 nm corresponding to the (9,4) chirality SWCNT.
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Mechanistically, we hypothesize that the SWCNT quenching behavior upon HRP conjugation
could be attributed to a proximity effect of the charged heme center of HRP or HRP itself on
SWCNT fluorescence emission. SWCNT fluorescence occurs by exciton recombination, where an
electron in the valence band of SWCNT is photo-excited by visible light, creating an excited
electron-hole pair (exciton), and subsequently decays back to its ground state, recombining with
the empty hole in the SWCNT valence band and emitting fluorescence.**** As such, positively
charged groups near the SWCNT surface could effectively serve as a charge trap, locally
stabilizing excitons and lowering the exciton energy below the needed threshold for radiative
recombination and fluorescence emission.”” At its native state, the heme iron of HRP exists as Fe**
and the proximity of this positively charged metal ion to the SWCNT surface could lower exciton
recombination energy, resulting in nonradiative electron decay and fluorescence quenching.
Previous literature supports this possibility, demonstrating that free metal ions,’® ferricyanide,>*
and free heme’ added to SWCNTs strongly quench their fluorescence by this nonradiative
mechanism. Similarly, HRP exhibits an isoelectric point (pI) between pH 8.7 and 9,% resulting in
a net positive (+2) charge at neutral pH.3! Thus, HRP itself could also serve as a charge trap and
quench SWCNT fluorescence by the same nonradiative decay mechanism.

2.4 Conclusions

Overall, these results confirm HRP as a good model protein for optimization of this platform
because HRP is amenable to singular SMCC functionalization, easily purified from SWCNTs via
spin-filtration, and shows minimal nonspecific adsorption to SWCNTs via the corona exchange
dynamics assay. Characterization techniques such as UV-Vis-IR absorbance and nIR fluorescence
to ensure SWCNT integrity, QTOF-MS to confirm crosslinker functionalization, corona exchange
dynamics to validate minimal nonspecific protein adsorption, and SDS-PAGE to affirm separation
of free protein from the final nanosensor product can help identify any given protein’s candidacy
for SWCNT conjugation with this platform.

The platform and conditions presented in this chapter can serve as a starting point for conjugating
any protein of interest to SWCNTs so long as they achieve the figures of merit listed above. Should
this not be the case for a protein of interest, many modifications to the platform are possible with
the flexibility this platform provides. Suggested modifications include varying SMCC:Protein
ratios to optimize singular functionalization, choosing different SWCNT dispersant molecules to
mitigate nonspecific protein adsorption, or even functionalizing SWCNT with different moieties
for alternative conjugation chemistries, such as EDC/NHS conjugation or “click” chemistry,
depending on a given protein’s properties that make it more amenable to a different chemical
strategy. Altogether, this platform offers a modular, flexible, and robust strategy to covalently
conjugate proteins to SWCNT.

2.5 Materials and Methods

Materials: All chemicals unless otherwise stated were purchased from Sigma-Aldrich. Raw high
pressure carbon monoxide (HiPco) synthesized SWCNTs were purchased from Nanolntegris
(SKU# 1601). C16-PEG(2000)-Ceramide (N-palmitoyl-sphingosine-1-
{succinyl[methoxy(polyethyleneglycol)2000]}) was purchased from Avanti Polar Lipids (SKU#
880180P). (GT)1s ssDNA was purchased from Integrated DNA Technologies. Sulfo-SMCC
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(sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate) was purchased from
ThermoFisher Scientific (Catalog# A39268). Hydrogen Peroxide (3% w/w) was purchased from
Labchem (Catalog# LC154501).

Synthesis of SH-Functionalized SWCNTs: Synthesis of SH-functionalized SWCNTs was adapted
from previous literature.%®7° Briefly, pristine HiPco SWCNTSs (1 g) were dispersed in N-methyl-2-
pyrrolidone (NMP) (150 mL) in a round bottom flask with a stir bar. The mixture was bath
sonicated (Branson Ultrasonic 1800) for 1 h at 25 °C followed by gentle stirring for 1 h at 25 °C.
The mixture was then cooled to 0 °C on ice. 2,4,6-1,3,5-trichloro-triazine (10 g, 54 mmol) was
dissolved in NMP (50 mL) and slowly added to the SWCNT dispersion. The resulting mixture was
stirred for 20 min at 0 °C. Sodium azide (1.76 g, 27 mmol) was gradually added to the mixture and
stirred for 2 h at 0 °C. The mixture was then stirred at 25 °C for 1 h followed by stirring at 70 °C
for 12 h to yield Trz-H-SWCNTs. This product was purified by repeated centrifugation and
washing steps with 10 mL each of acetone, water, toluene, then chloroform. The purified product
was then lyophilized for storage and characterization.

Trz-H-SWCNTs (10 mg) were dispersed in dimethylformamide (DMF) (5 mL) and bath sonicated
for 15 min at 25 °C. Cysteine (1 mg) and a 1.5 M excess of triethylamine were added to the mixture
and stirred for 48 h at 65 °C. The product (SH-SWCNTs) was purified by centrifugation,
supernatant removal, and re-dispersion in washes of DMF (4 mL, 2X) then water (4 mL, 2X). The
product was then dialyzed against water using a Slide-A-Lyzer G2 10 kDa MWCO dialysis
cassette (Thermo Scientific) for 1 week with daily water changes (2 L). The purified product was
pelleted by centrifugation and lyophilized for storage, characterization, and covalent HRP
functionalization.

Noncovalent Adsorption of ssDNA to SH-SWCNTs by Probe-Tip Sonication: SH-SWCNTs (1 mg)
and (GT):s single-stranded DNA (1 mg) were dispersed in 1X phosphate buffered saline (PBS)
(500 uL, pH 7.4) and bath sonicated for 10 min at 25 °C. The solution was then probe-tip sonicated
with an ultrasonic processor (Cole Parmer) and a 3 mm stepped microtip probe with pulses of 3-7
W for 1 s followed by 2 s of rest for a total sonication time of 15 min. The solution was equilibrated
for 1 h at 25 °C then subsequently centrifuged at 16100 relative centrifugal force (RCF) for 30 min
to remove unsuspended SWCNT aggregates. Suspended SWCNTs formed a homogeneous dark
gray solution and were measured for concentration by UV-Vis-IR absorbance (Shimadzu UV-3600
Plus) with samples in a 100 pL volume, black-sided quartz cuvette (Thorlabs, Inc.). SWCNT
concentration was calculated from absorbance at 632 nm using the Beer-Lambert law with
extinction coefficient €632 = 0.036 L mg™! cm™.38

Corona Exchange Dynamics Assay for HRP-SWCNT Adsorption: Corona exchange dynamics
studies were conducted as described previously.”® Briefly, HRP, fibrinogen, and human serum
albumin were labeled with a fluorophore (FAM) via N-hydroxysuccinimide ester conjugation
(Lumiprobe). Protein (10 mg) in 1X PBS (900 pL) and an 8-fold molar excess of FAM-NHS in
dimethyl sulfoxide (DMSO) (100 pL) were gently mixed via end-over-end rotation in a foil-
covered tube for 4 h. FAM-protein conjugates were then purified with Zeba 2 mL spin desalting
columns with 40 kDa MWCO (Thermo Scientific) to remove excess unreacted FAM-NHS
according to manufacturer’s instructions. The purified FAM-proteins were measured for
concentration and degree of labeling via UV-Vis-IR absorbance at 280 nm for protein and 495 nm
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for FAM. The degree of labeling was calculated as the molar ratio of FAM to protein in the samples.
200 mg L' FAM fluorophore-labeled protein (25 uL) was added to 10 mg L' SH-SWCNTs
dispersed with (GT)i5 ssDNA, Ci6-PEG2k-Ceramide, and SC (25 puL) in triplicate. The solutions
were combined via microchannel pipette in a 96-well PCR plate (Bio-Rad) and mixed by pipetting.
The plate was sealed with an optically transparent adhesive seal and gently spun down in a
benchtop centrifuge. Fluorescence time series measurements were obtained with a Bio-Rad
CFX96 Real Time qPCR System by scanning the FAM channel every 30 s at 25 °C.

Covalent Conjugation of HRP to SH-SWCNT via Sulfo-SMCC Crosslinker: (GT)15-SH-SWCNTs
were diluted to 20 mg L' in PBS and 5% v/v TCEP to reduce disulfide bonds between SWCNTSs.
HRP was similarly diluted to 2 mg mL! in PBS and Sulfo-SMCC dissolved in Milli-Q H,O was
added at 10:1 molar ratio Sulfo-SMCC:HRP. Both mixtures were incubated separately for 1 h at
25 °C. Each solution was then de-salted to remove excess TCEP and Sulfo-SMCC, respectively,
with 7K MWCO Zeba Spin Desalting Columns (2 mL) according to manufacturer’s instructions.
Purified (GT)15-SH-SWCNTs and maleimide-functionalized HRP were then mixed at a final
concentration of 10 and 1 mg mL"!, respectively, and incubated 1 h at 25 °C. The finished reaction
mixture was purified to remove unconjugated maleimide-HRP with 100K MWCO Amicon Ultra
Centrifugal Filters (0.5 mL). The membrane was rinsed with PBS and centrifuged at 5000 rcf for
5 min. The raw reaction mixture was then added and spun at the same conditions. PBS (450 pL)
was added to the membrane to wash away excess protein and spun at the same conditions and
repeated once. Finally, the membrane was cleaned with PBS (200 uL) to remove adsorbed
SWCNTs and the membrane was inverted and spun at 1000 rcf for 2 min to collect the purified
sample. The recovered HRP-(GT)5-SWCNTs were then diluted to their original reaction volume
and characterized by UV-Vis-IR absorbance and nIR fluorescence measurements.

SDS-PAGE of Nanosensors and Filtration Flowthroughs: SDS-PAGE was performed according to
previously established protocols. Briefly, sample buffer was prepared by combining glycerol (2.5
mL), water (3.75 mL), 0.5 M Tris-HCI buffer pH 6.8 (1.25 mL), and 10% w/v SDS (2 mL). Gel
running buffer was prepared with 10X Tris/Glycine/SDS Buffer (50 mL, Bio-Rad) and deionized
water (450 mL). Sample (5 pL) was added to sample buffer (7.5 pL) and 6X loading dye (2.5 pL,
New England Biosciences) and boiled at 95 °C for 5 min. Samples were then loaded onto a 4-20%
Mini-PROTEAN® TGX™ Precast Protein Gel (Bio-Rad) in a Mini-PROTEAN® Tetra Vertical
Electrophoresis Cell (Bio-Rad) with running buffer according to manufacturer’s instructions. Gel
electrophoresis was run with a Mini-PROTEAN® PowerPac Basic Power Supply (Bio-Rad) at 200
V for 30 min. The finished gel was then stained with Coomassie Brilliant Blue (Thermo Scientific)
for 1 hour, shaking gently. The gel was then de-stained overnight with 50% water, 40% methanol,
10% acetic acid (v/v/v) solution. The final gel was rehydrated in water and imaged according to
manufacturer’s instructions on a Typhoon FLA 9500 laser scanner (Cytiva) in digitization mode
with a 532 nm excitation laser and a long-pass green filter. Gel images were processed with imageJ
to adjust color contrast and image field of view.
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Chapter 3: Characterization of Protein-SWCNT Conjugates*
3.1 Chapter Abstract

Covalent HRP-SWCNT conjugates generated with the platform detailed in Chapter 2 require
characterization to confirm successful HRP attachment while maintaining enzymatic activity.
Herein, we demonstrate several characterization techniques to confirm successful HRP attachment
including visualization with atomic force microscopy, preserved HRP enzymatic activity via
previously established luminol activity assays, stable HRP activity over time, and quantification
of HRP per SWCNT by a luminescence calibration curve. This workflow of techniques can be
applied to any protein-SWCNT conjugates generated with this platform if an enzymatic or binding
activity assay is available and compatible with SWCNTs. When combined with the workflow in
Chapter 2, these techniques successfully confirm covalent protein conjugation to SWCNT to
generate a nanosensor with maintained SWCNT and enzymatic properties.

3.2 Visualizing HRP-SWCNT Conjugates via AFM

After developing and optimizing the reaction conditions for this nanosensor in Chapter 2, we
characterized its physical and chemical properties to confirm the successful covalent attachment
of HRP to SWCNTs while maintaining enzymatic activity. To visualize HRP on the surface of
SWCNTs, we captured atomic force microscopy (AFM) images of HRP (Figure 3.1a) and HRP-
(GT)15-SWCNT (Figure 3.1b).

* Portions of this chapter are adapted from Ledesma, F. et al. Covalent Attachment of Horseradish
Peroxidase to Single-Walled Carbon Nanotubes for Hydrogen Peroxide Detection. Preprint at
https://doi.org/10.1101/2023.12.14.571773 (2023).
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Figure 3.1. Validation of HRP presence for HRP-(GT)15-SWCNT nanosensors. (a) AFM image
of HRP. Height trace analysis shows a height increase of ~0.7 nm for this protein when accounting
for the surface baseline (Figure 3.2). (b) AFM image of nanosensor shows individual SWCNTs
with several height spikes along axis, visually confirming both successful (GT)is dispersion
(minimal aggregates) and HRP conjugation. (c) Height trace analysis of the AFM image in (b)
shows that the height spikes along the SWCNT axis (Trace 1) correspond to HRP height above
SWCNT baseline (Trace 2,3).

Height trace analysis over 10 of the clearest proteins and subtracting the height of the bare surface
yielded an average height of 0.66 nm for HRP under these conditions (Figure 3.2).
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Figure 3.2. AFM trace analysis of free HRP and HRP-(GT)5-SWCNT. (a) Trace analysis of 10
free HRP proteins in Figure 3.1a shows consistent peaks in height and width compared to a
baseline trace (Trace 11). (b) Traces plotted in (a) shown on the image itself. (c) Boxplot of the
results from (a) show the distribution and mean of heights found in the image, with the net HRP
height being the average of the baseline values subtracted from the raw HRP values, yielding an
average height increase above the baseline in the image of 0.66 £ 0.13 nm. Our AFM values for
HRP are consistent with prior reports of AFM height tracing for HRP which report raw HRP
heights of ~1.6 nm.%>83 (d) Traces taken parallel and perpendicular to the axis of the other HRP-
(GT)15-SWCNT shown in Figure 3.1b. (e) Height trace analysis of (d) shows varied but
significant height increases above SWCNT baseline between 0.5 and 1 nm in height, in the range
of the average value of HRP alone shown in (c). The differences in peak heights could
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correspond to varied levels of protein deformation during the imaging process as the AFM probe
is known to cause.®?

Performing the same analysis along the length of the nanotube showed several peaks of increased
height ~0.7 nm greater than the height of the nanotube as determined by tracing perpendicular to
the SWCNT length axis (Figure 3.1c¢). Combined with the corona exchange results confirming
minimal nonspecific adsorption of HRP to SWCNTs, these peaks can thus be attributed to
covalently attached HRP as shown schematically (Figure 3.1c¢).

3.3 Validating Maintained Enzymatic Activity Post-Conjugation

To confirm that covalently attached HRP maintained enzymatic activity while on the surface of
SWCNTs, we used a luminol assay according to established protocols.3* Briefly, the oxidation of
luminol by the catalysis of H2O2 by HRP produces luminescence proportional to protein activity
when normalized for protein concentration. We thus measured luminescence values for all HRP
conditions along the nanosensor synthesis route incubated with luminol and H>O> (Figure 3.3).
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Figure 3.3. Validation of HRP activity for HRP-(GT)15-SWCNT nanosensors. Luminol activity
assay shows nanosensor has comparable HRP activity to control and that neither SMCC
functionalization nor SWCNT presence interferes with HRP activity. Error bars represent the
standard deviation between experimental replicates (n = 3).

Compared to the low luminescence magnitude shown by the controls of empty wells (Figure 3.4),
PBS, and (GT)15-SH-SWCNT alone, the nanosensor showed similar catalytic activity to the other
HRP-containing samples at the same protein concentration. This data also suggests that SMCC
functionalization does not negatively affect HRP activity under these conditions. Similarly, the
presence of SWCNT showed little negative impact on the activity of both native and SMCC-HRP
when mixed. Furthermore, we measured the enzymatic activity of our nanosensor over the course
of 20 days, observing no noticeable decrease in luminescence (Figure 3.4).
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Figure 3.4. Luminol activity assay of nanosensor activity over time. The luminescence of empty
wells and PBS only with no luminol are of similar magnitude to the addition of PBS to luminol,
serving as a baseline of no HRP activity. In comparison, the enzymatic activity of the nanosensor
over the course of 20 days remains high and stable. Error bars represent the standard deviation
between experimental replicates (n = 3).

We also leveraged the luminol assay to calculate the concentration of HRP in each sample by using
the luminescence values of a calibration curve of known HRP concentrations to extract a linear
regression model (Figure 3.5b). Using the luminescence of the nanosensor with this model
calculated an approximate HRP concentration of 0.415 pg mL™! in the sample (Figure 3.5¢). Since
the concentration of SWCNT in the nanosensor sample can be determined by the absorbance at
632 nm (Figure 3.5d), we converted both values to moles by the known molecular weights of HRP
(44 kDa) and SWCNT (2700 kDa) and divided the two to roughly approximate the number of HRP
per SWCNT in the nanosensor at 80.5 + 8.4 (Figure 3.5e). Taken together, these results suggest
that we have synthesized a stable covalent HRP-SWCNT sensor with preserved SWCNT and
enzymatic properties that can be assessed for its ability to sense hydrogen peroxide.
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Figure 3.5. HRP-SWCNT luminol activity assay for [HRP] quantification. (a) A calibration
curve from 0.325 pg mL! to 0.01 mg mL"! (HRP 1-9) was created to calculate [HRP] from HRP-
SWCNT sample luminescence values. (b) Plotting the calibration curve from (a) in black allows
for fitting by linear regression in red. Using the resulting fitting parameters to calculate the
[HRP] in each sample, the values are plotted as stars. (¢) Zoomed in graph from (b) to highlight
the region where each HRP-SWCNT sample is calculated. The concentration of HRP in the
HRP-(GT)1s-SWCNT nanosensor sample is calculated to be 0.415 pg mL!. (d) UV-Vis-IR
absorbance spectroscopy of each HRP-SWCNT sample in (c) is used to calculate [SWCNT] in
each sample by taking the absorbance value at 632 nm and using Beer-Lambert’s Law. (e) Using
the known molecular weight of HRP at 44,000 g mol™! and an average of the manufacturer’s
stated molecular weight range for SWCNTs (340,000 g mol™! to 5,200,000 g mol! for SWCNTs
100-1000 nm long, respectively) at 2,770,000 g mol'!, the mols of HRP and SWCNT in each
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sample are calculated and divided to plot the ratio of HRP per SWCNT in each sample. The HRP
per SWCNT ratio for the HRP-(GT)15-SWCNT nanosensor is calculated at 80.5 + 8.4. However,
it is not expected that there are 80 HRP proteins attached to each individual SWCNT, since there
is a distribution of SWCNT lengths in the sample from 100-1000 nm, but rather an average of
80 HRP proteins attached to SWCNTs for every individual SWCNT in the sample. Error bars
represent the standard deviation between experimental replicates (n = 3).

3.4 Conclusions

Overall, these results confirm successful HRP conjugation to SWCNTs while maintaining HRP
enzymatic activity. Height trace analysis of free HRP and nanosensor AFM images confirm HRP
presence on the SWCNT surface. Given the previous validations in Chapter 2, these proteins must
be covalently attached rather than noncovalently adsorbed, confirming successful conjugation via
Sulfo-SMCC crosslinking. The luminol activity assay for HRP enzymatic activity confirms
maintained HRP activity when functionalized with SMCC, in the presence of SWCNT, and
covalently attached to SWCNT. This activity is also maintained over the course of 20 days,
suggesting that attachment to SWCNT imparts greater stability and thus preserved activity
compared to free protein alone. Finally, we leveraged the concentration-dependent nature of the
luminescence emitted via the luminol activity assay to calculate the HRP concentration in the
nanosensor sample from a concentration curve to be around 0.415 pg mL-'. Combined with the
SWCNT concentration in the sample as determined by UV-Vis-IR absorbance at 632 nm, we
calculated an HRP/SWCNT (mol/mol) ratio of around 80 for the nanosensor. For generating other
nanosensors with this platform, AFM should be performed to help visualize other proteins
conjugated to SWCNT and corresponding activity assays should be conducted to confirm the
synthesis process minimally damaged the protein.

3.5 Materials and Methods

Materials: All chemicals unless otherwise stated were purchased from Sigma-Aldrich. Raw high
pressure carbon monoxide (HiPco) synthesized SWCNTs were purchased from Nanolntegris
(SKU# 1601). C16-PEG2k-Ceramide (N-palmitoyl-sphingosine-1-
{succinyl[methoxy(polyethyleneglycol)2000]}) phospholipid was purchased from Avanti Polar
Lipids (SKU# 880180P). (GT)15 ssDNA was purchased from Integrated DNA Technologies. Sulfo-
SMCC (sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate) was purchased
from ThermoFisher Scientific (Catalog# A39268). Luminol (Pierce ECL Western Blotting
Substrate) was purchased from ThermoFisher Scientific (Catalog# 32209).

Atomic Force Microscopy of SWCNT Nanosensors: SWCNT nanosensors were analyzed for the
presence of HRP with atomic force microscopy (AFM). A small square (1 cm x 1 cm) of mica
substrate was adhered to a glass slide and the top surface was freshly cleaved with tape
immediately prior to sample preparation. HRP-(GT)s-SWCNT (100 pL) at 5 mg L! in 1X PBS
was statically dispensed onto the mica surface and spin-coated at 2000 rpm for 1 min. Static
dispense and spin coating was then repeated with an additional 100 pL of 5 mg L' HRP-(GT);s-
SWCNT to increase the coverage of functionalized SWCNT on the mica surface. Once doubly
coated, deionized water (100 pL) was slowly dynamically dispensed onto the coated surface while
spinning to rinse off excess salts. The sample was then stored at room temperature overnight and
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imaged using a TAP150AL-G (Ted Pella) Aluminum Reflex coated tip coupled to an MFP-3D-
BIO AFM (Asylum Research) in soft tapping mode.

Luminol Assay for HRP Activity: HRP activity was assessed using the Pierce™ ECL Western
Blotting Substrate kit. Briefly, the samples were all diluted to the same HRP concentration as the
lowest concentration to be measured for activity, typically the nanosensor. Each sample was
confirmed to be at the correct [HRP] via Qubit assay according to manufacturer’s instructions. The
peroxide and luminol stocks from the kit were mixed at 1:1 by volume and added to each sample
to dilute the [HRP] to the working concentration of 0.5 mg L' according to the manufacturer’s
instructions. Each sample (50 pL) was added to a 96-well plate in triplicate and the luminescence
of each well was measured over 60 min on a luminescence plate reader (Tecan M1000).
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Chapter 4: Nanosensor Fluorescence Response and Mechanism?®

4.1 Chapter Abstract

Having validated the conjugation platform to covalently attach HRP to SWCNTs, we assess the
nanosensor’s fluorescence response to H>O> and propose a mechanism of action for the
nanosensor’s observed performance. We demonstrate a concentration-dependent response to H>O»,
confirm the nanosensor can image H>O» in real-time using an immobilized imaging format, and
assess the nanosensor’s selectivity for H>O> against a panel of biologically relevant analytes. We
also assess the nanosensor’s response to a variety of analytes such as inhibitors, various pH and
ionic strength buffers, other enzymes, and surfactants to elucidate a mechanism that relies on the
modulation of HRP redox state by H2O> to modulate SWCNT fluorescence. Furthermore, we
performed the synthesis process for the nanosensor while omitting the crosslinker Sulfo-SMCC to
orthogonally confirm successful covalent HRP conjugation, observing low luminol activity and
nlR fluorescence response compared to the nanosensor. Taken together, these results demonstrate
successful generation of functional HRP-SWCNT nanosensors that show sensitive and selective
fluorescence modulation in response to H>O», are applicable in various form factors including
immobilized on glass, and rely on HRP redox state for SWCNT fluorescence modulation.

4.2 Nanosensor Response to H,O: in Solution-Phase Screens

We characterized our HRP-(GT)15-SWCNT nanosensor’s response to hydrogen peroxide by
measuring the change in nIR SWCNT fluorescence over time in response to varied levels of H2O:
analyte, schematically represented in Figure 4.1a. The addition of 29.4 mM H>O: elicited a strong
and stable turn-on fluorescence response over the course of one hour (Figure 4.1c¢). This contrasts
with the minor turn-off response elicited by water (Figure 4.1b), isolating the analyte as the cause
of the turn-on response rather than the addition of volume to the sample. The normalized integrated
change in fluorescence (AF/Fo) of the sensor peaked after 20 min post-addition of H>O» and
remained stable over the course of one hour (Figure 4.1d).

¥ Portions of this chapter are adapted from Ledesma, F. ef al. Covalent Attachment of Horseradish

Peroxidase to Single-Walled Carbon Nanotubes for Hydrogen Peroxide Detection. Preprint at
https://doi.org/10.1101/2023.12.14.571773 (2023).
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Figure 4.1. HRP-(GT)15-SWCNT nanosensor response to H>O; in solution-phase screen. (a)
Schematic depiction of response screening platform, where addition of analyte to a 384-well plate
with nanosensor induces a strong turn-on response as measured by the increase in nIR
fluorescence emission. (b) Nanosensor response to water shows a strong turn-off response over
60 min. (c) Nanosensor response to 29.4 mM H>O: shows a strong turn-on response over 60 min.
(d) The normalized integrated change in fluorescence (AF/Fo) for (b) and (c). Fo is set to the
integrated fluorescence intensity of the “Before” baseline timepoints in (b) and (c) taken
immediately prior to H20O> addition. (e) Endpoint (time = 60 min) AF/Fo values for varying
concentrations of analyte plotted and fit to a cooperative binding model. Fit parameters are listed
with 95% confidence intervals evaluated using the t-distribution. All fluorescence measurements
were obtained with a laser excitation wavelength of 721 nm. Error bars represent the standard
deviation between experimental replicates (n = 3).

In contrast, (GT)15-SH-SWCNT alone exhibits a turn-off fluorescence response to H,O» (Figure
4.2a), as expected from previous literature.”® Furthermore, HRP mixed with (GT)s-SH-SWCNT
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exhibits a strong turn-off response immediately upon H>0- addition followed by a gradual increase
in fluorescence to the baseline intensity (Figure 4.2a). This non-monotonic fluorescence
modulation could be due to the consumption of H,O, by free HRP, mitigating the analyte’s
quenching effect as it is depleted from the solution. To confirm this hypothesis, we probed the
response of (GT)1s-SH-SWCNTs to H>O» when mixed with HRP and Catalase, a peroxide-
scavenging enzyme, as well as with both proteins inactivated by glutathione (GSH), an inhibitor
of HRP enzymatic activity (Figure 4.2b).8%¢ Upon addition of 588 uM H>O: to the Catalase
sample, an immediate strong turn-off response is observed followed by a gradual increase in
fluorescence. This response is similar to that of HRP mixed with (GT)i5-SH-SWCNTs, though
lesser in magnitude as Catalase is known for having low affinity for HO> with a Km value between
10-30 mM which would lead to less peroxide consumption over the same time period compared
to HRP, thus lessening the increase in fluorescence. When GSH is added to both samples to inhibit
the enzymatic reaction and 588 uM H>O»> is added, a strong turn-off response is again observed
and remains stable over time as the enzymes are unable to remove the quenching H>O; from
solution.
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Figure 4.2. HRP-(GT)i5-SWCNT fluorescence response compared to control conditions. (a)
Upon addition of 29.4 mM of H2O», (GT)15-SH-SWCNT alone shows a slight turn-off response,
replicating results from literature where H>O> in proximity to the SWCNT surface quenches

38



fluorescence.”® Addition of 29.4 mM H,O; to a solution of HRP mixed with (GT)is-SH-SWCNT
yields a strong turn-off response followed by a gradual increase in fluorescence returning to the
original baseline intensity. This response could be attributed to the consumption of H>O: by free
HRP in the solution, reducing the quenching effect of H>O: as the analyte is depleted. In contrast,
HRP-(GT)15-SWCNT exhibits a strong and stable turn-on fluorescence response to the same
concentration of H>O, highlighting the necessity of covalent HRP conjugation for this
nanosensor’s response. (b) To elucidate a nanosensor mechanism, (GT)15-SH-SWCNTs were
mixed with HRP and the peroxide-consuming enzyme Catalase at a concentration of 0.01 mg
mL!. Both samples were also incubated with 1 mM of the known inhibitor glutathione (GSH).
The resulting fluorescence responses to 588 uM of H>O> confirm that the initial turn-off
response to analyte addition is due to the quenching of SWCNTs by H>O» and subsequent return
to baseline fluorescence is a result of scavenging by HRP or Catalase in solution. Error bars
represent the standard deviation between experimental replicates (n = 3).

Altogether, this confirms that the response observed by the sample with HRP noncovalently
adsorbed to (GT)1s-SH-SWCNTs is due to consumption of quenching H>O which returns the
sensor to baseline fluorescence. Thus, these results suggest that the strong turn-on response of our
sensor must be due to the interaction between H>O; and covalently-attached HRP on the SWCNT
surface rather than between H>O» or catalysis reaction byproducts and the SWCNT itself.

Furthermore, we conducted a mock synthesis where the crosslinker Sulfo-SMCC was omitted from
the otherwise normal synthesis route and assessed the product (Figure 4.3). The mock SWCNT
showed notably lower HRP enzymatic activity than the nanosensor and no turn-on response to
H>0», emphasizing the necessity of covalent HRP conjugation to SWCNT via Sulfo-SMCC
crosslinker for the nanosensor’s function.

39



a)

Condition # Sample

1 HRP-(GT),,-SWCNT
2 HRP-(GT),,-SWCNT
+ 588 uM Peroxide
3 HRP-C,-SWCNT
4 HRP-T, -SWCNT

HRP-Cer-SWCNT

6 HRP-(GT),-SWCNT
7 (GT),;-SH-SWCNT
Mock I
4
Empty c) P
o
b) PBS only 300000 - )
- PBS 5 “"
=10°L n1Tr ' HRP 1 o} b
10 . 250000
; HRP 2 £ .-
= HRP 3 38
§ HRP 4 § 200000 ,,-'
§ 10 HRP.5 3 Fit
8 HRP 6 E 150000 F ° ¢  Calibration Curve
E HRP 7 5 P % (GT)15-SH-SWCNT mock
3 HRP 8 = HRP-GT35-SWCNT
10°¢ (GT)15-SH-SWCNT mock 100000~ HRP 1 + GT5-SH-SWCNT
| HRP-GT;5-SWCNT *, . . . Y . )
HRP 1 + GTy5-SH-SWCNT -0.002 0.000 0.002 0.004 0006 0.008 0.010
[HRP] (mg/mL)
d) e)
o 0 _ + + + + — —*
| & s, P STTEETE by AR —
| gy - —l’ l’ ,<° ok
-02F % =9 > |
e o S
I z’A\\ ,/‘\\\ - v ﬂE
< - N Mg LN BN o
- —04r | \+_ ...... - +_ ______ + n -2F
2 £
o ©
= -4- +water
Q-06F 4~ +588 UM Peroxide S
*":‘ 4~ +29.4 mM Peroxide T) AL
— -4- +35mM SDS (>“ 4 —
-0.8+ = +588 uM Peroxide
+ 5 _+ - B S S —— +29.4 mM Peroxide
+--+-— —+—— -o- +35mM SDS
—1 0 E_L 1 1 /| 1 1 1 _6 C 1 L 1 1
0 10 20 30 40 50 60 0 1 2 3

Time (min) Sample
Figure 4.3. Orthogonal validation of covalent HRP conjugation to SWCNT. (a) SDS-PAGE of
HRP-SWCNTs shows minimal free protein in solution, < 250 ng or 0.05 mg mL"! since the
faintest band that appears in the known calibration curve on the right is 250 ng while no bands
appear for the conditions loaded on the left. Additionally, pre-incubation of the nanosensor with
H>O, did not cause band appearance as would be expected if the nanosensor response
mechanism relied on H>O; inducing desorption of HRP from the SWCNT surface. (b) Luminol
activity assay shows (GT)15-SH-SWCNT Mock, the SWCNTs taken through the nanosensor
synthesis route without the addition of crosslinker SMCC, having much less enzymatic activity
than the normal nanosensor though still exhibiting more activity than the negative controls,
suggesting a small amount of HRP remains adsorbed to the SWCNT. (c) Using the HRP
luminescence calibration curve in (b) to calculate [HRP] in the Mock sample yields a negative
concentration. While not useful as a number alone, the difference in calculated concentration to
the nanosensor emphasizes the retention of HRP enabled by covalent conjugation. Fluorescence
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response profile (d) and solvatochromic shift of the (9,4) chirality peak (e) of Mock SWCNT in
response to low and high concentrations of H>O: highlights the importance of covalent
conjugation for the observed nanosensor response. Mock SWCNT exhibits no turn-on response
to H2O2 while exhibiting a similar turn-off response to SDS as (GT)1s-SH-SWCNTs alone.
Additionally, Mock SWCNT exhibit a blue-shift in response to low H>O> whereas the
nanosensor in this work exhibits a slight red-shift in response to the same amount of H>O». Error
bars represent the standard deviation between experimental replicates (n = 3).

We further measured the concentration-dependent nanosensor response and determined a 31 uM
limit of detection (LOD) for hydrogen peroxide (Figure 4.1e). The data was fit to a cooperative
binding model and extracted parameters include an equilibrium constant K of 1.905 mM and Hill
coefficient n of 1.087, as expected of this noncooperative enzyme which uses its heme cofactor to
bind one peroxide molecule at a time for catalysis.® When compared with similar peroxide
sensors, our nanosensor LOD and linear range fall within the range of literature values (Table 1).

Table 4.1. Comparisons of similar H>O» nanosensors found in literature.

Platform Signal Type Linear Range (uM) LOD (uM) Reference
HRP/Os Polymer Amperometric 1-500 0.3 89
HRP/Au Amperometric 40-100 40 90
SWCNT/GCE Amperometric 1900-24000 1000 o1
HRP/Luminol Chemiluminescence 100-3000 667 92
Fe-N-C Nanozyme Chemiluminescence 500-100000 0.5 %
Cobalt-CNT/GOx Fluorescence 0.2-20 0.1 o4
ssDNA-SWCNT Fluorescence 10-1000 0.1 6
AgNP Absorbance 10-10000 10 9

HRP-SWCNT Fluorescence 150-600 31 This work

Abbreviations: Ag, silver; Au, gold; Fe, iron; N, nitrogen; C, carbon; GCE, glassy carbon electrode; GOx, glucose oxidase, Os, Osmium.

Though our nanosensor has a higher LOD and linear range than some systems (Figure 4.4), our
system maintains the advantages of facile synthesis, form factor variability, non-photobleaching
nature, and an underlying platform that is flexible enough to accommodate other proteins and
analytes to generate other nanosensors or multiplexed sensors.
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Figure 4.4. Linear range of HRP-(GT)5-SWCNT nanosensor. Using weighted least squares
regression, every possible set of 3 or more consecutive data points above the limit of detection
was fit to a linear equation. (a) The region with the best linear fit as deemed by the highest R?
value was between data points at 147.1 and 588.2 uM with R? = 0.963. All data points before
the linear region and one data point after are included to demonstrate the deviation from linearity
outside the identified range. (b) The plot of all data on a linear plot shows good agreement
between the determined linear line and the visually observed region of linearity. Dotted black
lines correspond to fitted linear equation and solid red lines correspond to fitted cooperative
binding model. Error bars represent the standard deviation between experimental replicates (n =

3).
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4.3 Nanosensor Response to H,O: in Immobilized Form

After characterizing the solution-phase nanosensor response, we investigated the nanosensor
response when surface-immobilized on a glass microwell dish (Figure 4.5a). HRP-(GT):s-
SWCNTs were immobilized on a glass microwell dish and imaged after rehydration with PBS over
the course of 5 min. Isolating the image analysis to fluorescent HRP-(GT)15-SWCNT regions of
interest with high fluorescence and averaging their values over time, we demonstrate the
nanosensor’s ability to sense hydrogen peroxide when immobilized through an imaging format
(Figure 4.5b). The addition of water at 60 s shows no measurable fluorescence change, while the
addition of 588 uM H>O; at 120 s shows a signal increase of ~15%, with representative images at
Frame 9 (Figure 4.5¢) and 124 (Figure 4.5d). This response can thus still be attributed to the
analyte’s presence upon addition rather than volume increases.
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Figure 4.5. Immobilized nanosensor response to H>O». (a) Schematic depiction of immobilized
sensing platform, where the nanosensor is incubated in a glass microwell dish for 20 min, washed,
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and rehydrated with 1X PBS before analyte addition and imaging. Addition of analyte induces
an increase in fluorescence intensity of the sensor. (b) Analysis of fluorescence microscopy
images of immobilized nanosensor over 5 min shows around 15% increase in fluorescence
intensity corresponding to H>O: addition at 120 s. (¢) Fluorescence microscopy image of
immobilized nanosensor at 9 s post-hydration with PBS. (d) Fluorescence microscopy image of
immobilized nanosensor at 4 s post-addition of H>O> shows increased fluorescence intensity
compared to (¢). (¢) Analysis of fluorescence microscopy images of immobilized nanosensor over
10 min shows repeatable fluorescence intensity increase upon subsequent additions of H>O». (f)
Fluorescence microscopy image of immobilized nanosensor at 9 s post-hydration with PBS. (g)
Fluorescence microscopy image of immobilized nanosensor at 4 s post the third addition of H2O>
shows increased fluorescence intensity compared to (f). Gray shaded areas represent the standard
deviation from the mean value in black (n=20). Average fluorescence change values in (b) and
(e) are calculated using ROIs from the entire image field of view. Images in (c), (d), (f), and (g)
are representative images highlighting the center of the field of view and capture fluorescence
intensity emitted by the SWCNTs from 900-1700 nm through a 900 nm long-pass filter.

Further, the repeatability of this response can be seen by the similar sharp increases in fluorescence
upon subsequent additions of H,O» every 120 s (Figure 4.5¢). The fluorescence intensity increases
for each addition by a similar magnitude, suggesting that the consumption of analyte by HRP is
modulating SWCNT fluorescence intensity rather than an interaction between the analyte or
reaction byproducts and the SWCNT itself. The signal fails to fully return to baseline between
analyte additions likely due to imaging drift, where the addition of buffer and analyte to the
microwell dish adds weight that shifts the imaging plane downwards from its original location,
causing a drift in the measured baseline intensity. The visual presence of SWCNTs in the image
after H>O> addition (Figure 4.5g) confirms that the immobilized nanosensors are not degrading
over the course of the experiment, as does the persistence of stable spectroscopy nanosensor
fluorescence (Figure 4.1d). The difference in magnitude of fluorescence modulation between the
solution phase HRP-(GT)1s-SWCNT nanosensor response to hydrogen peroxide and this
immobilized form factor can be attributed to the difference in analysis between the two. In solution,
the fluorescence is measured for each wavelength in the nIR region, whereas the immobilized form
factor captures fluorescence images of the sample, aggregating the total emission over the nIR
region into an image. The solution-phase response is stronger at certain nIR wavelengths (Figure
4.1c), corresponding to different chirality SWCNTs. This sensitivity is lost in the images as they
only capture overall emission, limiting the magnitude of the response to the same concentration of
H20z.

4.4 Confirming Nanosensor Selectivity for ROS

Following successful demonstration of the surface-immobilized nanosensor, we next characterized
the HRP-(GT)15-SWCNT nanosensor’s selectivity for H2O2 against a panel of relevant analytes
(Figure 4.6). These analytes were chosen to both ensure that the catalysis of H> O, was the sole
signal source rather than similar structural analogues (TBHP) or downstream reaction
intermediates (superoxide), and to evaluate the potential interference of biomolecules that would
be present during in vitro sensing applications (GSH and sodium hypochlorite).
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Figure 4.6. Nanosensor selectivity against relevant analytes. Normalized change in fluorescence
values of nanosensor immobilized on glass upon addition of analytes shows minimal response for
analytes other than the target. Fluorescence change for each ROI (n=20) 10 s after analyte addition
is plotted as purple circles for each condition. ****P =335 x 10 (PBS), 1.64 x 10"!? (Glutathione),
2.26 x 10''* (NaOCl), and 2.26 x 10-'* (TBHP), and P = 0.89 (Superoxide) in independent two-
sample ¢ tests for each analyte AF/Fo in comparison to H>O».

Compared to buffer and H,O: control, the addition of 50 uM of GSH, NaOCl, and TBHP produced
either no response or a turn-off response. The addition of 50 uM of superoxide did produce a turn-
on response similar to H2O2, though this result is expected as superoxide bound to the heme core
of HRP is an intermediate of the enzyme’s catalytic cycle (Compound III), supporting our proposed
mechanism for the nanosensor discussed later in Section 4.5.°%°7 Altogether, our nanosensor
appears to be selective for ROS over other potential interfering species, further confirming the
necessity of HRP-analyte interaction for the observed fluorescence turn-on response. Given the
ease of preparation and screening, further relevant analytes can be quickly assayed depending on
the intended application of a nanosensor generated with this platform.

4.5 Nanosensor Mechanism Investigation

To probe a potential mechanism for the nanosensor’s turn-on response, we investigated the
response to H>O2 when subjected to various conditions including high and low pH, high and low
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ionic strength, incubation with GSH, and incubation with Catalase. We hypothesize that the
nanosensor would respond differently to H,O> under these conditions by affecting HRP enzymatic
activity, thus confirming the reliance on HRP enzymatic activity for the observed fluorescence
turn-on response. Increasing or decreasing pH and ionic strength would increase or decrease HRP
activity, respectively, the addition of GSH would inhibit enzymatic activity, and the addition of
catalase would provide an additional H>O; scavenger, reducing the amount of H,O, available in
solution for catalysis by HRP. The nanosensor responds to H2O> similarly in 1X PBS and 1 M
NaCl, representing a higher ionic strength buffer than 1X PBS at 150 mM NaCl (Figure 4.7a). In
contrast, the nanosensor shows no response in the low ionic strength conditions of 10 mM NaCl
and the zwitterionic buffer HEPES. Since previous studies have reported better HRP enzymatic
activity in higher ionic strength conditions,”®” these results point towards the catalytic reaction as
the source of the fluorescence mechanism. Furthermore, the sensor shows no response in pH 5
PBS, a normal response at pH 7, and a fast and high magnitude response at pH 9. This supports
previous studies that found minimal HRP enzymatic activity at acidic pH and peak enzymatic
activity from pH 8-9, as the pKa of HRP is ~8.6.7%°1% Together, these results suggest that the
optimal conditions for nanosensor response are at high pH and ionic strength, conditions that
optimize HRP enzymatic activity. Therefore, mechanistically, these results support a nanosensor
mechanism whereby HRP enzymatic consumption of H>O: drives an increase in SWCNT
fluorescence.
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Figure 4.7. HRP-(GT)15-SWCNT nanosensor response in various pH and ionic strength
conditions. (a) Compared to the response to 588 uM of H2O: in the ionic strength of 1X PBS
(150 mM NaCl), the nanosensor responds similarly in higher ionic strength conditions of 1 M
NaCl in PBS and shows no response in the low ionic strength buffers of 10 mM NaCl in PBS
and the zwitterionic buffer HEPES. Interestingly, the nanosensor shows a faster and higher
magnitude response to the same amount of H>O; in PBS at pH 9 than at pH 7. This could be
attributed to the pKa of HRP at 8.6, resulting in a higher enzymatic activity at pH 9 than at pH
7, leading to a faster response. (b) The response to 588 uM of H,O, at the same conditions as in
(a) was assessed for HRP noncovalently mixed with the starting material (GT)1s-SH-SWCNT.
All conditions exhibited an initial large turn-off response to H>O> followed by varying degrees
of return to baseline as the quenching H>O: is removed from solution. No conditions produced
a turn-on response like the covalently-conjugated nanosensor, with only the pH 7 condition fully
returning to baseline fluorescence. Error bars represent the standard deviation between
experimental replicates (n = 3).

To further support this mechanistic nanosensor function, when HRP is noncovalently mixed with
SWCNTs in the aforementioned conditions rather than covalently attached to the SWCNT surface
as in our nanosensor, the noncovalently mixed samples show no turn-on response (Figure 4.7b).
Lastly, as an orthogonal method to support this nanosensor’s mechanism, our corona exchange
assay (Figure 2.5) and filtration of free HRP (Figure 2.8) indicate minimal/no free HRP adsorption
to SWCNTs. Taken together, these results further support that the sensing mechanism relies on the
interaction between HRP and SWCNTSs near the SWCNT surface enabled by covalent conjugation
of HRP to the SWCNT surface.

This hypothesis is further supported by investigating the nanosensor response when incubated with
GSH to inhibit HRP activity and Catalase as a separate H.O> scavenger (Figure 4.8). Incubation
with 1 mM GSH for 1 hour prior to testing completely negates the nanosensor’s turn-on response
to H2O, further suggesting that HRP enzymatic activity is necessary to modulate SWCNT
fluorescence. Furthermore, addition of 0.01 mg mL™! Catalase to the nanosensor shows a slower
and lower magnitude turn-on response to H>O> compared to the nanosensor alone, likely due to
Catalase catalyzing and thus reducing the available H2O: in solution for consumption by HRP on
the nanosensor. The addition of free HRP to the sample at 0.01 mg mL"! does not impact the
nanosensor’s response profile to H2Oa, as it reaches the same peak fluorescence over the same
period, highlighting the reliance of HRP proximity to the SWCNT surface for the turn-on response
rather than attributing the nanosensor response to reaction byproducts or H>O» consumption by
free/adsorbed HRP.
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Figure 4.8. HRP-(GT);5-SWCNT nanosensor response to various analytes to determine
nanosensor mechanism. HRP-(GT)15-SWCNTs show a similar response profile to 588 uM of
H»O; alone as they do when incubated with 0.01 mg mL"! of HRP, emphasizing the mechanism’s
reliance on HRP near the SWCNT surface for fluorescence modulation. Similarly, HRP-(GT):s-
SWCNTs incubated with 0.01 mg mL™! of Catalase show an attenuated turn-on response to 588
uM of H20>. When incubated with 1 mM Glutathione, a known inhibitor of HRP enzymatic
activity, the nanosensor’s response is negated. Adding each combination of GSH, Catalase, and
HRP to the nanosensor also shows no turn on response. Error bars represent the standard
deviation between experimental replicates (n = 3).

With these results in hand, the remaining possible mechanisms for the turn-on response of the
nanosensor can be narrowed down to: (i) the redox charge state of the heme center of HRP existing
at a state that enhances SWCNT fluorescence emission, (ii) conformational change of HRP during
the catalytic cycle causing ssSDNA to shift on the SWCNT surface leading to increased fluorescence
emission, or (iii)) HRP destruction/denaturation causing a return to SWCNT alone baseline
fluorescence without the quenching effect of HRP in proximity to the SWCNT surface. To evaluate
the impact of these potential mechanistic contributions to our nanosensor response, we can,
respectively: (i) pre-incubate the nanosensor with varying levels of H>O and test the subsequent
response to varying levels of H>O> to determine if HRP is induced to the inactive forms of
Compound IIT or P-670 as described in previous literature,'! (ii) compare the nanosensor’s
response to H>O> when wrapped with other polymers including ssDNA sequences of the same (C3o
and T30) and different ((GT)s) length as (GT)is, and the amphiphilic lipid Cis-PEG(2000)-
Ceramide, and (iii) assess the nanosensor’s response to a protein denaturant such as SDS which is
known to denature HRP.!%?

4.5.1 Mechanism (i): HRP Heme Redox State

Regarding Mechanism (i), extensive studies have been conducted to understand the catalytic cycle
of HRP and the resulting oxidation state of the heme center at each intermediate stage in the cycle.
Briefly, researchers have identified four possible intermediate redox states for the heme center of
HRP during the catalytic cycle: Compound I, Compound II, Compound III, and P-670.!% The
typical catalytic cycle involves fast conversion to Compound I then Compound II, followed by
decay to native enzyme. However under certain conditions, the enzyme can be converted to
primarily Compound III, a catalytically inactive intermediate.!®* From this state, Compound IIT
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either slowly decays back to the native enzyme or irreversibly inactivates to its P-670 form. In
particular, researchers have investigated various mechanisms for inducing HRP inactivation
including heme destruction,!® acid treatment,'%® ionizing radiation,'®” and excess H>O, with no
exogenous substrates, 01108110 a5 jg the case with our system. We hypothesize that should
Mechanism (i) be contributing to the nanosensor response, HRP on the nanosensor would be
rapidly converted to Compound III or P-670 upon the addition of high H>O2 (29.4 mM) and this
process would occur much slower at low H202 (588 uM), explaining the differences in both time
and magnitude of the nanosensor’s response profile in both cases. Additionally, subsequent
additions of H>O: to samples that have already been treated with high and low levels of H0O»
would induce either no response or an attenuated response, respectively, if the enzymes were
indeed inactivated. The nanosensor indeed shows the described response profile, exhibiting a rapid
and high magnitude increase in fluorescence in response to 29.4 mM H>0O», reaching its peak
increase around 15 min post-addition and around 450% fluorescence increase over baseline
(Figure 4.9). Interestingly, when pre-treated with 29.4 mM H>0», the nanosensor exhibits no turn-
on response to both 29.4 mM and 588 uM H»O», suggesting that this high amount of H>O> inhibits
subsequent HRP activity, supported by literature findings that excess H>O» induces HRP to the
Compound IIT and P-670 inactive states at [H202] > 1 mM.!°! By contrast, the nanosensor reaches
a peak fluorescence increase of around 100% after 60 min in response to 588 uM H>O,. When the
nanosensor is pre-treated with 588 uM H>O: for 1 hour before screening, the nanosensor exhibits
a similar response profile to 29.4 mM H>0O», though slower and lower in magnitude than the
response without this pre-treatment, reaching a peak of ~375% increase after 30 min. This result
suggests that 588 uM H>O: is not enough to fully inhibit HRP activity by converting the redox
state to Compound III or P-670 since it still responds to 29.4 mM H>O».
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Figure 4.9. HRP-(GT)i5-SWCNT nanosensor response to various levels of H>O; to determine
nanosensor mechanism. HRP-(GT)15-SWCNTs show the strongest turn-on response to 29.4 mM
H>O> as shown. This response is slightly attenuated though not completely negated when the
nanosensor is incubated with 588 uM of H,O» for 1 hour pre-screening (“Before”). In contrast,
when the nanosensor is incubated with 29.4 mM H,O- for 1 hour pre-screening, the nanosensor
shows no response to 29.4 mM H>O,. Low amounts of H>O> do not lead to this inactivation, as
the additions of 588 uM and 29.4 mM H»>O: both induce turn-on responses when the nanosensor
is incubated with 588 uM of H>O; prior to screening. Error bars represent the standard deviation
between experimental replicates (n = 3).
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On the other hand, the response to 588 pM H»O; after pre-treatment with the same amount of H>O»
shows a decreased, but faster turn-on response of about 50% at 0 min and remains stable for 60
min. If this response was due to cycling of the heme redox state back to native enzyme rather than
settling at one state, this response would be expected to decrease back to baseline fluorescence as
H»0, is depleted. However, the stability of both this response and that of 29.4 mM H>O, alone
potentially indicates a reliance on the generation of Compound III or P-670 forms of HRP for
fluorescence modulation. The magnitude of the response could thus be proportional to the fraction
of HRP on SWCNT converted to these redox states and the kinetics of the response would depend
on the concentration of H>O» as we observe in Figure 4.9.

To determine if Compound III or P-670 dominates the HRP heme redox state when our nanosensor
exhibits a turn-on response, we investigated the nanosensor response to H>O> in the presence of
salicylic acid (SA) (Figure 4.10). SA is known to induce P-670 formation at high H>O,,!!:!12 5o if
P-670 formation is the source of fluorescence modulation in the nanosensor, the previously
observed nanosensor response profile would be observed for pre-treatment with 29.4 mM H,0O»
for 1 hour before screening to induce Compound III formation followed by addition of 1 mM SA.
However, nanosensor pre-treatment with 29.4 mM and 588 uM H>O- showed no response to SA,
while pre-treatment with SA only induced a response for 29.4 mM H>0O.. Additionally, addition of
SA alone showed no turn-on response.
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Figure 4.10. HRP-(GT)is-SWCNT nanosensor response to salicylic acid to determine
nanosensor mechanism. Nanosensor incubation with a low (588 uM) and high (29.4 mM)
amount of H>O; for 1 hour prior to adding 1 mM salicylic acid, should first induce Compound
III formation followed by P-670 formation. Neither of these conditions produced a turn-on
response, eliminating P-670 formation as the mechanism source. Furthermore, incubating the
nanosensor with 1 mM salicylic acid followed by screening with 588 uM and 29.4 mM H,0O»
showed no turn-on response and a rapid but attenuated turn-on response, respectively. Error bars
represent the standard deviation between experimental replicates (n = 3).

Together, these results suggest that HRP on the nanosensor is primarily induced to Compound III
in the presence of high H>O: rather than irreversibly inactivated to P-670. Several studies also
suggest the decay of Compound III to P-670 without SA present occurs on the order of hours,
further supporting Compound III as the primary state of HRP in the nanosensor.!’l!12 We
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hypothesize that the proximity of the HRP heme center to the SWCNT may be close enough to
enhance fluorescence emission, though investigating the specific physical mechanism of how this
charged radical group influences SWCNT fluorescence is beyond the scope of this dissertation.
The structure of Compound II1 is typically represented as a superoxide anion bound to the Ferric
heme center, so this negatively charged radical group could potentially negate the charge-trapping
effect of the heme iron on SWCNT excitonic recombination, increasing SWCNT fluorescence.
Additionally, there is the possibility that superoxide can be released from the heme center and
interact with SWCNTs, causing fluorescence modulation. However, our previous data showing
that free HRP mixed with (GT)15-SH-SWCNTs do not exhibit the same strong turn-on response to
H>O: as the nanosensor eliminates the possibility that superoxide anion released from Compound
IIT induces fluorescence modulation (Figure 4.7). Additionally, our data assessing nanosensor
selectivity in Section 4.3 supports the formation of Compound III as the mechanism, since the
addition of superoxide to the nanosensor induces a turn-on response, suggesting direct formation
of Compound III causing a turn-on response (Figure 4.6).

Furthermore, direct addition of superoxide to (GT)is-SH-SWCNTs alone does not induce
fluorescence modulation (Figure 4.11b), pointing the nanosensor’s mechanism towards Compound
IIT on the SWCNT surface enhancing SWCNT fluorescence emission. Previous literature suggests
that redox active compounds like ascorbic acid induce a turn-on fluorescence response for ssDNA-
SWCNTs, supporting the proposed mechanism.*
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Figure 4.11. Validation of enzymatic superoxide generation with Xanthine/Xanthine Oxidase
system and WST-8 and response of SWCNTs alone to superoxide. (a) Absorbance spectra for
WST-8 is assessed alone, with Xanthine, with Xanthine Oxidase, and with both components.
When superoxide is present, WST-8 is converted to WST-8 formazan, which exhibits an
absorbance peak at 460 nm.!!® This peak at 460 nm is only evident when both Xanthine Oxidase
and Xanthine are present, confirming the generation of superoxide under these conditions. (b)
To ensure nanosensor response is not driven by HRP catalysis reaction byproducts, of which
superoxide is one, the Xanthine/Xanthine Oxidase system and its components are screened as
analytes with (GT)15-SH-SWCNTs. Water and H>O> expectedly exhibit no response and a turn-
off response, respectively, while superoxide and the individual components to generate it all
induce no response, confirming that the mechanism for the nanosensor in this work does not rely
on superoxide generation/interaction with SWCNTs.
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4.5.2 Mechanism (ii): HRP Catalysis Induces ssDNA Conformational Change

If Mechanism (ii) is contributing to the response of the nanosensor, the response to H>O> would
vary greatly depending on the identity of the amphiphilic polymer used to impart colloidal stability
to the SWCNTs. To investigate this, we prepared covalent HRP-SWCNTs with (GT)1s, Cso, T3o,
Ceramide, and (GT)s as dispersants and assessed their responses to 588 uM H>O» (Figure 2.7a).
Compared to the nanosensor, HRP-C30-SWCNTs and HRP-(GT)s-SWCNTs exhibited the closest
response profile, though HRP-C3o-SWCNTs reached its peak fluorescence increase at around 75%
after 5 min, while the nanosensor and HRP-(GT)s-SWCNTs reached peaks of 90% and 60 % after
60 and 30 min, respectively. By contrast, HRP-Cer-SWCNTs showed no fluorescence modulation
in response to H>O», potentially validating Mechanism (ii) as at least a partial contributor to the
sensing mechanism. Interestingly, HRP-T30-SWCNTs showed an immediate but small turn-on
response to H>O», increasing about 18% immediately and remaining stable over 60 min. This
discrepancy in response despite being a DNA sequence of similar length as (GT)is could be
attributed to low colloidal stability of the final product as seen by the disappearance of
characteristic SWCNT absorbance peaks in the UV-Vis-IR absorbance spectra of HRP-T3o-
SWCNTs (Figure 2.6b). However, if ssDNA is indeed perturbed by the catalysis of H2O, by HRP
and thus modulating SWCNT fluorescence, the SWCNT local dielectric environment would be
altered and we would expect to see an accompanying solvatochromic shift in peak intensity
wavelengths of each sample that exhibits a turn-on response. We assessed this possibility by
plotting the shift in peak wavelength for the (9,4) chirality SWCNT (Figure 2.7¢), which typically
appears as the highest fluorescence intensity peak around 1135 nm due to our excitation laser
wavelength of 721 nm as seen in the strongly quenched baseline sensor fluorescence spectra
(Figure 2.7b). Comparing the solvatochromic shifts of nanosensor constructs that exhibited a turn-
on response to H>O» after 60 minutes, no clear trend or dependence is seen. HRP-(GT)15-SWCNTs
show a red-shifted response, HRP-C30-SWCNTs exhibits almost no solvatochromic shift, and
HRP-(GT)s-SWCNTs show a slight blue-shift response. By contrast, both HRP-T30-SWCNTs and
HRP-Cer-SWCNTs show slight blue-shifts in the (9,4) chirality wavelength despite showing
minimal or no response to H>O», respectively. Taken together, these results help eliminate
Mechanism (ii) as a potential contributor to the observed turn-on response as the identity of the
ssDNA dispersant does not significantly affect the turn-on response capability, mostly serving to
impart colloidal stability on the final nanosensor constructs.

Notably, the lack of H>O> response by HRP-Cer-SWCNTs without the possibility of Mechanism
(i1) warrants further investigation. This could potentially be attributed to the structure of Ceramide
when wrapped around SWCNTs, where the large hydrophobic lipid tails coating the nanotube
surface and bulky solvent-exposed polyethylene glycol chains could sterically inhibit either
analyte access to HRP or HRP physical movement needed for analyte consumption. However,
despite exhibiting no turn-on fluorescence response, HRP-Cer-SWCNTs still show HRP enzymatic
activity via the luminol activity assay (Figure 4.3a). As discussed earlier, we are confident that few
noncovalently adsorbed or free in solution HRP remains on SWCNTs post-synthesis, suggesting
that Ceramide minimally interferes with HRP’s catalytic function. In the frame of Mechanism (i),
a possible explanation remains that HRP in Compound III form upon H>O: addition facilitates
either redox charge transfer to or otherwise influences nearby DNA bases, which has been shown
in previous literature identifying particularly the guanine nucleotide as an oxidation sink, leading
to fluorescence modulation.*!'* Ceramide is presumably less redox active in this sense,

53



potentially explaining the lack of fluorescence modulation in response to H>O: despite
demonstrated HRP enzymatic activity.

4.5.3 Mechanism (iii): HRP Destruction/Denaturation Returns SWCNT to Baseline Fluorescence

Finally, if Mechanism (iii) was significantly contributing to the observed nanosensor fluorescence
response, we expect that the addition of a protein denaturant such as SDS would exhibit a response
profile like that of H2O», identifying the destruction of HRP quenching SWCNT fluorescence as
the mechanistic source. Compared to the nanosensor’s fast response to 29 mM H»O», the addition
of 35 mM SDS to the nanosensor exhibited a linear increase in fluorescence over 60 minutes
towards a similar magnitude endpoint (Figure 4.12a). This response was mirrored by HRP-C3o-
SWCNT showing a similar linearity in fluorescence increase and HRP-(GT)s-SWCNT exhibiting
a lower magnitude but faster turn-on response, reaching peak fluorescence after 30 minutes.
Notably, these three HRP-SWCNT constructs were also the only ones responsive to H>O», while
HRP-T30-SWCNTs and HRP-Cer-SWCNTs again showed no turn-on response.
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Figure 4.12. HRP-SWCNT nanosensor responses to denaturant SDS. (a) Comparing the
response of various HRP-SWCNT constructs to excess SDS, a known protein denaturant, to that
of high and low levels of H>O, the response profiles appear similar in magnitude but vary in
kinetics. The addition of 29.4 mM H»O» to the HRP-(GT)15-SWCNT nanosensor induces a fast
turn-on to peak fluorescence, whereas the addition of 35 mM SDS to the same construct shows
a linear increase in fluorescence over 60 minutes. HRP-C30-SWCNT and HRP-(GT)s-SWCNT
also exhibit turn-on responses to 35 mM SDS, with HRP-C30-SWCNT mirroring the response
of HRP-(GT)15-SWCNT in linearity and HRP-(GT)s-SWCNT showing a lower magnitude turn-
on response in comparison. Notably, these three constructs were also the only ones to exhibit a
turn-on response to H2O», while HRP-Cer-SWCNT and HRP-T30-SWCNT again showed no
response. (b) Monitoring the endpoint solvatochromic shifts of the (9,4) SWCNT chirality
fluorescence intensity peak wavelength for the conditions in (a) identifies a significant blue-shift
for almost all conditions involving SDS, as expected with surfactant addition to SWCNTs.
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Though the HRP-(GT)15-SWCNT nanosensor exhibits a blue-shift induced by H»>O, addition
similar to the behavior in response to SDS, the difference in kinetics of these responses suggests
different mechanisms of action. Additionally, HRP-T30-SWCNT shows a strong blue-shift upon
SDS addition but again shows no fluorescence intensity modulation, clouding the role of SDS
in the observed blue-shifts and fluorescence increases. (¢),(d) Addition of 35 mM SDS to (GT);s-
SH-SWCNTs alone and when incubated with HRP prior to addition both exhibit strong turn-off
responses and no or mild blue-shifting, respectively. These results indicate that SDS interaction
with the SWCNTs directly are not the source of fluorescence modulation seen in (a). Error bars
represent the standard deviation between experimental replicates (n = 3).

Assessing the solvatochromic shift of the nanosensors in response to 35 mM SDS reveals a
consistent blue-shift for all constructs except HRP-Cer-SWCNTs (Figure 4.12b). Interestingly, the
solvatochromic shift of HRP-(GT)15-SWCNT nanosensors differs depending on the amount of
H>0O> added, lending more support to Mechanism (i) where varying levels of H2O> added induce
different redox states at the heme center of HRP, affecting the local SWCNT dielectric environment
and in turn increasing fluorescence. It is important to note that again, HRP-T30-SWCNTs show no
response to SDS in fluorescence intensity but do exhibit a strong blue solvatochromic shift,
clouding the role of SDS in modulating SWCNT fluorescence and local environment. The addition
of SDS to (GT)15-SH-SWCNTs alone and when mixed non-covalently both show a strong turn-off
response (Figure 4.12c) and slight blue-shifting (Figure 4.12d) in accordance with previous
literature.”” These results suggest that the observed response of the nanosensor to SDS cannot be
attributed to SDS interacting with the SWCNT itself. Previous studies have investigated the
binding and kinetics of HRP denaturation by SDS and found that at an SDS concentration of 0.60
mM, 21 moles of SDS bind to one mole of HRP.!%!15 [t is thus conceivable that the observed
nanosensor response to SDS can be attributed to the slow and constant binding of SDS to HRP on
SWCNTs, unfolding HRP by denaturation and thereby inhibiting its ability to quench SWCNT
fluorescence. However, the apparent kinetic profile of the SDS response being linear suggests that
this mechanism holds true specifically for exceedingly large amounts of surfactant interacting with
proteins on SWCNT rather than the general mechanism for this specific enzyme-SWCNT
Nnanosensor.

4.5.4 Proposed Nanosensor Mechanism

Based on our data, we hypothesize that the leading mechanism for nanosensor function is
Mechanism (i) whereby H>O» modulates native HRP into different redox states that influence
SWCNT fluorescence emission, namely Compound II and the Compound III inactive intermediate
as has been demonstrated when H>O; is the only substrate present in the reaction.!1:198:10% At high
concentrations of H>Og, this reaction is fast and the redox active heme center of Compound III
would facilitate a very strong turn-on fluorescence response accompanied by a blue-shifted
fluorescence spectra by about 5 nm. At low concentrations of H>O., below the threshold required
to induce Compound III formation, HRP primarily avoids Compound III formation and undergoes
its regular catalytic cycle to consume added H2O», cycling from native HRP to Compound I to
mostly Compound II at any given time as found in previous studies.!! With Compound II being
the oxidized form of native HRP, it is possible that this redox state also enhances SWCNT
fluorescence to a lesser degree than Compound III, explaining the lesser magnitude response and
simultaneous red-shift in the fluorescence spectra. Since Compound II can be reduced to
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Compound III upon subsequent H>O> addition while Compound III cannot consume H>O; as it is
catalytically inactive, this mechanism is compatible with our findings that the nanosensor can still
increase in fluorescence after incubation with a low amount of H>O: yet fails to do so after
incubation with a high amount of H20,.

4.6 Conclusions

Altogether, these results demonstrate successful nanosensor generation via covalent HRP-SWCNT
conjugation. The nanosensor responds to H>O> with a stable and concentration-dependent turn-on
in fluorescence compared to baseline. Fitting the concentration-dependent response to a
cooperative-binding model yields parameters such as a limit of detection of 31 uM H>O> and an
expected cooperativity coefficient of ~1, confirming the reliance of HRP-H>O, binding for the
fluorescence turn-on response. A mock nanosensor, synthesized by the same process as the
nanosensor but without Sulfo-SMCC crosslinker, showed low HRP activity and no turn-on
fluorescence response, confirming the necessity of covalent HRP attachment for the observed
performance. Furthermore, the nanosensor can be immobilized on glass and image H>O: in real-
time, showing consistent and repeatable fluorescence increases in response to H>O».

Experiments to elucidate a mechanism were conducted, testing the nanosensor’s response to HO»
in various conditions including different pH and ionic strength buffers, excess Catalase or HRP,
and inhibitory GSH. In these conditions, the nanosensor performed as expected, showing the
highest response in the conditions that best promote HRP enzymatic activity (high pH and high
ionic strength), and minimal or no activity in conditions that mitigate enzymatic activity such as
low pH and ionic strength and in the presence of GSH, a known HRP inhibitor. When compared
with the control condition of HRP noncovalently mixed with SWCNTs, which showed no turn-on
response in all conditions, these results isolate the mechanism of the nanosensor to the enzymatic
function of HRP covalently bound on the SWCNT surface.

Further experiments uncovered the most likely mechanism for this nanosensor as the redox state
of the heme center of HRP affecting SWCNT fluorescence. The nanosensor responds differently
to varied concentrations of H>O; in magnitude, kinetics, and when pre-incubated with different
concentrations of H>O2, indicating a dependence on HRP redox state for fluorescence modulation.
However, the observed turn-on response is not replicated in the presence of salicylic acid, a
molecule known to induce HRP to an inactive form (P-670). Thus, the most likely redox states that
induce fluorescence modulation are Compound II and Compound III, in which the heme center of
HRP is charged or features a charged radical, respectively. These heme redox states could thus be
influencing SWCNT exciton recombination energy and thus modulating fluorescence intensity as
observed.

Other mechanisms were proposed and eliminated by experiments including synthesizing the
nanosensor with a variety of dispersant molecules including ssDNA of the same length as (GT);s,
the amphiphilic lipid group Ceramide, and a shorter ssDNA sequence (GT)s. These different
nanosensors showed no clear trend in response to H>O2, eliminating a reliance on a specific DNA
sequence for the mechanism. Further, a surfactant SDS was added to these nanosensors to
determine if HRP denaturation was the mechanistic source of fluorescence modulation, but the
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response profile and solvatochromic shift observed with this analyte differed greatly from the
response to H>O», eliminating HRP denaturation as the mechanism.

Overall, we demonstrated the utility of this platform for robust nanosensor generation and outlined
a workflow to synthesize, characterize, and apply these covalent protein-SWCNT conjugates.

4.7 Materials and Methods

Materials: All chemicals unless otherwise stated were purchased from Sigma-Aldrich. Raw high
pressure carbon monoxide (HiPco) synthesized SWCNTs were purchased from Nanolntegris
(SKU# 1601). Ci16-PEG2k-Ceramide (N-palmitoyl-sphingosine-1-
{succinyl[methoxy(polyethyleneglycol)2000]}) phospholipid was purchased from Avanti Polar
Lipids (SKU# 880180P). (GT)15 ssDNA was purchased from Integrated DNA Technologies. Sulfo-
SMCC (sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate) was purchased
from ThermoFisher Scientific (Catalog# A39268). Luminol (Pierce ECL Western Blotting
Substrate) was purchased from ThermoFisher Scientific (Catalog# 32209). Glass-bottom
microwell dishes (35 mm petri dish with 10 mm microwell) were purchased from MatTek
(Catalog# NC9341562). Hydrogen Peroxide (3% w/w) was purchased from Labchem (Catalog#
LC154501). Sodium hypochlorite was purchased from Avantor Performance Materials (Catalog#
9416-01). Tert-butyl hydroperoxide (TBHP) was purchased from EMD Millipore (Catalog#
8.14006.0250). Xanthine was purchased from Sigma-Aldrich (Catalog# X7375-25G). Xanthine
Oxidase (from buttermilk) was purchased from Millipore Sigma (Catalog# 682151-10U). 2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-8) was
purchased from MedChemExpress (Catalog# HY-D0831-25MG).

Near-Infrared Spectroscopy of SWCNT Nanosensors: Fluorescence spectra were obtained with an
in-house nIR microscope setup. Briefly, we used an inverted Zeiss microscope (Axio Observer.D1,
10X objective) coupled to a Princeton Instruments spectrometer (SCT 320) and liquid nitrogen-
cooled Princeton Instruments InGaAs detector (PyLoN-IR). SWCNT samples were excited with a
721 nm laser (OptoEngine LLC) and emission was collected in the 850 — 1350 nm wavelength
range. The samples were measured in a 384 well-plate (Greiner Bio-One microplate) with a total
volume of 30 uL per well. For solution-phase sensor response screens, nanosensor at 2.5 mg L™!
[SWCNT] in 1X PBS (27 pL) was added per well and 10X H>0O> (3 uL) was injected per well with
a microchannel pipette in triplicate. After analyte addition, each well was briefly mixed by
pipetting, sealed with an adhesive seal (Bio-Rad) and spun down for 10 s with a benchtop well
plate centrifuge to remove bubbles. Fluorescence spectra were measured at time points of 0 min
after analyte addition, 5 min, 10 min, 15 min, 20 min, and every 10 min after until 1 h post-addition.

Near-Infrared Microscopy of SWCNT Nanosensors: Fluorescence images were captured with the
same epifluorescence microscope setup as described previously with a 100X oil immersion
objective and a Ninox VIS-SWIR 640 camera (Raptor). Nanosensors were immobilized on glass-
bottom microwell dishes (35 mm petri dish with 10 mm microwell, MatTek) as follows: each dish
was washed twice with PBS (150 pL), incubated with nanosensor at 2.5 mg L' (100 uL) for 20
min, and washed twice again with PBS (150 pL). For each image, PBS (160 nL) was added to the
dish and the z-plane was refocused to maximize SWCNT fluorescence intensity. Images were then
recorded over 5 min with an exposure time of 950 ms and 1000 ms repeat cycle. Water (20 uL)
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was added at Frame 60 and analyte (20 pL) was added at Frame 120. Images were processed with
Imagel] as follows: a median filter (0.5-pixel radius) and rolling ball background subtraction (300-
pixel radius) were applied, the image was cropped to eliminate gaussian blur and highlight the
center of the image with the brightest nanosensors (width = 375, height = 375, x-coordinate = 110,
y-coordinate = 36), the image was then analyzed using the ROI analyzer tool (Multi Measure)
highlighting the clearest 20 ROIs of nanosensor bundles.

Superoxide Generation: Superoxide was generated enzymatically with the Xanthine/Xanthine
Oxidase system according to previously established protocols.”” Briefly, Xanthine was dissolved
at 10 mM in 0.1 M NaOH and the pH was adjusted to 7 with 0.1 M HCl and a pH probe. Xanthine
Oxidase was diluted to 0.1 U mL"! in 1X PBS. Xanthine and Xanthine Oxidase (50 uL each) were
added to 1X PBS (140 uL) in an Eppendorf tube and incubated 2 h at 25 °C. Separately, the
generation of superoxide was validated by incubating 20 mg mL! WST-8 with the reaction
mixture. The absorbance at 460 nm of the resulting solution was measured to determine the
presence of the WST-8 formazan product, which is proportional to the generation of superoxide.
Using the Beer-Lambert law with extinction coefficient €460 = 30,700 M-! cm! for the formazan
product and knowing 2 superoxide radicals are required to generate 1 formazan, we calculated the
superoxide concentration in this system (Figure 4.11).!13

SDS-PAGE of Nanosensors and Filtration Flowthroughs: SDS-PAGE was performed according to
previously established protocols. Briefly, sample buffer was prepared by combining glycerol (2.5
mL), water (3.75 mL), 0.5 M Tris-HCI buffer pH 6.8 (1.25 mL), and 10% w/v SDS (2 mL). Gel
running buffer was prepared with 10X Tris/Glycine/SDS Buffer (50 mL, Bio-Rad) and deionized
water (450 mL). Sample (5 pL) was added to sample buffer (7.5 pL) and 6X loading dye (2.5 pL,
New England Biosciences) and boiled at 95 °C for 5 min. Samples were then loaded onto a 4-20%
Mini-PROTEAN® TGX™ Precast Protein Gel (Bio-Rad) in a Mini-PROTEAN® Tetra Vertical
Electrophorseis Cell (Bio-Rad) with running buffer according to manufacturer’s instructions. Gel
electrophoresis was run with a Mini-PROTEAN® PowerPac Basic Power Supply (Bio-Rad) at 200
V for 30 min. The finished gel was then stained with Coomassie Brilliant Blue (Thermo Scientific)
for 1 hour, shaking gently. The gel was then de-stained overnight with 50% water, 40% methanol,
10% acetic acid (v/v/v) solution. The final gel was rehydrated in water and imaged according to
manufacturer’s instructions on a Typhoon FLA 9500 laser scanner (Cytiva) in digitization mode
with a 532 nm excitation laser and a long-pass green filter. Gel images were processed with imageJ
to adjust color contrast and image field of view.
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Chapter S: Extending Conjugation Platform to Other Systems

5.1 Chapter Abstract

The robust covalent protein-SWCNT conjugation platform developed with HRP serves as a
foundation for the extension of the platform toward other proteins of interest. Herein, we present
our efforts to extend our platform towards Concanavalin A, Lysozyme, Wheat Germ Agglutinin,
and CRISPR-Cas9 ribonucleoprotein. All proteins represent potential candidates for recognition
elements as nanosensors or cargo for delivery to plant and animal cells. We demonstrate that, of
these options, Cas9 exhibits the least nonspecific adsorption to SWCNTs, highlighting it as the
best candidate for platform extension. We optimized the platform for the specific properties of
Cas9, changing reaction buffer, time, and temperature to best preserve protein stability. To confirm
maintained Cas9 enzymatic activity after conjugation, we performed an in vitro DNA cleavage
assay and demonstrate a dependence on SMCC:Cas9 molar ratio. These preliminary results
motivate further investigation and optimization of covalent Cas9-SWCNTs for plant gene editing
and DNA sensing applications.

5.2 Assessing Other Enzymes for Nanosensor Development

With the platform developed using HRP as a model protein as in Chapters 2-4, we now apply this
methodology to other proteins of interest for nanosensor generation. Candidate proteins should
achieve all figures of merit mentioned previously including binding capacity for an analyte of
biological relevance, low molecular weight for ease of separation, amenability for Sulfo-SMCC
crosslinking, and minimal nonspecific adsorption to SWCNTs. Candidate proteins that bind
analytes of interest include Concanavalin A, Lysozyme, Wheat Germ Agglutinin, and CRISPR-
Cas9 ribonucleoprotein.

5.2.1 Concanavalin A

Concanavalin A (ConA) is a sugar-binding protein isolated from the jack bean plant that exists as
a tetramer at pH 7 with a molecular weight of 104 kDa.!!'® ConA has been harnessed for a variety
of biological applications in recent years including glucose sensing for disease diagnostics and
insulin delivery, leveraging its natural affinity for sugars such as glucose and mannose.!!"!!® Thus,
ConA could potentially be conjugated to SWCNTs with our platform for selective glucose sensing.
ConA features 12 exposed lysines, which researchers have previously used to attach around 8
polyethylene glycol (PEG) chains to ConA for improved stability.!?® These lysines thus make
ConA amenable to Sulfo-SMCC functionalization, though the exact reaction conditions require
optimization to avoid over-functionalization and subsequent loss of binding activity. Since ConA
meets almost all characteristics for nanosensor development as mentioned above, we assessed the
degree of nonspecific ConA adsorption to (GT)is, Ceramide, and SC-dispersed SH-SWCNTs
(Figure 5.1).
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Figure 5.1. Corona exchange dynamics characterization of ConA with dispersed SH-SWCNTs.
Corona exchange assay for ConA and control proteins shows similar adsorption to different
dispersant-SH-SWCNT samples. Fold change was calculated as the endpoint FAM fluorescence
value 60 min after SWCNT addition to FAM-proteins divided by the initial FAM fluorescence
for each protein sample. Error bars represent the standard deviation of experimental replicates
(n=23).

Unfortunately, ConA shows similar adsorption to all SWCNT samples relative to the control
proteins Fibrinogen (FBG) and Human Serum Albumin (HSA). Thus, downstream sensor screen
results would not be attributable to covalently-bound ConA as there would be a mixed population
of covalent and noncovalent ConA on the SWCNT surface. The SWCNT adsorption observed in
these three cases may not hold true for SWCNTs dispersed with other easily available polymers
including other ssDNA sequences like (GT)s and Cso, other surfactants like SDS, or other
amphiphilic lipids like DPPE-PEG(5000). Though these conditions were left untested, future
studies aiming to develop ConA-SWCNTs could easily undergo optimization to find the dispersant
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that best mitigates noncovalent ConA adsorption by the corona exchange dynamics assay and
follow our conjugation platform accordingly.

5.2.2 Lysozyme

Lysozyme is a small (14.3 kDa) antimicrobial enzyme produced by the innate immune system in
animals that hydrolyzes glycosidic bonds in the peptidoglycan layer of bacterial cell walls.!?! This
antimicrobial property has motivated coupling of Lysozyme with nanoparticles made of chitosan
for mitigation of harmful bacteria in the food industry and delivery of Lysozyme with chitosan-
alginate hydrogels for the same purpose.!?*!2* Lysozyme could thus be conjugated to SWCNTSs
with this sample for bacterial contamination sensing in food and beverage samples. Lysozyme
contains 6 lysine residues, 5 of which are solvent-accessible, making it amenable to Sulfo-SMCC
conjugation with some optimization of reaction conditions.!?! Again, Lysozyme shows potential
as a good candidate for nanosensor generation with our platform provided it exhibits minimal
noncovalent adsorption to dispersed SH-SWCNTs. We again leveraged the corona exchange
dynamics assay to assess Lysozyme’s potential for conjugation with this platform to (GT)is,
Ceramide, and SC-dispersed SH-SWCNTs (Figure 5.2).
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Figure 5.2. Corona exchange dynamics characterization of Lysozyme with dispersed SH-
SWCNTs. Corona exchange assay for Lysozyme and control proteins shows similar adsorption
to different dispersant-SH-SWCNT samples. Fold change was calculated as the endpoint FAM
fluorescence value 60 min after SWCNT addition to FAM-proteins divided by the initial FAM
fluorescence for each protein sample. Error bars represent the standard deviation of experimental
replicates (n = 3).

As with ConA, Lysozyme shows similar noncovalent adsorption as control proteins FBG and HSA
to all SWCNTs tested. As such, Lysozyme was not selected for conjugate development with the
platform presented in this dissertation. Again, researchers interested in pursuing Lysozyme
conjugation to SWCNTs with this platform should explore other SWCNT dispersants and assess
noncovalent adsorption with this assay. Given Lysozyme’s small molecular weight, purification
via spin-filtration should be easier than other larger proteins. Therefore, if a SWCNT dispersant
that minimizes Lysozyme adsorption is found, researchers that leverage our platform can be
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confident that any unconjugated protein would be separated and that protein present in the final
product is covalently bound.

5.2.3 Wheat Germ Agglutinin

Wheat Germ Agglutinin (WGA) is a 36 kDa lectin (carbohydrate-binding protein) found in wheat
that protects the plant from hostile species like insects, yeast, and bacteria.!?* WGA primarily binds
N-acetylglutaminic acid (GIcNAc) and N-acetylneuraminic acid (Neu5Ac) and has been
demonstrated as a potential therapeutic agent for cancer, showing toxicity against acute myeloid
leukemia cells in mice.'?> Additionally, a sugar sensor leveraging WGA and SWCNT has been
developed in recent years, though the method for attaching WGA to SWCNT relied on binding to
peptoid loops noncovalently adsorbed to SWCNT.>? Thus, covalent attachment of WGA to
SWCNT could aid in delivery for cancer treatment and stable sensors for sugar molecules.'?* WGA
has 8 lysine groups in its structure, 4 of which are solvent-accessible and thus amenable to Sulfo-
SMCC functionalization.'?” As such, WGA presents as a viable candidate for covalent conjugation
to SWCNT with our platform provided that it shows minimal adsorption to dispersed SH-SWCNT
(Figure 5.3).
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Figure 5.3. Corona exchange dynamics characterization of WGA with dispersed SH-SWCNTs.
Corona exchange assay for WGA and control proteins shows similar adsorption to different
dispersant-SH-SWCNT samples. Fold change was calculated as the endpoint FAM fluorescence
value 60 min after SWCNT addition to FAM-proteins divided by the initial FAM fluorescence

for each protein sample. Error bars represent the standard deviation of experimental replicates
(n=23).

As with ConA and Lysozyme, WGA fails to pass the final metric for platform optimization as it
shows similar levels of nonspecific adsorption to all SWCNTs tested. These results help validate
the use of HRP as a good model protein for development of our platform, as it has so far shown
the least adsorption to SWCNTSs. Again, it is possible that future optimization to minimize WGA
adsorption could be achieved with other SWCNT dispersants and advance WGA-SWCNT
generation via this platform. However, these routes were left unexplored and we encourage future
researchers to perform more extensive design space exploration to successfully generate covalent
WGA-SWCNT conjugates for enhanced cancer therapy and sugar sensing.
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5.2.4 CRISPR-Cas9

With the previous proteins all showing prohibitive levels of noncovalent adsorption to SWCNTs,
we expanded our candidate protein library to a larger protein in CRISPR-Cas9 (Cas9). Cas9 is an
endonuclease protein that selectively cleaves DNA for targeted gene editing, winning the Nobel
Prize in Chemistry in 2020. For gene editing applications, the Cas9 protein must be complexed
with a guide RNA (gRNA) that binds and interacts with DNA, targeting a specific sequence for
cleavage by the enzyme. This complex is referred to as the Cas9 ribonucleoprotein (RNP) and it
has an overall molecular weight around 165 kDa.!?® This large size makes RNP delivery to cells
difficult since the large and complex structure limits delivery efficiency alone without nanoparticle
carriers.!? Thus, it would be advantageous to pursue covalent attachment of RNP to nanoparticles
for enhanced delivery to plant and mammalian cells for targeted gene editing.

In recent years, researchers have heavily pursued advancements in this area, showing enhanced
RNP delivery with several nanoparticle systems including gold, lipids, DNA, and chitosan, among
others.!3%13! However, RNP delivery with SWCNT has yet to be explored to our knowledge, which
could prove advantageous especially for plant gene editing given SWCNT’s demonstrated ability
to deliver DNA and RNA cargo to plant cells. Though larger in molecular weight than HRP, free
RNP can still be separated from SWCNTs with large 300K molecular weight cutoff (MWCO) spin
filters. Furthermore, Cas9 features 43 lysine amino acids in its sequence, though several of them
experience significant conformational changes as the RNP enzymatically cleaves DNA, so careful
optimization of the SMCC reaction must be performed to ensure these lysines remain
unmodified.!*? As such, we used the corona exchange dynamics assay to begin Cas9-SWCNT
development by assessing noncovalent adsorption of Cas9 to SWCNTs dispersed with (GT);s,
(GT)e, and Ceramide (Figure 5.4).
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Figure 5.4. Corona exchange dynamics characterization of Cas9 with dispersed SH-SWCNTs.
Corona exchange assay shows Cas9 exhibiting strong adsorption to the ssDNA-SH-SWCNT
samples relative to control proteins. For Ceramide-SH-SWCNTs, Cas9 shows similar adsorption
levels as control proteins. Fold change was calculated as the endpoint FAM fluorescence value
60 min after SWCNT addition to FAM-proteins divided by the initial FAM fluorescence for each
protein sample. Error bars represent the standard deviation of experimental replicates (n = 3).

Notably, Cas9 shows very strong adsorption to SWCNTs dispersed with ssDNA compared to
control proteins. By contrast, Cas9 shows comparable levels of nonspecific adsorption to
Ceramide-SH-SWCNTs as the control proteins, identifying these SWCNTs as the best condition
to move forward with through the conjugation platform. As an aside, SC-SH-SWCNTs were
avoided for this study out of concerns for the stability of Cas9 in the presence of surfactant.
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Out of all the enzymes tested so far, Cas9 represents the best candidate for extension of the platform
presented in this dissertation. As such, we proceeded with development of Cas9-SWCNTs for both
enhanced delivery for gene editing and potentially as a targeted DNA sensor.

5.3 CRISPR-Cas9 SWCNT Conjugation for Gene Editing

Following successful identification of Ceramide-SH-SWCNTs as best mitigating nonspecific Cas9
adsorption, we modified and optimized our conjugation platform according to the principles
detailed in Chapters 2-4 (Figure 5.5).

. 61 .
N NaN, L TEA
B Ak —— H —
’ ca”>N"c NMP NH, DMF
RIFCE SWENTS Cyanuric  65°C, 24 h TSNS Cysteine  65°C,48h SH-SWCNTs
chloride

HS, SH
HOOCJ\N N, NICOOH ;
. 191 i
Probe tip \f : K
sonication = afasasa. Ry £

N \ ,T» Y B8 BBBY 2% gRNA
C16 PEG2000 2 ‘
SH-SWCNTs 3 3-7 W 1 s on/off, Cer-SH-SWCNTSs
Ceramide i
L + HEPES
0,
" o . 4°C, 2 h
v(j)‘\o’N S-ONt  e— a
+ L n o & HEPES @:ﬁ
: 5 4°C,2h ° D SOy D00
Aporcasd Sulfo-sMcC SMCC-Cas9 s i

Figure 5.5. Reaction scheme for covalent Cas9-SWCNTs. SH-SWCNTs were probe-tip
sonicated with Ceramide to disperse them in solution. Cas9 was then functionalized with Sulfo-
SMCC crosslinker for 2 hr at 4 °C in HEPES buffer. Maleimide-functionalized Cas9 was then
conjugated to Cer-SH-SWCNTs over 2 hr at 4 °C in HEPES buftfer, spin-filtered to remove free
unconjugated Cas9, and complexed with guide RNA to form RNP-Cer-SWCNTs.

Specifically, we used probe-tip sonication to disperse SH-SWCNTs with C16-PEG(2000)-
Ceramide. An amphiphilic polymer, Ceramide is a PEGylated lipid whose hydrophobic lipid tail
binds to the SWCNT surface and hydrophilic PEG chains interface with the aqueous environment
to disperse SWCNT in solution. As such, we adjusted probe-tip sonication time from 15 min as
used with (GT)15 ssDNA to 5 min. For Cas9 functionalization with Sulfo-SMCC, we conducted
the reaction in HEPES buffer instead of PBS for greater protein stability as Cas9 exhibited poor
stability in PBS buffer. Additionally, the reaction temperature was decreased to 4 °C from 25 °C
for increased Cas9 stability. The reaction time was extended to 2 hr from 1 hr accordingly to
account for slower reaction kinetics at a lower temperature. The SWCNT-Cas9 conjugation
reaction was also performed at these same time and temperature conditions. We experimented with
performing the conjugation with Cas9 without gRNA (Apo-Cas9) and with gRNA (RNP) but
observed poor conjugation efficiency and final product stability in the latter condition. Therefore,
we opted to conjugate Apo-Cas9 to SWCNT first and complex gRNA to the final product.

To confirm that Cas9 conjugated to SWCNT maintains enzymatic activity, we conducted an in
vitro DNA cleavage assay (Figure 5.6a).

68



a)

S we-- o om oo ™

- =
b)
100
]
>
% 60 | 10:1 SMCC:Cas9
j 5:1 SMCC:Cas9
= 40f
©
&
20+

. Cas9 + SMCC Cas9 + SWCNT Cas9-SWCNT

Figure 5.6. In vitro cleavage assay for Cas9 enzymatic activity. (a) DNA agarose gel of Cas9
functionalized with SMCC at a 10:1 ratio, mixed with SWCNT, and covalently conjugated to
SWCNT shows varying maintenance of Cas9 activity as seen by the relative intensities of
uncleaved (upper) and cleaved (lower) DNA bands. (b) Calculating relative activity of Cas9
conditions shown in (a) at two different SMCC:Cas9 ratios reveals better Cas9 activity for the

lower SMCC:Cas9 ratio. Error bars represent the standard deviation of experimental replicates
(n=23).

In this assay, a target DNA sequence was incubated with Apo-Cas9-SWCNTs and RNP-SWCNTs
for 16 hr at 37 °C, the optimal temperature for Cas9 activity. The sample was then heated to 80 °C
for 10 min to de-couple DNA from Cas9 and held at 4 °C before loading onto an agarose gel. For
samples without gRNA, the target DNA should appear as a single band on the gel as Cas9 cannot
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cleave DNA without gRNA complexed. For samples with gRNA, the cleaved DNA should appear
as two separate bands since the cleavage site on the DNA is slightly offset from the middle of the
sequence, creating two DNA fragments with different molecular weights. By comparing the band
intensities of cleaved and uncleaved DNA, we can calculate the relative activity of Cas9 when
conjugated to SWCNTs with the following equation:

Relative Activit Intensity of Cleaved DNA Bands in Lane 100%
_ X
elative Activity Total Intensity of Bands in Lane ’

As seen by the gel results, no Cas9 activity is observed for all conditions without gRNA
complexation as expected. SMCC functionalization at a 10:1 molar ratio appears to hinder Cas9
activity slightly compared to unmodified Cas9 in the presence of Cer-SH-SWCNT as seen by the
stronger intensity of uncleaved DNA bands. However, cleaved DNA bands still appear in the
former condition, indicating some level of Cas9 enzymatic activity is still available when
functionalized with SMCC. Similarly, covalently-conjugated Cas9 successfully exhibits DNA
cleavage, albeit to a lesser degree than unfunctionalized Cas9 in the presence of SWCNT.

Calculating the cleavage activity for the aforementioned conditions at two different SMCC:Cas9
ratios, we observe increased activity at 5:1 SMCC:Cas9 compared to 10:1 as optimized in the
original platform and no difference when Cas9 is unfunctionalized and in the presence of SWCNT
(Figure 5.6b). We hypothesize that the 10:1 SMCC:Cas9 condition could result in greater SMCC
functionalization of lysine residues critical to the large conformational shift that Cas9 undergoes
when binding and cleaving target DNA, sterically hindering activity. At a ratio of 5:1 SMCC:Cas9,
fewer crosslinkers would be added per Cas9, avoiding this steric hindrance and better maintaining
enzymatic activity as a result. As per our platform, QTOF-MS could be used to confirm this
hypothesis and help optimize a SMCC:Cas9 ratio that maximizes both enzymatic activity and
conjugation to SWCNT. Potential ratios to examine could reach 1:1 SMCC:Cas9 or even have
more protein than SMCC to best ensure singular SMCC functionalization of only the most
accessible lysine residues. This optimization should be conducted before proceeding with plant
gene editing experiments for maximum resource and labor efficiency.

5.4 Conclusions

Overall, these results demonstrate the possibility of extending our conjugation platform to other
proteins of interest. ConA, Lysozyme, and WGA all exhibited high levels of nonspecific adsorption
to all SWCNTs tested, highlighting the utility of HRP as a model protein for the original platform
optimization and precluding them from nanosensor generation with the group of SWCNT
dispersants assessed. Cas9 showed high adsorption to ssDNA-SWCNTs but minimal adsorption
to Ceramide-SWCNTs, motivating further investigation for Cas9 delivery via Cer-SWCNT
conjugation.

As mentioned previously, the platform conditions for HRP require optimization for each new
protein of interest depending on the protein’s properties. Accordingly, we adjusted the buffer, time,
and temperature of the SMCC functionalization reaction to best preserve Cas9 stability. With these
optimized conditions, we conducted in vitro DNA cleavage assays to confirm maintained but
attenuated Cas9 enzymatic activity when conjugated to SWCNTs. These experiments elucidated a
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trend of lower SMCC:Cas9 molar ratio leading to higher enzymatic activity, potentially
attributable to steric hindrance imparted by SMCC at a 10:1 ratio. Future experiments in this area
should be conducted to further optimize this ratio to best maintain Cas9 activity and can be
confirmed with QTOF-MS coupled with the in vitro cleavage assay as shown here. With this
platform, we anticipate that the development of covalent Cas9-SWCNT conjugates can be
accelerated towards efficient targeted gene editing and DNA sensing applications.

5.5 Materials and Methods

Materials: All chemicals unless otherwise stated were purchased from Sigma-Aldrich. Raw high
pressure carbon monoxide (HiPco) synthesized SWCNTs were purchased from Nanolntegris
(SKU# 1601). Ci16-PEG2k-Ceramide (N-palmitoyl-sphingosine-1-
{succinyl[methoxy(polyethyleneglycol)2000]}) phospholipid was purchased from Avanti Polar
Lipids (SKU# 880180P). (GT)15 ssDNA was purchased from Integrated DNA Technologies. (GT)s
ssDNA was purchased from Integrated DNA Technologies. Sulfo-SMCC (sulfosuccinimidyl 4-(N-
maleimidomethyl)cyclohexane-1-carboxylate) was purchased from ThermoFisher Scientific
(Catalog# A39268).

Noncovalent Adsorption of Ceramide to SH-SWCNTs by Probe-Tip Sonication: SH-SWCNTs (1
mg) and Ceramide (1 mg) were dispersed in 1X phosphate buffered saline (PBS) (500 uL, pH 7.4)
and bath sonicated for 10 min at 25 °C. The solution was then probe-tip sonicated with an ultrasonic
processor (Cole Parmer) and a 3 mm stepped microtip probe with pulses of 3-7 W for 1 s followed
by 2 s of rest for a total sonication time of 15 min. The solution was equilibrated for 1 h at 25 °C
then subsequently centrifuged at 16100 relative centrifugal force (RCF) for 30 min to remove
unsuspended SWCNT aggregates. Suspended SWCNTs formed a homogeneous dark gray solution
and were measured for concentration by UV-Vis-IR absorbance (Shimadzu UV-3600 Plus) with
samples in a 100 puL volume, black-sided quartz cuvette (Thorlabs, Inc.). SWCNT concentration
was calculated from absorbance at 632 nm using the Beer-Lambert law with extinction coefficient
€632 = 0.036 L mg™! cm™!.38

Corona Exchange Dynamics Assay for Protein-SWCNT Adsorption: Corona exchange dynamics
studies were conducted as described previously.”® Briefly, HRP, fibrinogen, and human serum
albumin were labeled with a fluorophore (FAM) via N-hydroxysuccinimide ester conjugation
(Lumiprobe). Protein (10 mg) in 1X PBS (900 pL) and an 8-fold molar excess of FAM-NHS in
dimethyl sulfoxide (DMSO) (100 pL) were gently mixed via end-over-end rotation in a foil-
covered tube for 4 h. FAM-protein conjugates were then purified with Zeba 2 mL spin desalting
columns with 40 kDa MWCO (Thermo Scientific) to remove excess unreacted FAM-NHS
according to manufacturer’s instructions. The purified FAM-proteins were measured for
concentration and degree of labeling via UV-Vis-IR absorbance at 280 nm for protein and 495 nm
for FAM. The degree of labeling was calculated as the molar ratio of FAM to protein in the samples.
200 mg L' FAM fluorophore-labeled protein (25 uL) was added to 10 mg L' SH-SWCNTs
dispersed with (GT)i5 ssDNA, Ci6-PEG2k-Ceramide, and SC (25 puL) in triplicate. The solutions
were combined via microchannel pipette in a 96-well PCR plate (Bio-Rad) and mixed by pipetting.
The plate was sealed with an optically transparent adhesive seal and gently spun down in a
benchtop centrifuge. Fluorescence time series measurements were obtained with a Bio-Rad
CFX96 Real Time qPCR System by scanning the FAM channel every 30 s at 25 °C.
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SDS-PAGE of Cas9-SWCNT and Controls: SDS-PAGE was performed according to previously
established protocols. Briefly, sample buffer was prepared by combining glycerol (2.5 mL), water
(3.75 mL), 0.5 M Tris-HCI buffer pH 6.8 (1.25 mL), and 10% w/v SDS (2 mL). Gel running buffer
was prepared with 10X Tris/Glycine/SDS Buffer (50 mL, Bio-Rad) and deionized water (450 mL).
Sample (5 uL) was added to sample buffer (7.5 pL) and 6X loading dye (2.5 uL, New England
Biosciences) and boiled at 95 °C for 5 min. Samples were then loaded onto a 4-20% Mini-
PROTEAN® TGX™ Precast Protein Gel (Bio-Rad) in a Mini-PROTEAN® Tetra Vertical
Electrophorseis Cell (Bio-Rad) with running buffer according to manufacturer’s instructions. Gel
electrophoresis was run with a Mini-PROTEAN® PowerPac Basic Power Supply (Bio-Rad) at 200
V for 30 min. The finished gel was then stained with Coomassie Brilliant Blue (Thermo Scientific)
for 1 hour, shaking gently. The gel was then de-stained overnight with 50% water, 40% methanol,
10% acetic acid (v/v/v) solution. The final gel was rehydrated in water and imaged according to
manufacturer’s instructions on a Typhoon FLA 9500 laser scanner (Cytiva) in digitization mode
with a 532 nm excitation laser and a long-pass green filter. Gel images were processed with imageJ
to adjust color contrast and image field of view.
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Chapter 6: Conclusions and Future Outlook

The generation of covalent SWCNT-protein conjugates for nanosensor development has gained
interest in recent years. One outstanding challenge in the development of SWCNT-based
nanosensors lies in identifying suitable molecular recognition elements to provide analyte-
selective modulation of SWCNT fluorescence. Direct attachment of protein-based molecular
recognition agents would enable a design-based approach to nanosensor development so long as
protein function and SWCNT intrinsic fluorescence can both be preserved. In this dissertation, we
show that triazine-based SWCNT functionalization can be used to attach HRP enzymes to
SWCNTs and demonstrate H>O> sensing as a proof-of-principle demonstration of nanosensor
functionality. To generate these sensors, we leveraged triazine-based SWCNT functionalization to
attach free thiol groups to pristine SWCNTs while maintaining their optical properties. We
determined that the resulting HRP-(GT)15-SWCNT nanosensor showed a concentration-dependent
turn-on fluorescence response to H»>O in solution, partly due to the quenched SWCNT
fluorescence baseline intensity after HRP conjugation. Fitting this response to a cooperative
binding model produced estimated kinetic parameters including a solution-phase LOD of 31 uM.
Though this value is above typical cellular ROS levels (100 nM-10 uM),!*3 the nanosensor showed
the ability to sense H>O> when surface-immobilized on glass, presenting an alternate viable sensing
form factor for effective H»O, sensing in other systems with higher H,O, levels such as
contaminated water samples and food production.” In this form factor, the nanosensor showed
robust analyte selectivity against similar analytes. Taken together, this study demonstrates the
potential of covalent protein-SWCNT nanosensors for sensitive, specific, and stable analyte
sensing.

The platform presented here also provides a workflow for assessing new protein candidates for
SWCNT conjugation. By selecting proteins that are amenable to SMCC functionalization, are low
enough in molecular weight for separation by spin-filtration, and exhibit minimal nonspecific
adsorption to SWCNTs, researchers can confidently proceed with conjugate development via this
platform. We demonstrated that ConA, Lysozyme, and WGA failed to meet these figures of merit,
emphasizing the utility of HRP as a model protein and the use of this workflow for identifying
amenable protein candidates.

Preliminary experiments demonstrate that our platform also enables the covalent conjugation of
Cas9 to Cer-SWCNTs while maintaining DNA cleavage activity. However, further reaction
condition optimization is necessary to maximize the preservation of Cas9 activity after conjugation
to SWCNTs. Particularly, the SMCC:Cas9 ratio should be varied systematically and the resulting
constructs should be assessed by QTOF-MS and an in vitro cleavage assay for singular
functionalization and preserved enzymatic activity, respectively. Upon successful reaction
optimization, the constructs could be applied for targeted gene editing in plant and animal systems.
For proof of concept, Cas9-SWCNTs could be complexed with gRNA that targets a GFP gene
expressed in human embryonic kidney (HEK-293) cells. Incubation of the resulting RNP-
SWCNTs with HEK-293 cells should show decreased GFP fluorescence compared to RNP and
SWCNT alone.!3* If successful, this would motivate studies for cellular delivery of other
therapeutic proteins via covalent SWCNT conjugation such as cytokines for immunomodulation
and cancer therapy.'*> Furthermore, Cas9-SWCNTs could be applied as selective DNA sensors
since Cas9 undergoes large conformational shifts upon DNA binding, cleavage, and release, which
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could selectively modulate SWCNT fluorescence emission by RNP’s extreme selectivity for target
DNA. Potential applications include disease diagnostics by sensing mutated/damaged DNA in
cellular samples, infection monitoring by sensing bacterial, yeast, or viral DNA in cellular samples,
and many others. If possible, this would accelerate the development of selective SWCNT-based
DNA sensing for a multitude of point-of-care diagnostics.

The nanosensor synthesis platform developed here can also be extended to conjugate other proteins
and enzymes of interest to generate robust nanosensors for other biologically relevant analytes.
Orthogonally, since SWCNTs are also confirmed to be valuable as biomolecule delivery
agents,>”136-138 our conjugation work herein could enable facile protein conjugation to SWCNTSs
for protein delivery applications. The use of Sulfo-SMCC as the crosslinking agent allows any
protein with exposed primary amines to be a candidate for conjugation to SH-SWCNTs.
Additionally, the use of Triazine-SWCNT chemistry provides a wide library of available SWCNT
functional groups like carboxylic acid (-COOH), primary amine (-NH>), and biotin. These
functionalized SWCNTs could thus be used with other crosslinker systems to conjugate proteins
that are not amenable to maleimide functionalization via Sulfo-SMCC or otherwise require cargo
release to achieve successful delivery. For example, delivery of protein cargo by SWCNT could
be optimized with this platform by changing the crosslinker from a stable crosslinker in Sulfo-
SMCC to a stimuli-responsive crosslinker such as the pH-sensitive hydrazone group for cargo
release within the acidic endosome.!* Corresponding conjugation functional groups must be
added in the triazine substitution reaction to incorporate this responsive crosslinker. Additionally,
proteins more amenable to EDC/NHS crosslinking could be conjugated to COOH-SWCNTs with
this platform, widening the library of proteins available to generate nanosensors and deliver as
cargo.

Other protein targets of interest that can be assessed by this platform are numerous. For example,
galectin-3-binding protein could be attached to SWCNTs to detect elevated extracellular levels of
galectin 3 for early venous thrombosis diagnosis.!*’ Similarly, antibodies are proteins that
selectively bind antigens with picomolar efficiency and have been used to enhance targeting of
nanoparticles towards specific cell types.!*! Coupling the tissue-penetrative nIR fluorescence of
SWCNT with covalently attached antibodies could enable both targeted tissue staining and
enhanced cargo delivery. For example, the anti-ErbB2 antibody binds the HER2 receptor, which
is overexpressed in certain breast cancer subtypes.'#>!43 Anti-ErbB2-SWCNT constructs could
enable in vivo breast cancer tumor staining for imaging and targeting of anticancer therapeutics
toward these cells, improving their efficiency by mitigating off-target effects.

Additionally, other biomolecules could be conjugated to SWCNTs as alternative molecular
recognition elements. For example, DNA aptamers are a class of synthetic biomolecules that can
adsorb strongly to SWCNT surfaces and modulate SWCNT fluorescence in the presence of their
target analyte. However, aptamers adsorbed on SWCNTs suffer from the same stability issues that
proteins do, losing stability and thus sensitivity in complex biological environments.!** Covalent
conjugation of the terminal ends of DNA aptamers to triazine-functionalized SWCNTs could
enable sensitive and stable fluorescence sensing of analytes such as serotonin, for example, whose
altered levels are implicated in the neuropathology of several psychiatric disorders.'#>
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While our approach for using covalent conjugation of enzymes to SWCNT could be generalizable
for other enzymes and possibly also antibodies, we note that ensuring proper quality control of the
nanosensor product is imperative for downstream use. For instance, commercially-procured
enzymes and antibodies have been reported to have variable levels of activity, which could
compromise the reproducibility of the nanosensor product.'#¢-15° Furthermore, proteins are also
known to have variable levels of intrinsic affinity for the SWCNT surface.!>!:!>2 Therefore, it is
important to assess both the level of enzyme non-specific binding to the SWCNT surface and the
level of enzymatic or binding activity of the final nanosensor product to ensure the response
originates from covalently-attached proteins.’® Ultimately, we anticipate that this conjugation
platform could help advance the use of SWCNTs as nanomaterials for theranostics, delivery, and
cellular fluorescence imaging purposes.
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