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Abstract

Inducing Chirality in CdS Nanocrystals with Biomolecules

Christopher Lowe

Chair of the Supervisory Committee:
Brandi M. Cossairt
Department of Chemistry

Chiral CdE (E=S, Se, Te) nanocrystals (NCs) are an emerging class of materials with
potential applications in optoelectronics, bioimaging, and sensing. Among the strategies for
generating chiral CdE NCs, which include 1) chiral molecule templated nucleation and growth,
2) assembly of CdE NCs into chiral arrangements, and 3) chiral ligand exchange on the surface
of the NCs, the latter is most attractive for biological applications because it enables direct
interfacing between high-quality NCs and chiral biomolecules. Although ligand exchange with
cysteine has been shown to induce chirality in CdE NCs, no prior studies have demonstrated the
use of intrinsically chiral biomolecules, like peptides and proteins, to generate chiroptical
responses in these materials.

Chapter 1 reviews the synthetic tunability of CdE NCs and current approaches of
synthesizing chiral nanostructures. It then introduces the structural complexity of biomolecules

and highlights existing strategies for assembling hybrid biomolecule:CdE systems. The relevant



chiral length scales of proteins and NCs are compared, motivating an interfacing strategy that
couples biomolecular chirality with the surface-sensitive electronic structure of CdE NCs.

Chapter 2 establishes an aqueous ligand exchange process in which glycine (the only
achiral amino acid) serves as a versatile intermediate for displacement by cysteine (Cys)-
containing elastin-like polypeptides. This exchange results in clear chirality transfer, evidenced
by circular dichroism (CD) signals at the QD electronic transitions. The resulting polypeptide-
bound QDs also exhibit thermally reversible coacervation, characterized by dynamic light
scattering (DLS), small-angle X-ray scattering (SAXS), and transmission electron microscopy
(TEM).

Chapter 3 extends this glycine-mediated exchange strategy to CdS nanorods (NRs) and
examines how Cys concentration and local coordination environment influence NR optical
properties, including UV-Vis absorbance, CD, and photoluminescence. These studies reveal that
Cys derivatives can be detected at uM concentrations and suggest that both internal and n-
terminal Cys residues are capable of inducing strong chiroptical responses.

Chapter 4 applies these insights to protein-induced chirality in glycine-capped CdS NRs
of two lengths. Incubation with a designed helical repeat protein containing four internal Cys
residues (DHR-4Cys) rapidly displaces glycine and produces CD signals corresponding to the
NR electronic transitions. NR length is found to have minimal influence on the resulting g-
factors. TEM analysis reveals a substantial protein-derived ligand shell, and secondary structure
analysis confirms that the protein remains folded upon binding. Remarkably, induced chirality is
observed at nM protein loadings, corresponding to roughly two proteins per NR. This work
represents the first demonstration of chirality induction in CdE NCs using an ordered protein

scaffold.
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Chapter 1. INTRODUCTION TO CHIRAL CADMIUM

CALCHOGENIDE NANOCRYSTALS

This chapter introduces the scientific context for the work presented in Chapters 2-4,
which focuses on the emergence of chiroptical properties in CdS nanocrystals (NCs) when
interfaced with polypeptides and proteins. To establish the foundation for these studies, we first
outline the synthetic tunability of quantum confined semiconductor NCs, the structural diversity
of biomolecular architectures, and current strategies for interfacing NCs with biomolecules. We
then discuss chirality in both proteins and quantum confined NCs, setting the stage for

understanding how biomolecules can impart new optical properties to inorganic nanomaterials.

1.1 QUANTUM CONFINED SEMICONDUCTOR NANOCRYSTALS

Quantum confined CdE (E=S, Se, Te) nanocrystals (NCs) are widely used in light-
emitting diodes (LEDs),' photodetectors,? bioimaging,® catalysis,* and more> Their defining
feature is a size-dependent electronic structure that gives rise to discrete absorbance transitions
(Figure 1A). These transitions originate from multiple non-degenerate near-band-edge orbitals
(Figure 1A inset), which become quantized as the NC dimensions approach the exciton Bohr
radius.” The ability to tune these optical properties through synthetic control has driven major
advances in CdE quantum dot (QD) chemistry.’

A key consequence of quantum confinement is that the lowest energy UV-Vis absorbance
transition provides a direct probe of QD size.® Peng and coworkers demonstrated that by
adjusting precursor concentration, reactivity, and reaction temperatures, CdE QD growth can be

monitored in real time.” For example, the evolution of CdS QD size over several hours can be



tracked through systematic shifts in the first excitonic absorbance feature (FIGURE 1B),
allowing for precise size selection from ~2-5 nm.®

Beyond size control, synthetic advances have allowed for access to distinct crystal phases
of CdE QDs, each with characteristic surface facets. Under kinetically controlled conditions and
lower reaction temperatures, zinc blend CdE QDs form with two predominant facet types
(Figure 1Ci). These include cadmium- and chalcogenide-rich {100} and {111} facets, which
carry positive or negative surface charge, respectively.!'® The relatively uniform expression of
these polar facets can direct growth into cubes, tetrahedra, and tetrapods.'°

At higher temperatures or with more reactive precursors, the thermodynamically favored
wurtzite phase is obtained (Figure 1Cii).''"!* Wurtzite NCs expose different polar facets ({001}

and {101}) and a stoichiometric nonpolar {100} facet.'?

The anisotropic distribution of these
facets enables controlled uniaxial growth into nanorods (NRs), as first demonstrated by
Alivisatos and coworkers (Figure 1Ciii).'* In this growth mechanism, strongly bound ligands
passivate the nonpolar facets, while partial passivation of the polar facets allows directional
growth oriented along one axis.!? CdSe NRs also exhibit linearly polarized emission due to
reconfiguration of the frontier orbitals in the conduction band, making them attractive for liquid
crystal display technologies.'>!®

Another advantage of CdE NCs is their solution processability. Surface atoms of both
zinc blend and wurtzite CdE NCs possess under-coordinated surface atoms that require ligand
passivation for colloidal stability.!” Hydrophobic ligands with long alkyl chains and anionic

headgroups (e.g., carboxylates, phosphonates, thiolates) bind surface cadmium sites, stabilizing

the NCs and influencing their electronic structure.!” Because ligands modulate surface charge,



orbital energies, and facet expression, they play a central role in tuning NC optical properties and

enabling their incorporation into inorganic-organic hybrid materials.
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Figure 1.1 (A) Typical UV-Vis absorbance spectrum of CdSe QDs labelled with corresponding
hole—>electron transition levels and the general band structure of CdSe absorbance transitions
(inset).” (B) UV-Vis absorbance spectra monitoring the growth of CdS QDs from the earliest
aliquot (violet) to the final aliquot (red). (C) (i) Zinc blend CdE QD with 100 and 111 facets.'°
(ii) Simplified wurtzite CdE QD with 001 and 101 polar facets and non-polar 100 facets.!? (iii)
wurzite CdE NR with elongated 100 non-stoichiometric facet and polar 001 and 101 facets on

the end of the NC.!?

1.2  BIOMOLECULE ARCHITECTURES

Biomolecules such as DNA, proteins, and poly-N-substituted glycines (peptoids) are
sequence-defined polymers whose structures are programmed by their chemical composition and
assembly conditions. Their ability to form predictable, hierarchical architectures makes them
powerful scaffolds for organizing inorganic nanomaterials. DNA offers some of the most

3



elaborate 2D assemblies due to the orthogonality of Watson-Crick base pairing. This property
has enabled the development of complex DNA origami designs (Figure 1.2A).'® These
assemblies reliably adopt their target geometries because the hydrogen-bonding interactions that
drive folding are both directional and programmable.!® These assemblies often arise from the
intrinsic charge distribution across protein surfaces, enabling predictable face to face interactions
that stabilize extended structures. Peptoids provide a third route to programmable architectures.
Their side chain diversity and backbone flexibility allow solvent interactions and sequence
design to dictate morphological outcomes, including sheets, tubes, and other nanoscale
assemblies (Figure 1.2B).2° Because peptoids lack backbone chirality, their structures are
governed primarily by side-chain chemistry and packing interactions.?! Proteins can also access
large-scale architectures, but through different interactions. Covalent side-chain chemistry and
electrostatic complementarily drive proteins to assemble into ordered 2D arrays or crystalline
lattices (Figure 1.2C).?? Together, these examples illustrate the breadth of structural control
available in biomolecular systems. Their tunable architectures, spanning nanometer to micron
length scales, provide a versatile design space for organizing inorganic nanocrystals and

motivating the hybrid materials explored in later chapters.
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Figure 1.2 (A) Triangular DNA origami. (top) colored design diagram showing where DNA
helices touch and bend apart (red is the first base pair, purple is the 7,000th). (middle) Zoomed in
AFM image (165x165 nm) of DNA origami triangles. (bottom) representative AFM image of
triangles. Scale bar 100 nm.'® (B) (top) di-block peptoid sequence used in peptoid nanotube (PNT)
assembly. (bottom) AFM height image showing assembled PNT in water, scale bar 500 nm.?’ (C)
(top) CO98RhuA electrostatic potential maps showing the C-terminal face as negatively charged
(red) and the N-terminal face as positively charged (blue). (bottom left) schematic of assembled
¥RhuA into solution-assembled close packed crystals. (bottom right) AFM topograph showing

close-packed assembled ““*RhuA.?* Adapted from ref 18, 20 and 22.

1.3 INTERFACING CDE-BIOMOLECULE MATERIALS

Ideal inorganic-biomolecule hybrid materials synergistically combine inorganic
functionality with sequence-defined biomolecule structure and function. For the purposes of this
thesis, we will introduce the work done specifically on the interfacing of CdE NCs and

biomolecules. A key challenge in creating CdE-biomolecule hybrid materials is encoding desired



CdE interfacial interaction within the biomolecule sequence. Broadly, there are two general
strategies of directing these interactions: 1) indirect ligand-mediated interactions and 2) direct
interfacing of biomolecule onto the CdE NC surface.

Perhaps the most elaborate indirect ligand-mediated interaction example was reported by
Bathe and coworkers who used 2D DNA origami architectures to orient CdSe/CdS QDs and NRs
in extended 2D arrays (Figure 1.3A).2 In this work, cysteine (Cys) modified single strand DNA
(ssDNA) was conjugated to the QDs and NRs followed by assembly onto the origami
architecture via matching base pair interactions on unhybridized DNA in the center of the
origami. By passivating the CdE with ssDNA, this approach relies on the orthogonal electrostatic
interactions of base pairs in the ssDNA on CdE and ssDNA in the rhomboid structures.

Similarly, Cossairt and coworkers reported the assembly CdSe QDs onto preformed
peptoid tubes (Figure 1.3B).?* In this example, Cys-capped CdSe QDs were conjugated to
maleimide-containing peptoid tubes via click chemistry. More specifically, this report utilizes the
Cys ligand on the CdSe surface to form covalent C-S bonds with maleimides on the peptoid
surface. In this work, indirect, ligand-mediated covalent bonding drives the interfacing of CdE
with biomolecules.

Finally, Liu et al. report direct interfacing of CdTe QDs with proteins for light harvesting
(Figure 1.3C).% Here, negatively charged carboxylate groups in the pore of the protein hoops
interact directly with the positively charged CdTe QD surface. This example demonstrates direct

interfacing of CdE NCs with biomolecules.



s .50
Bk L SR
g e e C"éf" Z 4

Figure 1.3 (A) (top s;hematic of DNA conjugated CdSe/CdS NRs (red) .(.lded to assembled
rhombic DNA origami. (bottom) 1 pm2 AFM image of CdSe/CdS assembled into DNA
rhomboids.23 (B) (top) peptoid sequence used in assembly with hydrophobic portion (blue),
hydrophilic portion (red), and maleimide portion (green) along with schematic showing small
incorporation of maleimide in peptoid sheet or tube assemblies and cysteine ligated CdSe QDs.
(bottom) STEM image of CdSe QDs conjugated with CdSe QDs.24 (C) (top) schematic of CdTe
QDs assembled into stable protein one (SP1) nanoring highlighting different potential pathways

for energy transfer pathways from the protein assembly to the QD. (bottom) TEM image of self-

assembled SP1 and CdTe QDs.25 Adapted from ref 23, 24 and 25.

These three examples highlight the diversity of strategies available for creating CdE-
biomolecule systems. Indirect ligand-mediated interfacing offers ligand-biomolecule
programmability while direct CdE-biomolecule utilizes biomolecules programmability to

interface with bare NC surfaces. Importantly, recent reports have demonstrated that direct



interfacing with chiral ligands can induce chirality in achiral CdE. This emerging optical

property has motivated interest in directly interfacing CdE with intrinsically chiral biomolecules.

1.4 MERGING CHIRALITY OF PROTEINS AND CDE NANOCRYSTALS

1.4.1  Circular Dichroism Spectroscopy as a Probe for Chirality

A consequence of sequence-defined chemistry with chiral molecular building blocks is
the formation of chiral architectures. Before introducing chirality in proteins and CdE NCs, a
brief introduction to circular dichroism (CD) as a probe for chirality is necessary. Historically,
chirality is defined by molecules containing non-superimposable molecular arrangements, and
CD spectroscopy probes this by differential left and right circularly polarized light.?6-
Molecules containing a single chiral carbon center typically display a single CD absorbance
feature (either positive or negative), whereas chiral chromophores will display a bisignate
feature, where electronic transitions are split by both left and right circularly polarized light, also
known as the Cotton effect.?®

For quantum confined chiral CdE NCs, the CD absorbance spectra contain several
bisignate features corresponding to the electronic transitions in the NC, making the CD spectra
more complex than traditional chromophores transitions.? Since chiral biomolecules absorb in
the UV while CdS and CdSe NCs absorb in the visible, CD spectroscopy serves as an excellent
probe to confirm direct CdE-biomolecule interfacing. Beyond serving as a probe, direct protein-

CdE interfacing may also lead to new chiroptical properties not present in either individual

component.



1.4.2  Protein Chirality Across Length Scales

Since CD spectroscopy is diagnostic of chirality, it is widely used to characterize the
hierarchical chirality of proteins. Amino acids and proteins are inherently homochiral, with 21 of
the 22 most common amino acids containing a chiral carbon center (Figure 1.4 A). These L-
amino acids are the building blocks for higher order chiral primary, secondary, and tertiary
protein structures.>

In the case of a primary protein sequence (or intrinsically disordered protein), random
helical coils exhibit structural dissymmetry that can be observed via circular dichroism (CD)
absorbance spectroscopy in the UV.3! These primary sequences can then fold into more ordered
structures like a-helices and B-sheets, often on the 1-10 nm length scale, each of which has a
distinct CD absorbance spectrum (Figure 1.4B).3? These secondary structures can then assemble
into 5-20 nm tertiary structures that stabilize secondary structures (Figure 1.4C).*° At even
larger scales, proteins can form extended chiral assemblies like helical fibers reaching micron

length (Figure 1.4D).%
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Figure 1.4 (A) General amino acid sequence highlighting the single chiral carbon center (red
arrow) on the A scale. (B) Chiral secondary structure protein sequences of alpha helices (left)

and beta sheets (right) typically on the 1-10 nm length scale. (C) General Tertiary protein
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structure containing both alpha helices and beta sheets in the same sequence typically on the 5-
50 nm length scale.’® (D) Extended chiral protein structure of designed helical fibers with

structures extending up to a micron in length.** Adapted from ref 30 and 33.

1.4.3 CdE Nanocrystal Chirality Across Length Scales

While proteins exhibit chirality in their hierarchal architectures across length scales, CdE
NCs have also displayed chirality across similar length scales. Chirality in inorganic NCs is
typically reported as a dissymmetry factor (g-factor), which normalized CD intensity by linear
absorbance. Often these values are reported as discrete values at the wavelength of the most
intense CD absorbance.

3437 anti-counterfeit

Chiral CdE NCs have potential applications in chiral drug detection,
measures,’® and catalysis.>* Many reports utilize Cys or Cys derivatives as chiral interfacing
ligands interfacing ligands. The first reported chiral CdE NCs were approximately 2 nm CdS
QDs produced with penicillamine in an aqueous microwave synthesis by Kelly et al. in 2007,
with no reported g-factor (Figure 1.5A).*° While this was the first example of a chiral CdE QDs,
controlling CdE NC morphology and optical properties in aqueous synthesis has proven to be an
outstanding challenge.*! More commonly, larger, high quality hydrophobic CdE NCs are made

chiral and hydrophilic via ligand exchange with Cys and its derivatives (Figure 1.5B).*>*

Generally, more anisotropic structures report higher g-factors wth values ranging from from 107
1044 depending on morphology (Figure 1.5C).*>° At even larger length scales, chiral

assemblies of CdTe QDs can reach g-factors approaching 10! (Figure 1.5D).>"5
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Figure 1.5 (A) L and D-penicillamine capped chiral CdS QDs (1-2 nm in diameter) made by
microwave assisted aqueous synthesis with no reported g-factor.*’ (B) ligand exchanged
hydrophobic CdSe QDs (2-5 nm) into aqueous media using L and D-Cys resulting in chiral QDs
with g-factors of 10°-10"**** (C) Ligand exchanging L-Cys with more anisotropic CdSe/CdS
NCs has resulted in larger g-factors of 104-103.°% (D) Assembled cysteine-capped CdTe QDs
into helices using a 2-solvent system results in g-factors of 102 to 10", Adapted from ref 40, 42,

and 50.

1.4.4  Mechanism of Chirality Transfer to CdE Nanocrystals

While there are many examples of chiral CdE NCs, mechanistic origins of their chirality
are still actively investigated. In general, there are four proposed mechanisms to cause chirality
in CdE NCs. The first mechanism proposes chiral ligand addition during the CdE NC nucleation
and growth phase bias the CdE core to a specific handedness (Figure 1.6A).>* The next
mechanism proposes organized spatial arrangement (i.e. helical pitch) of CdE NCs leads to
induced chirality of the system (Figure 1.6B).!

The third mechanism is used to describe post-synthetic ligand exchange chirality in
previously achiral CdE NCs.*# In this mechanism, chiral ligand exchange leads to a distortion

of surface atoms in the crystal lattice that can also lead to a chiral arrangement of the ligand shell
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around the inorganic core, as shown in CdSe nanoplatelets (Figure 1.6C).>* While surface atom
distortion has been experimentally demonstrated in CdSe nanoplatelets, it is unclear if this
mechanism applies to larger NCs.

Finally, a fourth mechanism has been frequently employed to explain post-synthetic
ligand induced chirality in CdE NCs. This mechanism described an electronic coupling between
the highest unoccupied molecular orbitals of the chiral ligand and the hole generated in the
electronic excitations of the NC (Figure 1.6D).> Importantly, this mechanism relies exclusively

on theoretical works and has yet to be determined experimentally.
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Figure 1.6 (A) Proposed structure matching or R-CdTe cores with L-Cys duriﬁg the aqueous
synthesis of CdTe QDs leading to chiral CdTe QDs.>* (B) In large assemblies of CdE NCs,
simulations demonstrate that the pitch length alters the chiroptical response of the assembly.’!
Post-synthetic ligand exchange induced chirality is proposed to happen by (C) re-arrangement of
surface CdE** or (D) electronic coupling between the generated hole of CdE and the highest

unoccupied molecular orbitals of Cys.? Adapted from Ref 53, 51, 54 and 29.
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1.4.5 Bridging Chial Length Scales of Proteins and CdE Nanocrystals

These mechanistic insights suggest that any protein should induce chirality at the CdE
NC interface. Surprisingly, there is only one report of using proteins to synthesize chiral CdE
NCs to date. This report by Spangler and coworkers templated CdS QD nucleation and growth
using protein side chain interactions.>> While this is the only report of chiral protein:CdE NC
materials, the QD optical properties are relatively poor compared to the highest quality CdE NCs
prepared in non-polar, high boiling point solvents.!!

Although biomolecule:CdE NC chiral assemblies are attractive due to potential for large
g-factor at extended length scales, interfacial CdE chirality may also arise via direct protein
conjugation to pre-synthesized NCs. This interfacial chemistry has been largely unexplored and

could help realize biosensing and bioimaging applications of these materials.

1.5 CYS FOR INTERFACING CDS NANOCRYSTALS AND BIOMOLECULES

While Cys has been used to interface CdE NCs, it is also an amino acid found in many
protein sequences. For these reasons, Cys is an excellent residue to encode within a protein
sequence to interact directly with CdE NC interfaces. To access higher g-factors, we aim to
synthesize high quality hydrophibic CdS NCs and subsequently perform an aqueous phase
exchange. These ligand exchanges typically involve basic aqueous layers containing
tetramethylammonium hydroxide and excess Cys.*> 474950
Through zinc-finger protein domains, it has been widely shown that Cd** has a high

affinity for reduced Cys in proteins.’®>® Relatedly, CdE NC synthetic methods result in excess

surface cadmium that requires passivation for colloidal stability. Additionally, to understand the
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binding affinity of thiols, Dempsey and coworkers employed 1H NMR studies to determine that
thiols irreversibly replace carboxylate groups on the surface of CdSe QDs.>”

Through these previous findings, we can conceptualize individual CdE NCs as positively
charged cadmium superatoms. When approached in this manner, interfacing Cys-containing
proteins with CdE NCs becomes a much simpler coordination chemistry problem. However,
directly exchanging hydrophobic NCs with proteins in the aqueous phase is not feasible due to
the harsh biphasic ligand exchange methods and large excess of hydrophilic ligand required.
Instead, we look to preserve achiral nature of the starting NCs while making them water-soluble
to interact with chiral Cys residues in proteins. Building on previous reports by Dempsey and
coworkers, we want to use a temporary hydrophilic achiral carboxylic acid that will be

irreversibly replaced by a chiral Cys in a protein structure.
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Chapter 2. INDUCED CHIRALITY IN QDS USING

THERMORESPONSIVE ELASTIN-LIKE POLYPEPTIDES

Adapted with permission from American Chemical Society. Copyright 2025 Langmuir.

2.1  INTRODUCTION

Circular dichroism (CD) has emerged as a powerful spectroscopic probe for studying
chiral small molecules as surface ligands on quantum dots (QDs). In 2013, Tohgha et al.
demonstrated that absorbance and luminescence chirality could be induced on achiral and
hydrophobic CdSe QDs by post-synthetic ligand exchange with L and D-cysteine.!* While the
origin and mechanism of this induced chirality are still not wholly understood, two theories have
been introduced to explain this phenomenon. The first is a physical distortion of the QD lattice
through chiral ligand coordination to surface metal ions.*> The second is the hybridization of the
QD hole wavefunction and molecular orbitals of the ligands, which splits the electron excitation
into two sublevels, as evident in the CD.>%’

While there are examples using CD to confirm chiral ligand exchanges on achiral QDs,
this technique has seldom been used to confirm the conjugation of complex ligands such as
polypeptides and proteins on QDs. Previous reports have demonstrated ligand exchange of CdSe
and CdS QDs with peptides®, poly-N-substituted glycines®!?, and DNA!! in aqueous
environments but relied on UV-Vis absorbance, photoluminescence, and nuclear magnetic
resonance spectroscopies to confirm conjugation. QDs are used increasingly in applications for

biological systems, including bioimaging,'? disease detection,'* drug delivery,'* and site-
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selective DNA scission,' highlighting the importance of understanding the interaction of the QD
surface with its biological environment.

Drawing inspiration from tropoelastin, water-soluble elastin-like polypeptides (ELPs) are
genetically engineered, low-complexity proteins consisting of a repeated sequence of five amino
acids (valine, proline, glycine, X, glycine) (VPGXG), where X is any amino acid except
proline.'®!7 The identity of this guest residue and the number of repeated pentamers both impact
the phase transition temperature (7) '® above which ELPs reversibly collapse into phase-
segregated liquid droplets known as coacervates. Adding to their thermoresponsiveness, ELPs
can be engineered with a variety of terminal amino acids,'” making them attractive for drug

1,! protein purification,?? and tissue engineering.??

delivery,?’ metal remova
Leveraging ELP’s stimuli-responsiveness and sequence-defined chemistry to coordinate
inorganic nanoparticles exhibiting unique electronic and spectroscopic characteristics enables the
rational design of dynamic hybrid nanomaterials.>* While there are examples of QDs in
biologically relevant environments,? there are few examples of cadmium chalcogenide QDs
with ELPs. In 2010, Fahmi et al. demonstrated a colloidal bottom-up synthesis of CdSe with
ELPs, which made QD-decorated nanofibrils that could permeate cell membranes and
demonstrated no cytotoxicity.?® In 2011, Biswas et al. described the post-synthetic conjugation of
a protein containing an ELP domain to QDs that were used to image cellular processes.?’
However, neither study reported on the surface interaction of the ELP with the QD or on the
thermoresponsiveness of the resulting ELP-QD conjugates.
Recently, an ELP with the sequence (VPGVG)ysC (referred to as V96-Cys) was shown to

decorate gold nanoparticle surfaces and form particle-dense coacervates at elevated

temperatures, which led to a plasmonic shift of the gold nanoparticles.”® Due to the low
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complexity, lack of internal amino acid binding groups, and C-terminal cysteine of V96-Cys, this
polypeptide also provides a platform, for the first time, for ligand exchange onto achiral CdS
QDs. Additionally, by engineering a second ELP sequence with the same binding group and a
shorter amino acid sequence (VPGVG)s4C (referred to as V54-Cys), we can gain a better
understanding of how the ligand length in the hybrid systems impacts their
thermoresponsiveness. Finally, because both sequences contain one amino-acid binding residue
on the surface, we can extend the induced chirality in CdS to polypeptides for the first time.
Here, we describe a simple two-step method for the synthesis and characterization of
V96-Cys:CdS and V54-Cys:CdS QD conjugates at uM concentration and neutral pH conditions
in an aqueous system starting from traditional hydrophobic CdS QDs. We use CD to probe the
surface interaction of the C-terminal cysteine of the ELP with CdS QDs and examine pH
influence on their CD spectra. We then examine the dynamic thermoresponsive coacervation of
hybrid ELP:QD conjugates using CD, dynamic light scattering (DLS), small angle x-ray
scattering (SAXS), and electron microscopy. To the best of our knowledge, this is the first
example of post-synthetically inducing chirality in QDs using polypeptides. Additionally, for the
first time, we demonstrate the thermoresponsiveness of ELP:CdS as the resulting hybrids show
dynamic and cyclable coacervation where both the polypeptide and QD undergo a spatial

rearrangement in solution with structure dictated by the sequence lengths of the ELP.

2.2 RESULTS AND DISCUSSION

2.2.1 Glycine:CdS QD Ligand Exchange

Typical CdS QD synthesis schemes use long-chain fatty acid ligands and have

been optimized to control the size, morphology, and optical properties of the nanocrystals.?*=!
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Therefore, post-synthetic ligand exchange is generally required to produce high-quality water-
soluble QDs. These ligand exchanges commonly use basic conditions (pH > 11) and alkyl
ammonium cations.!*®3273¢ Base is necessary to deprotonate the desired binding groups on the
aqueous ligand, while alkyl ammonium is believed to play a key role in reducing the
hydrophilicity of the anionic aqueous ligand to allow for the exchange.®

Unfortunately, using alkyl ammonium hydroxides is detrimental to exchanging
hydrophobic QD ligands directly with proteins, as basic conditions can disrupt the hydrogen
bonding network, and alkyl ammonium cations are potent protein precipitating agents in the
Hoffmeister series.?”*® To circumvent these issues, exchange methods have been designed to
replace hydrophobic ligands with short-chain linkers, which are then covalently attached to
polypeptides or proteins containing polydentate binding groups.*® >

In this study, we avoided ELP precipitation by solubilizing native oleate-capped CdS
QDs (oleate:CdS) in an aqueous solution of glycine and tetramethylammonium hydroxide
(TMAOH) using a method adapted from Tohgha et al.""? (see 2.2.4 experimental). Glycine was
chosen as the intermediate ligand because it is a simple achiral amino acid. After the glycine
ligand exchange, transmission electron microscopy (TEM) sizing analysis shows slight etching
of the QDs from 4.8 nm to 4.1 nm in diameter (Figure 2.1), which has been previously observed
in aqueous ligand exchanges.”!* This size decrease is also observed in the UV-Vis absorbance
and photoluminescence spectra of the glycine-capped CdS QDs (glycine:CdS) (Figure 2.2A, B).

Importantly, there is no CD response in the visible region of the spectrum corresponding to the

QD absorbance because of the achiral QDs and achiral glycine.
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Figure 2.1 (A) TEM image of oleate:CdS with an average diameter of 4.8 + 0.4 nm. (B) TEM

image of glycine:CdS at pH 7 with an average diameter of 4.1 + 0.4 nm.
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Figure 2.2 (A) Normalized UV-vis of glycine:CdS QDs (blue) in water and oleate:CdS QDs

(gray) in toluene. (B) Normalized PL spectra of glycine:CdS QDs (blue) in water and oleate:CdS
QDs (gray) in toluene. Excitation at 412 nm.

2.2.2 ELP Ligand Exchange
To exchange the achiral glycine ligands with ELPs terminated by a chiral Cys residue,

glycine:CdS was incubated with 200 uM of V96-Cys or V54-Cys at 4 °C for 24 hours with
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TMAOH and the reducing agent tris(2-carboxyethyl)phosphine hydrochloride (TCEP-HCI) (see
2.4.5 experimental). The incubated QDs show a CD response in the visible range in as little as 1
hour, but the intensity and lineshape do not significantly change from 3 hours to 24 hours,
signifying ligand exchange has gone to completion within 3 hours (Figure 2.3A, B). The
TMAOH and TCEP-HCI are removed through dialysis, and the purified ELP:CdS aqueous
solutions exhibit a strong CD signal (Figure 2.4A-2,3). The chiral response in the visible region
corresponds to the visible QD absorbance (Figure 2.4B) and indicates interactions of the chiral
ELP with the surface of the QD. As mentioned before, the starting glycine:CdS shows no CD
signal (Figure 2.4A-1), and the molecular chirality of the ELP itself appears in the ultraviolet
region of the CD spectrum (Figure 2.5A, B). Therefore, through CD, we can conclude that ELP
is present on the surface of the QD. Additionally, the QDs maintain their absorption features and
band edge emission with increased trap-state emission after exchanging glycine:CdS samples

with V96-Cys, V54-Cys, and NAC (Figure 2.6).
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Figure 2.3 (A) Normalized CD spectra of incubating V96-Cys:CdS 1 hour to 24 hours at pH 11

and 4 °C. (B) Normalized CD spectra of Incubating V54-Cys:CdS 3 hours to 24 hours at pH 11
and 4 °C. Spectra were normalized by absorbance at lowest energy electronic transition (458

nm).
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Figure 2.4 (A) Normalized CD spectra at pH 7 of: glycine:CdS (blue, 1), V96-Cys:CdS (green,
2), V54-Cys:CdS (plum, 3), NAC:CdS (magenta, 4), L-Cys:CdS (black, 5), and L-Cys-Me:CdS

(orange, 6). (B) UV-Vis absorbance spectrum of V54-Cys:CdS (plum). Binding modes were
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assigned based on pKa values. All CD spectra were normalized by absorbance at the lowest

energy electronic transition.
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Figure 2.5 (A) CD spectrum of 1 uM V96-Cys in water at 20 °C. (B) CD spectrum of 1 uM

V54-Cys in water at 20 °C.
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Figure 2.6 Normalized UV-vis and PL spectra of V96-Cys:CdS (green), V54-Cys:CdS (purple),

NAC:CdS (plum), and glycine:CdS (blue). All spectra were taken at pH 7 in water at 20 °C.

While UV-Vis and photoluminescence spectroscopies can signify successful exchange of
QDs into the aqueous layer of a biphasic solution, they do not offer structural information about
the ligands exchanged onto the QD surface. Beyond signifying successful chiral ligand
exchange, CD can provide important information about the surface interaction of complex

polypeptides with the QDs. The sequence of the ELP was designed with a C-terminal cysteine
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residue to bind to the QD. To investigate the binding of the ELP to the QD, three molecular
analogs exemplifying possible cysteine coordination motifs were exchanged onto the surface of
glycine:CdS: n-acetyl-L-cysteine (NAC), L-cysteine (L-Cys), and L-cysteine methyl ester (L-
Cys-Me). NAC (Figure 2.4A-4) was used to model an ELP bound to the QD through a C-
terminal cysteine, L-Cys (Figure 2.4A-5) was used to model free L-Cys bound to the QD, and L-
Cys-Me (Figure 2.4A-6) was used to model an ELP bound through an N-terminal cysteine
residue. Importantly, all three analog:CdS samples were prepared using an analogous procedure
to the ELP samples (see 2.4.6-8 experimental).

The normalized CD spectra of V96-Cys:CdS and V54-Cys:CdS closely resemble the
spectra of NAC:CdS but have inverted chirality relative to L-Cys:CdS and L-Cys-Me:CdS
samples (Figure 2.4A). The CD lineshape is identical for the ELP-Cys:CdS and NAC:CdS
systems, signifying the same surface interaction for NAC and the C-terminal cysteine on the
ELP. This is expected because the amine group of the ELP C-terminal cysteine is participating in
an amide bond and is less available to interact with the QD, so NAC is a more appropriate
molecular analog than L-Cys and L-Cys-Me. The CD sign inversion for ELP:CdS compared to
L-Cys-Me and L-Cys:CdS is expected based on previous work by Choi et al., who demonstrated
that NAC:CdS and L-Cys:CdS have inverted chirality, while L-Cys and L-Cys-Me have the
same CD lineshape.*> While the cause of this inversion is not fully understood, Choi and
coworkers used simulations to propose that the carbonyl on the acetyl group acts as an L-type
ligand on the surface of CdSe, which causes the CD inversion of NAC compared to L-Cys and
L-Cys-Me.*? Previous findings and the results reported here suggest that the chiroptical response

of QDs could selectively report on N-terminal cysteine coordination in a protein containing
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multiple cysteines. This is because only N-terminal cysteine contains an amine on the nearest

chiral carbon that is not an amide (Figure 2.7).

N-terminal cysteine Internal cysteine C-terminal cysteine

Figure 2.7 Hypothetical binding modes of a protein containing cysteine at the N-terminus,

internal, and C-terminus positions at pH 7.

The precise assignment of ligand binding modes by CD is challenging. This is
highlighted by the lack of observable change in lineshape between L-Cys:CdS and L-Cys-
Me:CdS at pH 7 (Figure 2.4A-5 and 2.4A-6). L-Cys-Me does not have a carboxylate group
available to bind to the QD, unlike L-Cys, but contains a thiol with a pKa value of 6.5.** At pH
7, we presume L-Cys-Me to be predominately a thiolate species, whereas the L-Cys thiol has a
pKa value of 8.7* and is presumed to remain predominately in the thiol form. It should be noted
that the amines of both L-Cys and L-Cys-Me are likely in a dynamic L-type ligand binding
equilibrium adding an anchoring point on the QD surface based on previous works.***> While
NMR and infrared spectroscopies were useful in elucidating binding modes of L-Cys in these
studies, the concentration of L-Cys (>1 mM) is almost an order of magnitude or greater than the
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concentration of ELP in our samples, which is limited due to solubility of the poly-peptides.
Additionally, the NMR in these studies were performed at pH values greater than 11 which
makes direct comparisons to our systems at pH 7 challenging. The lack of CD lineshape
differences between L-Cys:CdS and L-Cys-Me:CdS demonstrate the shortcomings of CD when
probing thiolate vs. carboxylate binding modes of chiral ligands with primary amines on their a-
carbons.

To support the carboxylate binding assignment of V96-Cys:CdS and V54-Cys:CdS at pH
7, as shown in Figure 2.4, we investigated bidentate carboxylate and thiolate vs. monodentate
carboxylate X-type binding modes using CD. To do this, we examined the lineshapes of L-
cystine (L-Cys-Cys):CdS vs. L-Cys:CdS at pH 11 to induce deprotonation of the L-cysteine thiol
(pKa of 8.7).** L-Cys-Cys, the disulfide dimer of L-cysteine, contains two carboxyl groups but
lacks the thiol group of L-cysteine. Exchanging L-Cys-Cys onto glycine:CdS proved
unsuccessful, as judged by the absence of changes in the CD spectra after 24 hours of incubation.
However, exchanging oleate:CdS with L-Cys-Cys using a procedure adapted from Tohgha et
al.!'2 (see 2.4.9 experimental) produces chiral samples with slightly red-shifted absorbance
spectra compared to L-Cys exchanged onto glycine (Figure 2.8A,B) (462 nm for L-Cys-
Cys:CdS vs. 455 nm for L-Cys:CdS, a difference that we attribute to the distinct ligand exchange
methods used in the preparation of the two samples). After purification, pH adjustment, and
correcting for the wavelength of the lowest energy electronic transition, the peak locations and
sign of the CD lineshape in the L-Cys-Cys:CdS spectrum match L-Cys:CdS at pH 11 (Figure
2.8C), indicating a lack of CD lineshape dependence on thiolate binding modes. These findings
are also consistent with recent computational work by Han et al.,” which predict no changes in

the lineshape of the CD spectra between a carboxylate-only binding mode and a thiolate-
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carboxyl binding mode of L-Cys-Cys. Therefore, the primary carboxylate binding modes of
V96-Cys and V54-Cys at pH 7 are rationalized in our study using pKa values of the thiol (9.4)
and carboxyl (3.1) groups of NAC, respectively.*® Notably, carboxylate binding has been

proposed for Cd** in NAC:Cd complexes in aqueous solutions at pH 7.5, while at pH 11, all Cd**

were bound to thiolates.*’
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Figure 2.8 (A) Normalized CD spectra of L-cysteine and L-cystine at pH 11. Normalized by
absorbance at lowest energy electronic transition. (B) Normalized UV-vis spectra of L-cysteine
and L-cystine at pH 11. (C) Normalized CD spectra of L-cysteine and L-cystine at pH 11 after
correcting for the wavelength differences in lowest energy electronic transition.

In our study, we found ligands containing thiolate groups exchange readily onto
glycine:CdS at pH 11, which can be rationalized by the computations of Han and coworkers,
who calculated a 0.11 eV adsorption energy difference favoring thiolate and carboxyl adsorption
to CdSe over carboxylate-only adsorption.” These previous studies and our observation that L-

Cys-Cys does not exchange with glycine while L-Cys does at pH 11 demonstrate that ligand
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exchange from glycine becomes more favorable with ligands containing thiolate groups. We
attribute this behavior to the thermodynamic favorability of thiolate-cadmium bonds versus
carboxylate-cadmium bonds. For these reasons, we hypothesize that the C-terminal cysteines of
V96-Cys and V54-Cys provide thiolate groups at pH 11that drive exchange with glycine on the

surface of glycine:CdS.
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Figure 2.9 (A) Hypothesized binding modes at pH 7 (solid) and 11 (dashed). (B) g-factor spectra
of purified: V96-Cys:CdS (green), V54-Cys:CdS (purple) and NAC:CdS (plum,). (C) CD spectra
of purified NAC:CdS at pH 7 (solid) and pH 11 (dashed) and UV-Vis of NAC:CdS at pH 7

(solid) and pH 11 (dashed). Purified samples were pH adjusted with NaOH and TCEP<HCI.
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To gain insight into the role of pH in determining the shape of the CD spectra of these
samples we aimed to probe the protonation state of the thiol in V96-Cys:CdS, V54-Cys:CdS and
NAC:CdS (Figure 2.9A). Purified samples of V96-Cys:CdS, V54-Cys:CdS, and NAC:CdS were
pH adjusted using TCEP-HCI and sodium hydroxide (NaOH) (see 2.4.10 for experimental).
First, TCEP-HCI was added to the samples to minimize disulfide bond formation, followed by
NaOH addition until the solutions reached pH 11. The dissymmetry factors (g-factors, see
2.4.12.1 Eq 2.3 for method) were then plotted at pH values above and below the pKa of the thiol
(Figure 2.9B). In general, when adjusting above and below the pKa of the thiol, we observed a
modest change in the g-factor magnitudes at different wavelengths that were more prominent in
the case of NAC:CdS and V54-Cys:CdS versus the V96-Cys:CdS sample (Figure 2.9B).
Interestingly, for NAC:CdS the decrease in g-factor magnitude around 450 nm when comparing
the pH 7 (solid) and pH 11 (dashed) spectra is notable. Overlaying the CD spectra and UV-Vis
spectra of NAC:CdS suggest a sharpening of the derivative-shaped CD transition corresponding
to the 2" lowest energy electronic transition of the QD at pH 11 as highlighted by the black
vertical line (Figure 2.9C). Previous work from Owen has demonstrated that the 2™ electronic
transition is sensitive to surface chemistry,*® and we hypothesize that X-type thiolate binding vs.
L-type thiol binding can explain the sharpness in this transition at pH 11. Since similar changes
are observable in V54-Cys:CdS but are less evident in V96-Cys:CdS, we propose that the steric
bulk associated with the longer V96 peptide chain impedes ligand rearrangement on the surface
of the QDs due to the sizeable entropic barrier that would need to be overcome.

To understand the impact of pH on the chirality of V96-Cys:CdS, V54-Cys:CdS and
NAC:CdS, the magnitude of the average g-factors centered around the wavelength of the most

intense transition (418 nm for ELP:CdS and 423 nm for NAC:CdS) (Table 2.1). From this data it
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can be concluded there are no significant changes in the magnitude of chirality when probing
thiolate vs. thiol coordination on the surface of the QDs. While there was no increase in the
magnitude of chirality at this transition, we did observe more than a 2-fold increase in g-factor
magnitude of NAC:CdS vs. the ELP:CdS. Previously Puri et. al. reported CdSe QDs with
dicarboxylic acid having one additional chiral carbon center can increase g-factors by 30-fold
when compared to their monocarboxylic acid counterparts.®* Since the V96-Cys and V54-Cys
have 289 and 163 chiral carbon centers respectively, we were expecting to see an increase in g-
factor proportional to increase in ELP length which was not observed. However, due to the steric
bulk of the ELPs vs. NAC we hypothesize that the surface ligand coverage is likely not the same

between samples, making this comparison difficult.

Table 2.1 pH dependent average g-factors of ELP:CdS and NAC:CdS samples at their most

intense responses.

| g-g | /2 pu 11 | g-g | /2 pu7
V96-Cys:CdS
0.5x10* 0.6x10*
(418 nm)
V54-Cys:CdS
0.5x10* 0.7x10*
(418 nm)
NAC:CdS
1.5x10* 1.5x10*
(423 nm)

The ELP ligand exchange can also be monitored through changes in the hydrodynamic
diameter of the ligand:CdS conjugate using DLS (Figure 2.10). After exchanging the

hydrophobic oleate:CdS with glycine, the hydrodynamic diameter decreases from 11.5 £ 2.5 nm

34



to 6.7 £ 0.5 nm, consistent with a decrease in ligand length from oleate to glycine. Once the
glycine:CdS are exchanged with V54-Cys and V96-Cys, the hydrodynamic diameter increases to
40 + 0.5 and 45 £ 1.1 nm, respectively. These data are also in agreement with the larger
hydrodynamic diameter of V96-Cys (10.5 &+ 1.0 nm) relative to V54-Cys (8.4 + 0.6 nm) (Figure

2.11).
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Figure 2.10 Average hydrodynamic diameter of CdS QDs with corresponding ligands as
determined by DLS at 20 °C. The oleate:CdS was measured in toluene, while the remaining

samples were measured in water.
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Figure 2.11 Size distribution of V54-Cys and V96-Cys in water at 20 °C at pH 7.

2.2.3  Reversible ELP:CdS QD Thermoresponsive Coacervation

The thermoresponsiveness of ELPs makes them attractive ligands for the synthesis of
reconfigurable organic-inorganic hybrid materials. The most common example of these types of
systems is ELP:gold nanoparticle (Au NP) conjugates.?®*>5 Recently, V96-Cys ELP was
successfully conjugated to 20 and 60 nm Au NP, with the ELP's dynamic coacervation resulting
in red-shifted gold plasmonic absorbance features.”® While ELP:CdSe nanostructures have been
reported,®® no information was provided on the dynamic coacervation of the hybrid material. In
this section, we discuss the measured spectroscopic temperature response of V54-Cys:CdS and
compare the V96-Cys:CdS and V54-Cys:CdS systems using SAXS. We note that a stark increase
in turbidity accompanies spatial rearrangement during coacervation. Thus, the influence of
coacervation on the optical properties of QDs cannot be studied in detail. Both V96-Cys:CdS and
V54-Cys:CdS collapse into QD-dense coacervates when heated above the ELP transition

temperatures, which are 32 °C?® and 38 °C (Figure 2.12), respectively. While both the V96-
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Cys:CdS and V54-Cys:CdS assemble, the spectroscopic response of the V54-Cys:CdS variant

will be highlighted. For details on the thermoresponsive spectroscopic characterization of the

V96-Cys:CdS system see (Figure 2.13, Figure 2.14).
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Figure 2.12 V54-Cys Transition temperature measured by DLS in water.
Variable temperature DLS spectra of the V54-Cys:CdS show that the particle-dense
coacervates produced at 45 °C have an average size of 397 + 4 nm and that they transition back
to ELP-decorated QDs 50 + 1 nm in average size upon incubation at 20 °C. This temperature-
driven assembly-disassembly process is highly reproducible for at least three heating and cooling
cycles (Figure 2.13). ELP-mediated clustering of QDs is also observed upon incubation of V96-

Cys:CdS samples at 40 °C with larger coacervates (510 = 2 nm) produced above the transition

temperature and an average size of 53 = 2 nm after a return to 20 °C. Like V54-Cys:CdS, the
V96-Cys:CdS system also exhibits robust thermoreversibility over multiple heating and cooling

cycles (Figure 2.14). Notably, for both V96-Cys:CdS and V54-Cys:CdS, the average particle
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size after the first cycle at 20 °C is slightly larger than the original, consistent with hysteresis
observed in similar dynamic polymer-nanoparticle systems.?%>"-3%

While DLS gives us insight into coacervate size, variable temperature CD of dilute (see
SI) ELP:CdS provides information about secondary structure changes of the polypeptide bound
to the QDs in solution. At 20 °C, ELP:CdS exhibits a strong negative CD signal at 196 nm, and
when heated above the ELP transition temperature, the CD magnitude at 196 nm and 209 nm
decreases (Figure 2.13C, Figure 2.15). Literature suggests this corresponds to the conversion of
polyproline II-like helical structures to p-structures during coacervation.”>=°-! These secondary
structure changes are also observed for the coacervation of the native ELP (Figure 2.16A, B).
Unfortunately, the turbidity of the ELP:CdS coacervates makes it difficult to observe

spectroscopic changes at visible wavelengths in these samples (Figure 2.17).
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Figure 2.13 (A) Variable temperature DLS spectra of V54-Cys:CdS and (B) corresponding

hydrodynamic diameter during temperature cycling. (C) Deep UV variable temperature CD

spectra of V54-Cys:CdS.
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Figure 2.14 (A) Variable temperature DLS of V96-Cys:CdS in water. (B) Variable temperature

cycles of V96-Cys:CdS.
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Figure 2.15 Variable temperature CD spectra of V96-Cys:CdS in water.
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Figure 2.16 (A) Variable temperature CD of 0.5 uM V96-Cys ELP in water. (B) Variable

temperature CD of 1 uM V54-Cys in water.
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Figure 2.17 (A) Variable temperature UV-vis spectra of V54-Cys:CdS in water. (B) Variable
temperature UV-vis spectra of V96-Cys:CdS in water. (C) Variable temperature CD spectra of

V54-Cys:CdS in water. (D) Variable temperature CD spectra of V96-Cys:CdS in water. (E)
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Variable temperature PL spectra of V54-Cys:CdS in water. (F) Variable temperature PL spectra

of V96-Cys:CdS in water.
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Figure 2.18 (A) Scattering Curves of V96-Cys:CdS (gray) and V54-Cys:CdS (blue) at 20 °C.
The core shell model was used to fit both curves (black line). (B) Scattering curves of V96-

Cys:CdS (red) and V54-Cys:CdS at 40 °C and 45 °C, respectively.

SAXS profiles reveal the presence of QDs in V96-Cys:CdS and V54-Cys:CdS
coacervates in the solution phase. The initial measurement of the V96-Cys:CdS and V54-
Cys:CdS samples were taken at 20 °C (Figure 2.18A) and fit to a core-shell sphere model®?
revealing QDs 4.6 nm in diameter, with a shell thickness of 8.6 nm for V96-Cys:CdS and 6.2 nm
for the V54-Cys:CdS, respectively (for further explanation including assumptions and limitations
of the core-shell sphere model, see 2.4.15 experimental). When the ELP:CdS solutions are
heated above their transition temperatures, distinct scattering features are observed in both
ELP:CdS samples (Figure 2.18B) that are not present in the glycine:CdS samples (Figure 2.19).
These peaks imply a dense CdS QD particle packing mediated by the coacervated ELPs that
decorate their surface. Fitting coacervated samples of V96-Cys:CdS and V54-Cys:CdS using a

broad peak model reveals interparticle distances of 22.9 nm and 13.7 nm, respectively. The
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distance discrepancy of the ELP:CdS systems are rationalized by the ligand shell thickness of
V96-Cys:CdS (8.6 nm) and V54-Cys:CdS (6.2 nm). These systems were also tested for
reversibility by collecting scattering curves at 20 °C after coacervation. The V96-Cys:CdS QD
scattering curve at 20 °C after cycling to 40 °C is similar to the original 20 °C curve (Figure
2.20A), demonstrating reversible coacervation. However, the V54-Cys:CdS samples displayed
less reversibility based on the scattering curve at 20 °C after heating to 45 °C (Figure 2.20B).
These differences are consistent with the DLS measurements taken at 20 °C after heating of the
V96-Cys:CdS and V54-Cys:CdS systems (Figure 2.13, Figure 2.14, blue dashed lines), where
the V96-Cys:CdS system has a narrower size population distribution than V54-Cys:CdS after
heat cycling. These differences in reversibility indicate ELP-dependent hysteresis in the
assembly/disassembly of this organic-inorganic hybrid material, which we hypothesize may be
due to (1) differences in the polypeptide:QD size ratios (~1.9 for V96-Cys:CdS and ~1.3 for
V54-Cys:CdS) and (2) the differences in hydrophobicity of ELPs with the change in length. The
second point is corroborated by Unsworth and coworkers, who found an inverse relationship
between chain length and hysteresis.®> Moving forward, the length of the ELPs should be

considered for the rational design of these thermally responsive hybrid materials.
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sample at either 25°C or 45°C and a polydisperse sphere model was used to fit the data to
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determine the size distribution. The first measurement, CdS at 25°C (Original), was taken after
setting the sample’s temperature to 25°C. The second, (2) CdS at 45°C, was when the sample
was then heated to 45°C, and the third, CdS at 25°C (After Cycling to 45°C), was when the
sample was cooled back to 25°C. (B) Size distribution of sphere sizes obtained from fitting
Sphere Model (1) on the scattering data. (C) Size distribution of sphere sizes obtained from
fitting Sphere Model (2) on the scattering data. Model fitting was performed using the McSAS

software.
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Figure 2.20 (A) Scattering curves of V96-Cys:CdS at 20°C and 20°C after cycling to 45°C. The

1074

core shell sphere model was used to fit the data. From the fit, a core radius of 2.3 nm was
obtained with a shell thickness of 8.6 nm, a thickness lognormal polydispersity of 0.39, and a
shell scattering length density of 1.11 x 10~% A=2. The scattering length density of the core was
assumed to be that of CdS which was 6.54 x 1075 A~2 and the solvent was assumed to be that of
water which was 9.74 x 107 A~2. (B) Scattering curves of V54-Cys:Cds at 20°C and 20°C

after cycling to 45°C. The core shell sphere model was used to fit the data. From the fit, a core
radius of 2.3 nm was obtained with a shell thickness of 6.2 nm, a shell scattering length density

of 1.12 x 107% A2, and a shell thickness lognormal polydispersity of 0.39. The scattering
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length density of the core was assumed to be that of CdS which was 6.54 x 10~> A=2 and the

solvent was assumed to be that of water which was 9.74 x 1076 A2,

Finally, the structure of the V54-Cys:CdS particle-dense coacervates was investigated by
(S)TEM (Figure 2.21) as well as V96-Cys:CdS coacervates (Figure 2.22). Below the ELP
transition temperature, V54-Cys:CdS particles are relatively dispersed and do not show
interparticle close-packing on the TEM grid (Figure 2.21A). QDs with relatively short ligands,
such as the oleate:CdS or glycine:CdS (Figure 2.1), exhibit close-packing on the TEM grid, and
the absence of this effect for the V54-Cys:CdS can be rationalized by the relatively large size of
the ELP ligand. To confirm the structure of the coacervate, V54-Cys:CdS was incubated above
the transition temperature and prepared for electron microscopy (see 2.4.14 experimental).
Bright-field TEM reveals quasi-spherical coacervates around 500 nm in diameter composed of
dense QDs presumably held together by coacervated ELP ligands (Figure 2.21B). Scanning
TEM reveals the organic ELP component at a higher contrast, observed as the white haze
surrounding the QDs within the coacervate (Figure 2.21C). The coacervate is decorated by small
organic structures about 15-35 nm in diameter, seen both in the bright-field TEM and scanning
TEM images, and these are assigned to QD-free ELP clusters. Higher magnification images of
the coacervates (Figure 2.21B, inset) reveal the individual QDs within the coacervate. It is worth
noting that the QDs are not ordered in the dried coacervate, and cryogenic TEM images (Figure

2.21D) of small coacervates also do not show ordering.
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Figure 2.21 TEM images of V54-Cys:CdS prepared at (A) 20 °C and at (B) 45 °C. (C) Scanning
TEM image of V54-Cys:CdS prepared at 45 °C. (D) Cryogenic TEM images of V54-Cys:CdS

prepared at 45 °C. Higher magnification insets have a 20 nm scale bar.
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T Fnm i A /200 nm
Figure 2.22 TEM images of V96-Cys:CdS prepared at 20 °C (A) and at 40 °C (B and C), with

insets of higher magnification, 20 nm scale bars. Below the transition temperature, V96-Cys:CdS
is observed in monolayers or small (<20 nm) aggregates. Above the transition temperature, 1-2
um coacervates are observed with densely packed interiors (B). The coacervates appear to have
some structuring of small aggregates (C) similar to those observed below the transition

temperature.

2.3 CONCLUSIONS

In summary, we have developed a two-step ligand exchange method to bind V96-Cys and
V54-Cys ELPs to CdS QDs. The exchange is confirmed using CD spectroscopy in the visible
light region by observing a chiral absorbance corresponding to the excitonic transitions of the
CdS QD. By comparing the chirality-induced CD response for a range of small molecule model
ligands, including NAC, L-Cys, and L-Cys-Me, V96-Cys, and V54-Cys were determined to bind
to CdS QDs through the C-terminal cysteine residue preferentially. This is the first literature
example of post-synthetically inducing exciton chirality in QDs using proteins or polypeptides.
Notably, we were able to identify the amino acid bound to the QD surface using uM
concentration of polypeptide compared to the mM or higher concentrations previously used with

L-Cys and QDs for NMR studies. This highlights the advantage of using CD to determine
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protein-QD surface interaction, particularly in biologically relevant environments, where protein
concentration is limited by solubility. Additionally, for the first time, we reported the reversible
coacervation of ELP:CdS by DLS and CD spectroscopies and confirmed the coacervate structure
through (S)TEM. Moreover, analysis of SAXS data revealed increased spatial ordering of CdS
QDs in both V96-Cys:CdS and V54-Cys:CdS systems, highlighting the ELP's ability to drive
assembly in these hybrid materials. This study demonstrates the usefulness of circular dichroism
in determining the success of a biological ligand exchange on quantum dots. We believe this
technique can be applied to a diverse set of bio-ligand:QD systems in the future. Furthermore,
leveraging the knowledge gained in this study about the ELP:QD surface interaction, we aim to
study more complex inorganic nanostructures conjugated with ELPs that dynamically coacervate
in a manner that exploits both the properties of the ELP and the inorganic nanostructure to access

a broad library of functional hybrid materials with emergent functionality.

2.4  EXPERIMENTAL SECTION

2.4.1 Materials

Oleic acid (90%), tetramethylthiourea (98%), tetramethyl ammonium hydroxide (1M
aqueous), glycine (98%), N-acetyl-L-cysteine (=99%), L-cysteine (97%), L-cystine (99.7%), L-
cysteine methyl ester hydrochloride (>95%), Tris(2-carboxyethyl)phosphine hydrochloride
(>98%), methanol (>99.9%), and toluene (>99.8%) were purchased from MilliporeSigma and
used without further purification. Dowtherm® was purchased from Dow Inc. and used without
further purification. Hexadecane (99%) was purchased from MilliporeSigma, dried over calcium
choride, distilled, and stored in a glovebox. Cadmium oleate was synthesized following a

literature procedure.®* 18.2 MQ water was collected from an EMD Millipore purification system.
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UV-vis spectra were collected on a Cary 60 spectrophotometer from Agilent. Photoluminescence

spectra were collected on a Horiba Scientific FluoroMax-4 Spectrofluorometer.

2.4.2  Synthesis of (VPGVG)s4-Cys and (VPGVG)os-Cys ELPs

The construction of plasmid pET25(+)-ELP(V96), which encodes V96-Cys, was
previously described.*The gene encoding V54-Cys was obtained as a truncated PCR
amplification product during the construction of pET25(+)-ELP(V96). It was inserted into
pET25(+) to produce pET25(+)-ELP(V54). Plasmids were introduced into E. coli BL21(DE3)

cells and proteins were expressed and purified as described?® and stored at 4 °C.

2.4.3 Synthesis of Oleate:CdS

The synthesis of CdS QDs was adapted from Hamachi et al.®* Cadmium oleate (1.287g,
1.9 mmol), oleic acid (1.3 mL, 4.1 mmol), and hexadecane (60 mL) were added to a dried three-
neck 250 mL round-bottom flask equipped with a stir bar, thermowell, reflux condenser, and
rubber septum. The flask was evacuated at 90 °C for 1 h. Next, the flask was put under dynamic
nitrogen and heated to 230 °C. In a nitrogen atmosphere, tetramethylthiourea (TMTU, 0.2075 g,
1.6 mmol) was dissolved in Dowtherm (3.0 mL). The TMTU solution was rapidly injected into
the cadmium oleate solution and allowed to react for 3 h until there were no UV-Vis absorbance
changes. The temperature was then lowered to 120 °C, and the condenser was quickly replaced
by a distillation arm equipped with a 250 mL round-bottom flask, and the solvent was removed
via vacuum distillation. Once cooled to room temperature, in air, minimal toluene was added,
and the solution was transferred to centrifuge tubes followed by precipitation with methanol (3:1,

methanol: toluene) and centrifugation at 8,000 RPM for 10 mins. The supernatant was discarded,
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and the yellow pellet was redissolved in minimal toluene. This process was repeated for 3
precipitation and centrifugation cycles. The pellet was then suspended in 10 mL of toluene and
centrifuged at 8,000 RPM for 10 minutes. The yellow supernatant was then decanted away and
stored in a vial in the air. The QDs were characterized by an absorption maximum at 461 nm and

were 4.8 £ 0.4 nm in diameter via TEM analysis.

2.4.4  Synthesis of Glycine:CdS

The synthesis of Glycine:CdS was adapted from Tohga et al.! The concentration of QDs
was determined using the Peng sizing curve.*! To a vial, oleate:CdS (10 nmoles) was added and
dried. In a separate vial, glycine (0.589 g, 7.8 mM) was added with 1M aqueous
tetramethylammonium hydroxide (TMAOH, 3 mL) and stirred at room temperature for 10
minutes. The TMAOH solution was then added to the QD solid and stirred vigorously in the dark
for 24 h. To this solution, 3 mL of toluene was added and vigorously stirred. This solution was
centrifuged at 8,000 RPM for 10 minutes, producing a slightly yellow organic layer and a dark
yellow bottom layer. The top layer was removed, and 3 mL of toluene was added, followed by
vortexing. This washing and centrifugation process was repeated for 3 total cycles. The resulting
solution was then centrifuged using a 15,000 kDa centrifuge filter and centrifuged at 5,000 RPM
for 10 minutes. The colorless filtrate was discarded, and 2 mL of 18 MQ water was added to the
QD solution. This centrifuge filtration process was repeated 3 times. The resulting QDs show an

absorption maximum at 455 nm and were 4.11 + 0.4 nm in diameter via TEM analysis.
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2.4.5 Synthesis of V96-Cys:CdS and V54-Cys.:CdS

The concentration of Glycine:CdS QDs was determined using the Peng sizing curve.’!
(VPGVG)9sC or (VPGVG)s4C (V96-Cys, V54-Cys, 0.5 umol) was dissolved in 18 MQ water
(1.5 mL). In a separate vial, a solution of Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP+HCI, 67.1 mg, 0.234 mmol) in 18 MQ water (1 mL) was prepared. The TCEP<HCI
solution (21.4 puL, 5 pmol) was then added to the V96-Cys or V54-Cys solutions and stored at 4
°C for 1 h. Next, glycine:CdS QDs (387 pL, 1.4 nmol) were added to the ELP solutions and
diluted with water (591 pL). The solutions were then pH adjusted with TMAOH (1M, 200 pL)
until pH was 11. These solutions were stored in the dark at 4 °C overnight. After overnight
incubation, the QD solutions were heated to 45 °C for 20 minutes and centrifuged at 5,000 PM
for 10 minutes. The resulting colorless supernatant was discarded, and the yellow pellet was
dissolved in chilled 18 MQ water (2 mL). The heat centrifugation was repeated for 2 cycles, and
the resulting pellet was dissolved in 2 mL of 18 MQ water and transferred to a prepared Float-A-
Lyzer® dialysis device. The solutions were dialyzed against 500 mL of 18 MQ water. The water
was replaced at 2 and 4 hours before leaving overnight in 1 L of 18 MQ water. The dialyzed
samples were then lyophilized overnight, and the resulting yellow solid was dissolved in 18 MQ
water (2.5 mL) and stored in the dark at 4 °C unless being used for analysis. [V96-Cys:CdS]:

0.180 uM [V54-Cys:CdS]: 0.310 uM calculated from Peng sizing curve.’!

2.4.6  Synthesis of N-Acetyl-L-Cysteine (NAC):CdS

Samples were prepared in a similar manner as V96-Cys:CdS and V54-Cys:CdS QD. First,
NAC (9.1 mg, 56 umol) was dissolved in 18 MQ water (10 mL). Next, TCEP*HCI (67.1 mg, 0.234
mmol) was prepared in 18 MQ water (1 mL). The NAC solution (89.3 pL, 0.5 pmol) was then
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added to a new vial, followed by the addition of the TCEP solution (21.4 puL, 5 umol) and stored
at 4 °C for 1 hour. After 1 hour, added glycine:CdS QDs (221 uL, 1.4 nmol) and additional 18 M
water (1.968 mL) followed by TMAOH (1M, 200 puL) and stored at 4 °C overnight. After
incubation, the solution was centrifuged at 8,000 RPM for 10 minutes. The supernatant was then
transferred to a 30 kDa centrifuge filter and centrifuged at 8,000 RPM for 5 minutes. The colorless
filtrate was discarded, and 18 MQ water was added to the QD solution, and it was centrifuged
again at 8,000 RPM for 5 minutes; this process was repeated for 5 cycles. After the 5™ cycle, 18
MQ water (2.3 mL) was added back to the final solution and was stored at 4 °C in the dark unless

being used for analysis. [NAC:CdS]: 0.180 uM calculated from Peng sizing curve.’!

2.4.7 Synthesis of L-Cysteine (L-Cys):CdS

Samples were prepared in a similar manner as V96-Cys:CdS and V54-Cys:CdS QD.
First, L-Cys (5.5 mg, 45 umol) was dissolved in 18 MQ water (10 mL). Next, TCEP-HCI (18.2
mg, 0.0635 mmol) was prepared in 18 MQ water (1 mL). The L-Cys solution (112 pL, 0.5 pmol)
was then added to a new vial, followed by the addition of the TCEP solution (78.7 puL, 5 pmol)
and stored at 4 °C for 1 hour. After 1 hour, added glycine:CdS QDs (420 pL, 1.4 nmol) and an
additional 18 MQ water (1.681 mL) followed by TMAOH (1M, 200 uL) and stored at 4 °C
overnight. After incubation, the solution was centrifuged at 8,000 RPM for 10 minutes. The
supernatant was then transferred to a 30 kDa centrifuge filter and centrifuged at 8,000 RPM for 5
minutes. The colorless filtrate was discarded, and 18 MQ water was added to the QD solution,
and it was centrifuged again at 8,000 RPM for 5 minutes; this process was repeated for 5 cycles.

After the 5 cycle, 18 MQ water (2.3 mL) was added back to the final solution and was stored at
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4 °C in the dark unless being used for analysis. [L-Cys:CdS]: 0.400 uM calculated from Peng

sizing curve.’!

2.4.8 Synthesis of L-Cysteine Methyl Ester (L-Cys-Me):CdS

Samples were prepared in a similar manner as V96-Cys:CdS and V54-Cys:CdS QD.
First, L-Cys-Me*HCI (9.6 mg, 56 umol) was dissolved in 18 MQ water (10 mL). Next,
TCEP<HCI (18.2 mg, 0.0635 mmol) was prepared in 18 MQ water (1 mL). The L-Cys-Me
solution (87.7 uL, 0.5 umol) was then added to a new vial, followed by the addition of the TCEP
solution (78.7 puL, 5 umol) and stored at 4 °C for 1 hour. After 1 hour, added glycine:CdS QDs
(420 pL, 1.4 nmol) and an additional 18 MQ water (1.714 mL) followed by TMAOH (1M, 200
pL) and stored at 4 °C overnight. After incubation, the solution was centrifuged at 8,000 RPM
for 10 minutes. The supernatant was then transferred to a 30 kDa centrifuge filter and centrifuged
at 8,000 RPM for 5 minutes. The colorless filtrate was discarded, and 18 MQ water was added to
the QD solution, and it was centrifuged again at 8,000 RPM for 5 minutes; this process was
repeated for 5 cycles. After the 5" cycle, 18 MQ water (2.3 mL) was added back to the final
solution and was stored at 4 °C in the dark unless being used for analysis. [L-Cys-Me:CdS]:

0.390 uM calculated from Peng sizing curve.’!

2.4.9 Synthesis of L-Cystine (L-Cys-Cys):CdS

The synthesis of Glycine:CdS was adapted from Tohga et al.! The concentration of QDs
was determined using the Peng sizing curve.’' To a vial, oleate:CdS (6.9 nmoles) was added and

dried. In a separate vial, L-cystine (0.075 g, 0.31 mM) was added with 1M aqueous
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tetramethylammonium hydroxide (TMAOH, 2 mL) and stirred at room temperature for 10
minutes. The TMAOH solution was then added to the QD solid and stirred vigorously in the dark
for 24 h. To this solution, 3 mL of toluene was added and vigorously stirred. This solution was
centrifuged at 8,000 RPM for 10 minutes, producing a slightly yellow organic layer and a dark
yellow bottom layer. The top layer was removed, and 3 mL of toluene was added, followed by
vortexing. This washing and centrifugation process was repeated for 3 total cycles. The resulting
solution was then centrifuged using a 15,000 kDa centrifuge filter and centrifuged at 8,000 RPM
for 5 minutes. The colorless filtrate was discarded, and 2 mL of 18 MQ water was added to the
QD solution. This centrifuge filtration process was repeated 5 times. After the 5" cycle, 18 MQ
water (2.3 mL) was added back to the final solution and was stored at 4 °C in the dark unless

being used for analysis. [L-Cystine:CdS]: 0.290 uM calculated from Peng sizing curve.’!

2.4.10 pH Adjustment of ELP:CdS and NAC:CdS Samples

TCEP<HCI (0.207 M, aqueous, 27.1 pL) was added to V96-Cys:CdS, V54-Cys:CdS and
NAC:CdS solutions to prevent disulfide bond formation (pH~5). NaOH (1N, aqueous) was then
added to each of the samples in 10 uL aliquots until pH was 11 (~50 pL). To adjust the pH to 7

TCEP<HCI (0.207 M, aqueous) was added in 10 uL aliquots until pH was 7 (~20 puL).

2.4.11 Concentration of ELP:CdS in Deep UV CD

Both V96-Cys:CdS and V54-Cys:CdS samples were diluted by a factor of 167. [V96-

Cys:CdS]: 0.1 nM, [V54-Cys:CdS]: 0.2 nM.
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2.4.12 Circular Dichroism

Spectra were collected on a Jasco J-720 spectrophotometer equipped with a temperature

controller from Jasco. Scan rate: 100 nm, Data pitch: 1nm, bandwidth: 10 nm, path length:1 cm.

Equation 2.1 AA/A normalization of CD spectra

CD(mdeg)
AA 32980
Ajmax  Abs at lowest energy A, electronic transition

Equation 2.2 g-factor at specific wavelength

CD(mdeg)
AA _ 732980
A Abs
Equation 2.3 Average g-factor
lg" — g
2
CD(mdeg) at A, of most positive intensity CD(mdeg) at A, of most negative intensity
32980 _ 32980
Abs at A, of most positive intensity Abs at A, of most negative intensity
N 2

2.4.13 DLS Analysis

Dynamic light scattering (DLS) measurements were performed on a Malvern Zetasizer
Nano ZS with an 800 nm laser. The extinction coefficient used was for bulk CdS for all samples,
and the refractive index used was for water in all samples except Oleate:CdS samples. Scattering

data were fit using a multipeak model in the Malvern Zetasizer software.
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2.4.14 TEM Preparation and Analysis

TEM images were collected on a FEI Tecnai G2 F20 SuperTwin microscope operated at
200 keV for bright field, cryo and STEM. Solutions of ligand:CdS were prepared for TEM grid
preparation by diluting by a factor of 2 from the solutions used for CD and SAXS. Room
temperature samples were prepared by dropcasting 5 uL of ligand:QD in water (or toluene for
native oleate-capped QDs) onto a suspended TEM grid, which was then allowed to dry fully (10
min) and placed under vacuum overnight. To prepare TEM grids at 45 °C, the V54-Cys:QD
solution was placed in a 45 °C chamber for 4 minutes (solution becomes turbid), dropcast 5 uL.
onto a suspended TEM grid, which was then allowed to dry in the warm 45 °C chamber (5 min)
and placed under vacuum overnight. TEM size analysis was performed using manual analysis in
ImagelJ based on images from at least two different grid locations and over 300 particle diameter
measurements per sample. Cryogenic TEM samples were prepared using a Vitrobot Mark IV
System, with liquid ethane as the coolant. Samples were prepared as above, incubated on a hot
plate at 45 °C, and dropcast onto C-flat™ grids. Imaging was performed using the Gatan

CT3500 single-tilt liquid nitrogen cryo-transfer holder.

2.4.15 SAXS Analysis

SAXS was performed on a Xenocs Xeuss 3.0 (Grenoble, France) instrument with an x-
ray energy of 8.04 keV (wavelength 1.54 A) using a copper K-a microfocus source. Data was
collected in two configurations: mid-q (0.007 - 0.020 A") for 30 minutes, and high-q (0.020 -
0.200 A1) for 15 minutes. Samples were loaded in a 1.5mm diameter thin-walled quartz
capillary purchased from Charles Supper (Westborough, MA, USA). The Peltier stage provided
by Xenocs was used to vary the temperature of the samples. Background subtraction was
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performed by subtracting the scattering of water measured using the same configurations. Data

reduction and merging were performed using the XSCAT software (Xenocs Inc.). Data fitting

was performed using either Sasview (http://www.sasview.org/) or McSAS.%
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Chapter 3. CHIRAL THIOL SENSING WITH ACHIRAL CDS NRS

3.1 INTRODUCTION

In biology, cysteine (Cys) has a far more diverse set of functional roles than any other
amino acid. Cys is known to participate in structural disulfides, redox regulation, nucleophilic
catalysis, and metal binding.! Despite its diverse roles, Cys is the least abundant amino acid in
human proteins, accounting for around 2%.>* For healthy adults, Cys concentration is typically
between 240-360 uM,* with concentrations outside this range signaling cell aging® and
neurodegenerative diseases.® Because cysteine is a biologically prevalent thiol with well-
characterized nucleophilicity and redox chemistry, it is also a useful model for probing thiol

reactivity under physiologically relevant conditions.

CdE (E=S, Se, Te) nanocrystals (NCs) offer synthetically tunable chromophores with
surface-sensitive absorbance and emission profiles, making them promising candidates for
sensing applications.”® A common approach to synthesizing high-quality, water-soluble CdE
NCs involves hydrophobic synthesis followed by aqueous-phase exchange. Reports utilize high-
boiling-point solvents and long alkyl-chain ligands (containing carboxylate, amine, or
phosphonate binding groups) to controllably synthesize CdE NCs. Once synthesized, the CdE
NCs are often phase-exchanged using hydrophilic thiol-containing capping ligands, rendering the
NCs water-soluble.” 2 Thiol binding groups have been extensively used to phase exchange CdE
NCs due to their thermodynamically superior interactions when compared to carboxylate and

amine binding groups.'?
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Highlighting CdE NC surface sensitivity, recent studies showed that QDs exhibit
chiroptical signatures when directly interfaced with chiral molecules, including Cys.!'!* Since
the discovery that replacing hydrophobic ligands with Cys on CdSe QDs resulted in the
absorbance and emission features of the QD showing a chiral response in circular dichroism

(CD) and circularly polarized luminescence experiments,'* many studies have followed up to

9,16 17,18

understand how shelling,'® chiral molecule identity,”!® and NC morphology affect induced
NC chirality. Notably, nanorod (NR) morphologies have been reported to be up to 10 times more
chiroptically active than QDs.!? While the mechanism is still not fully understood, these reports
have demonstrated that directly interfacing CdE NCs with chiral molecules induces chiroptical

properties. Adding to this emerging field, we have recently demonstrated that Cys-containing

polypeptides also induce chirality in CdS QDs.!

The concentration of Cys during CdE NC phase exchange has also been shown to affect
the induced chiroptical properties. Kuznetzova et al.' and Cheng et al.!® reported that the
concentration of Cys used during the biphasic ligand exchange affects the chiroptical response of
CdSe/CdS QDs and CdSe/CdS NRs, respectively. In these exchanges, Cys concentrations were
at least 100 equivalents per QD and 10,000 equivalents per NR, respectively. Notably, for
CdSe/CdS NRs, the highest g-factors were obtained with the smallest Cys concentration (10,000
eq/NR) that still allowed NR phase exchange.'® These reports highlight the importance of ligand

coverage required for phase exchange and dictating chiroptical response.

Despite these advances, the reliance on a very large excess of chiral thiols to induce
measurable chiroptical signals limits their relevance to biologically meaningful concentrations
and practical sensing applications. Because circular dichroism is directly sensitive to the chiral

environment at the nanocrystal surface, it presents an attractive, label-free mechanism for thiol

63



detection if the induced signals can be observed at physiologically relevant concentrations. Here
we test that hypothesis by titrating biologically relevant chiral thiols, including Cys, glutathione
(GSH), n-acetyl-L-cysteine (NAC), and L-cysteine-methylester (CysME), intro achiral glycine-
capped CdS nanorods and monitoring induced CD and PL responses, comparing nanorod lengths
and thiol structures to evaluate sensitivity and selectivity. By demonstrating induced chiroptical
responses at physiologically relevant uM thiol concentrations * and linking those responses to
nanorod morphology and ligand structure, we aim to establish a surface-sensitive optical

approach for detecting cysteine and related thiols in biologically relevant settings.

3.2  RESULTS AND DISCUSSION

For this study, a seeded growth synthesis was adopted to produce 2 NRs with identical
{001} and {101} polar facet dimensions while varying the non-polar {100} facets (see
methods).?° The as-synthesized NRs were analyzed by transmission electron microscopy (TEM),
with sizing analysis revealing 6.0 = 0.7 nm by 22 + 6 nm (Figure 3.1A) and 5.8 £ 0.8 nm by 61
+ 29 nm (Figure 3.1B) for the short and long NRs, respectively. The CdS NRs are rendered
water-soluble with glycine following a previously reported procedure from our group.'”
Following water solubilization, the NRs etch slightly, consistent with previous observations,
leading to short and long NRs with dimensions of 4.9 £ 0.6 nm by 18 + 5 nm (Figure 3.1C) and
5.0 £ 0.8 nm by 61 + 29 nm, respectively (Figure 3.1D). While both the width dimensions
decrease by approximately 1 nm, the length dimensions remain within error after the glycine
ligand exchange. Most importantly, both NRs are water-soluble, and their UV-Vis, PL, and CD

spectra can be monitored (Figure 3.2).
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Figure 3.1 (A) TEM and sizing of shorter as-synthesized CdS NRs with an average width of 6.0
+ (0.7 nm and length of 22 + 6 nm. (B) TEM and sizing of longer as-synthesized CdS NRs with
an average width of 5.8 & 0.8 nm and length of 65 + 31 nm. (C) TEM and sizing of shorter
glycine:CdS NRs after ligand exchange with an average width of 4.9 + 0.6 nm and length of 18 +
5 nm. (D) TEM and sizing of longer glycine:CdS NRs after ligand exchange with an average

width of 5.0 = 0.8 nm and length 61 &+ 29 nm.
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Figure 3.2 (A) UV-Vis spectrum of short glycine:CdS NRs. (B) PL spectrum of short glycine
CdS NRs, excitation at 412 nm. (C) CD spectrum of short glycine CdS NRs. (D) UV-Vis
spectrum of long glycine:CdS NRs. (E) PL spectrum of long glycine:CdS NR, excitation at 412

nm. (F) CD spectrum of long glycine:CdS NRs. All spectra were collected in water at pH 10.3.

Methods for quantifying biothiols have historically used organic transformations to attach
fluorescent probes to the thiol group, each with inherent limitations.?! In this work, we aim to
leverage the optically sensitive surface of the NRs to probe chiral biothiol interactions. To mimic
the potential interactions biothiols have on induced NR optical properties, we examine GSH

(Figure 3.3A-green), Cys (Figure 3.3A-black), NAC (Figure 3.3A-plum), and CysME (Figure
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3.3A-orange). GSH was selected to mimic the internal Cys protein coordination motif, while

NAC and CysME were selected to mimic ¢ and n-terminus Cys binding, respectively.
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Figure 3.3 (A) Legend of chiral thiol molecules used: CysME (orange), Cys (black), NAC (plum),
and GSH (green). (B) Maximum |g-factor| obtained for each NR (short-dark, long-faded) of GSH
(green), NAC (plum), Cys (black) and CysME (orange) at pH 10.3. (C) Most intense CD spectra
of long NRs with GSH (green), NAC (plum), Cys (black) and CysME (orange). (D) Average
equivalents of GSH (green), NAC (plum), Cys (black) and CysME (orange) needed to obtain

maximum g-factors. |g-factor| was calculated by taking the magnitude of the g-factor value at the
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most intense CD transition. Starting concentrations: [Short CdS]: 86 nM, [Long CdS]: 77 nM,
[TCEP]: 1 mM. All stock cysteine solutions were made at 20 mM in nanopure water.

To determine how Cys and its derivatives affect the induced optical properties, titrations
were performed at pH 10.3 using the two different NR lengths (see Methods) and their maximum
g-factors determined (Figure 3.3B). For short NRs, the g-factor of GSH, NAC, Cys, and CysME
were 1.45(6)x10™* (Figure 3.3B-dark green), 2.7(6)x10* (Figure 3.3B-dark plum), 9.4(4)x10™*
(Figure 3.3B- black), and 12.0(1)x10™* (Figure 3.3B-dark orange), respectively. Comparing
the long NRs, the g-Factor of GSH, NAC, Cys, and CysME were 1.33(9)x10* (Figure
3.3B-light green), 4.0(3)x10* (Figure 3.3B-light plum), 9.8(8)x10* (Figure 3.3B-gray), and
13.2(2)x10* (Figure 3.3B-light orange), respectively. Notably, for both NRs, CysME produces
the highest g-factors, followed by Cys, NAC, and GSH, respectively. From these results, we
hypothesize that the carboxylate binding groups do not significantly impact chiroptical activity,
whereas acetylation of the adjacent amine group drastically decreases achievable g-factors.
Interestingly, CysME resulted in lower g-factors than Cys and NAC,’ with seldom reports of
ligand exchanges with GSH. Additionally, these results demonstrate that the stoichiometric
{100} facet does not significantly impact the induced chiral optical properties. This result is
consistent with the results previously reported for CdSe NRs 2 and suggests the polar facet

dimensions primarily dictate the chiroptical outcome with NRs.

As previously reported for QDs, a prominent factor in dictating induced chirality is the
number of ligands bound to the surface.!® We hypothesize that the steric bulk of GSH and NAC
results in fewer thiol groups bound and modest g-factors compared to Cys and CysME. These
results suggest that acetylation of the amine bound to the chiral carbon center in Cys has a

significant impact in reducing the induced chirality in NRs, while methylation of the carboxyl
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group does not. Overall, we propose that the number of ligands bound to the polar facets affects

the induced chiroptical properties observed in NRs.

While GSH and NAC have modest g-factors, their CD line shapes are also inverted
relative to Cys and CysME (FIGURE 3.3C), consistent with previous observations in QDs.>!"
As previously hypothesized by Choi et al., NAC inverted chirality is believed to arise from L-
type ligand passivation by the amide carbonyl, which could explain the CD inversion of both
NAC and GSH relative to Cys and CysME.” Additionally, there is a large difference in the NAC
concentration required to reach the maximum g-factor value compared to that of the other Cys
derivatives (Figure 3.3D). Surprisingly, this was not true of GSH, which also has an acetylated
amine on the adjacent carbon center. However, GSH contains an amine-binding group several
atoms away from the thiol group, which could potentially explain these differences. Regardless,
our results demonstrate that the presence of an amine group in the vicinity of the thiol influences
the magnitude and lineshape of the chiroptical response. For short NRs, the equivalents of GSH,
NAC, Cys, and CysME per NR at the maximum g-factor were 150(30) (Figure 3.3D-dark
green), 3,000(1,000) (Figure 3.3D-dark plum), 170(30) (Figure 3.3D-black), and 400(100)
(Figure 3.3D-dark orange), respectively. For Long NRs, the g-Factor of GSH, NAC, Cys, and
CysME were 120(80) (Figure 3.3D-light green), 2,000(1,000) (Figure 3.3D-light
plum), 190(60) (Figure 3.3D-gray), and 500(100) (Figure 3.3D-light orange), respectively.
The lack of observed differences in thiol equivalents between the 2 length NRs also demonstrates
that the non-polar 100 facet has no significant influence on induced chiroptical properties of

NRs.

To further examine the role of ligand concentration on the induced chirality, equivalents

of thiol per NR were plotted against g-factor for both short (Figure 3.4A) and long NRs (Figure
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3.4B). Interestingly, we observed an increase followed by a notable drop-off in g-factor for
CysME (Figure 3.4A,B-orange), Cys (Figure 3.4A,B-black), and GSH (Figure 3.4A,B-
orange) regardless of NR length. These results are consistent with those of Gun’ko and
coworkers, who found that the g-factor initially increased with increasing Cys concentration,
then decreased.'® The decrease in g-factor is proposed to be due to reduced denticity of Cys on
the surface (as the concentration of Cys on the CdSe increases, Cys denticity decreases).
Notably, the g-factor of NAC shows little to no chirality in the first few hundred equivalents
(Figure 3.4A,B-plum), eventually reaching a maximum around 1000 equivalents. While it is
still unclear why NAC behaves differently in these titrations compared to GSH, Cys, and

CysME, this trend was observable in both NR sizes.

Finally, to corroborate the induced chiroptical data for the NRs, PL spectra were
monitored during titrations of both short (Figure 4C) and long NRs (Figure 4D). These results
demonstrate that as thiol concentration increases, band edge PL decreases, consistent with
previous reports of thiols trapping charge carriers in NCs.?? Comparing g-factor and band-edge
PL trends across the different thiols, stronger chirality induction with thiols leads to greater
quenching of band-edge PL. We hypothesize that the band edge PL is also a good proxy for the
number of surface thiols. GSH has the greatest steric bulk and thus has the best preservation of
band edge PL (Figure XX, B-green) of the NRs, and suggests that increasing steric bulk leads to
fewer thiols on the surface of the NRs. As the steric profile is decreased in NAC, slightly less
band edge PL quenching is observed (Figure XX, B-plum). Then moving to Cys (Figure XX,
B-black) and CysME (Figure XX, B-orange), considerably more band edge PL quenching is
observed, signifying more thiols are bound to the NR surface due to their considerably reduced

steric bulk.
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Figure 3.4 (A) Plot of short CdS NR g-factor vs. equivalents of GSH (green), NAC (plum), Cys
(black) and CysME (orange). (B) Plot of normalized band edge emission of short CdS NR vs.

equivalents of GSH (green), NAC (plum), Cys (black), and CysME (orange).

3.3 CONCLUSIONS

In summary, we have described pM sensing of chiral thiols using two different length
achiral water-soluble CdS NRs using a combination of CD and PL. From our results, we found

that maximum g-factors were achievable for CdS NRs at ~100 equivalents for GSH, Cys, and
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CysME, demonstrating that significant induced chiroptical activity can occur at far lower ligand
concentration than previously reported. Among the thiols tested, CysME produced the largest g-
factor for both short and long CdS NRs (12.0(1)x10* and 13.2(2)x10, respectively), and the NR
length was not found to significantly influence g-factor. GSH and NAC produced inverted CD
lineshapes compared with Cys and NAC, highlighting the influence of the local coordination
motif of the thiols. Collectively, these results highlight the exceptional surface sensitivity of CdS
NRs to biologically relevant concentrations of thiols and emphasize the importance of ligand

coverage and concentration in dictating chiroptical response in these materials.

3.4 EXPERIMENTAL METHODS
3.4.1 Materials

The following chemicals were used without purification. Cadmium oxide powder (CdO,
99.95%), sulfur powder (99.95%), trioctylphosphine (TOP, 90%). Tetramethylammonium
hydroxide solution (TMAOH, 10% wt in water), glycine (98%), L-cysteine (Cys, 97%), L-
cysteine methyl ester (CysME, >98%), n-acetyl-L-cysteine (NAC, >99%), glutathione (GSH,
98%), tris(2-carboxyethyl)phosphine hydrochloride powder (TCEP+<HCI, >98%), methanol
(>99.9%), and toluene (>99.8%) were purchased from MilliporeSigma. n-tetradecylphosphonic
acid (TDPA, 99%) was purchased from PCI Synthesis. Trioctylphosphine oxide (TOPO) (90%)
was purchased from MilliporeSigma and recrystallized following a literature procedure.”* 18.2
MQ water was collected from an EMD Millipore purification system. UV—vis spectra were
collected on a Cary 60 spectrophotometer from Agilent. Photoluminescence spectra were
collected on a Horiba Scientific FluoroMax-4 spectrofluorometer. CD spectra were collected on

a Jasco J-1500 (Scan rate: 100 nm/min, data pitch 1 nm, 15 scans, path length: 1 cm).
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3.4.2 Synthesis of Shorter CdS NRs

Synthesis of the shorter CdS NRs was adapted from the literature.?’ The day before the
synthesis, sulfur (0.045 g, 1.4 mM) was prepared in TOP (5 mL) in a glovebox. In a dried 50 mL
3-neck flask, CdO (0.0575 g, 0.45 mM), TOPO (1.75 g, 4.5 mM), and TDPA (0.2075 g, 0.75
mM) were degassed at 90 °C for 90 minutes. After 90 minutes, under nitrogen, the flask was
heated to 340 °C for 10 minutes. After 10 minutes, the temperature was set to 300 °C and
equilibrated. Once equilibrated, 1.5 mL of the previously prepared TOP-S solution was rapidly
injected into the 3-neck flask, and the solution was left to re-equilibrate at 300 °C. This solution
was left at 300 °C for 90 minutes. After 90 minutes, a 5 mL syringe was loaded with the
remaining TOP-S solution and injected at a rate of 2.5 mL/hr while keeping the temperature at
300 °C. After the syringe injection was finished (~60 minutes), the NRs were left at 300 °C for
an additional 20 minutes. The solution was then quickly removed from heat and rapidly cooled
with air. Once the temperature reached 70 °C, 5 mL of toluene was rapidly injected. Next, the
reaction was transferred to centrifuge tubes in a 3:1 MeOH:TOPO/toluene ratio and centrifuged
at 10,000 RPM for 10 minutes. The resulting pellet was resuspended in minimal toluene, and
MeOH was added to achieve a 3:1 MeOH:toluene ratio, then centrifuged at 10,000 RPM for 10
minutes for 2 additional cycles. Finally, the pellet was dissolved in 3x10 mL toluene, sonicated
for 10 minutes, and centrifuged at 10,000 RPM for 10 mins. The resulting pellet was minimally

soluble in toluene and analyzed via TEM and PXRD.

3.4.3 Synthesis of Longer CdS NRs

Synthesis of the longer CdS NRs was similarly adapted from literature.?’ The day before
the synthesis, sulfur (0.045 g, 1.4 mM) was prepared in TOP (5 mL) in a glovebox. In a dried 50
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mL 3-neck flask, CdO (0.0575 g, 0.45 mM), TOPO (1.75 g, 4.5 mM), and TDPA (0.2075 g, 0.75
mM) were degassed at 90 °C for 90 minutes. After 90 minutes, under nitrogen, the flask was
heated to 340 °C for 10 minutes. After 10 minutes, the temperature was set to 300 °C and
equilibrated. Once equilibrated, 1.5 mL of the previously prepared TOP-S solution was rapidly
injected into the 3-neck flask, and the solution was left to re-equilibrate at 300 °C. This solution
was left at 300 °C for 90 minutes. After 90 minutes, a 5 mL syringe was loaded with 1.6 mL of
the TOP-S solution and injected at a rate of 2.5 mL/hr while keeping the temperature at 300 °C.
After the syringe injection was finished (~30 minutes), the NRs were left at 300 °C for an
additional 20 minutes. The solution was then quickly removed from heat and rapidly cooled with
air. Once the temperature reached 70 °C, 5 mL of toluene was rapidly injected. Next, the reaction
was transferred to centrifuge tubes in a 3:1 MeOH:TOPO/toluene ratio and centrifuged at 10,000
RPM for 10 minutes. The resulting pellet was then resuspended in minimal toluene, and MeOH
was added to achieve a 3:1 MeOH:toluene ratio and centrifuged at 10,000 RPM for 10 minutes
for 2 additional cycles. Finally, the pellet was dissolved in 3x10 mL toluene, sonicated for 10

minutes, and centrifuged at 10,000 RPM for 10 mins.

3.4.4 (CdS NR Glycine Exchange Procedure

Both long and short CdS NRs were made water soluble with glycine by adapting our
previous literature report.'? In short, 5-7 mg of CdS NRs were transferred into a new vial and
dried. To this vial, 6 mL of 1.78 M glycine in | M TMAOH were added, and the solution was
stirred overnight in the dark. To this solution, 6 mL of toluene was added, and stirred, followed
by centrifugation at 8,000 RPM for 10 minutes, producing a colorless top layer and a yellow

bottom layer with white foam separating the layers. This toluene washing process was repeated
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for 3 total cycles. The aqueous layer was then transferred to a vial and allowed to sit at 4 °C in
the dark for 48 hours. After 48 hours, the solution was centrifuged at 8,000 RPM for 10 minutes,
and the resulting solution was stored in air at room temperature and in the dark. The
concentration of the glycine:CdS NR solutions was determined via the Peng sizing curve and
was typically ~1 pM.?* Determination of the lowest energy exciton was done by using the CD

absorbance bisignate feature for both NRs produced in the addition of Cys.

3.4.5 Glycine:CdS NR Spectroscopic Titration Procedure

All thiol and TCEP solutions were freshly prepared before each titration. The starting
volume for each titration was 2.5 mL. To prepare, 0.206 M TCEP*HCI was freshly prepared and
12.1 pL was added to 2.288 mL of nanopure water in a 3 mL cuvette. Next, the CdS NR solution
was added to the cuvette so that the [Short CdS NRs]: 86 nM and [Long CdS]: 77 nM (typically
~150 pL of each stock solution), followed by dilution to 2.5 mL total volume with a prepared
1.78 M glycine and 1 M TMAOH aqueous solution. The thiols were freshly weighed out and
dissolved in 2 mL of nanopure water, so the thiol stock concentration was 0.020 M. UV-Vis
absorbance, CD, and PL spectrum were then collected after each addition of stock thiol solution

at: O L, 0.5 uL, 1 pL, 1.5 pL, 2 uL, 2.5 pL, 4 uL, 6 uL, 16 puL, 36 uL and 56 pL.
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Chapter 4. NANOMOLAR SENSITIVITY CHIRALITY TRANSFER
FROM DESIGNED HELICAL REPEAT PROTEINS TO

ACHIRAL CDS NANORODS

4.1 INTRODUCTION

Chiral inorganic nanocrystals (NCs) are an emerging class of materials with potential
applications in imaging, sensing, enantioselective catalysis, and spintronics.' > Historically, Au
NCs have been the most-studied material in this class, in which chiral molecules have been
shown to induce asymmetry across several length scales. At the smallest scale, molecular
asymmetry of the Au NC lattice can arise during the nucleation and growth stage using chiral
ligands as stabilizers, resulting in g-factors as high as 10"1.53 At the length scale of the Au NC
interface, asymmetry can emerge in achiral Au NCs via chiral molecule interactions on the NC
surface.”!? Finally, macroscale architectures or assemblies can generate Au NCs in chiral

configurations.!'"1°

While chiral Au NCs have been historically the most well-studied, chiral semiconducting
NCs of CdE (E=S, Se, Te) have seen exceptional progress in the last 20 years. The first example
of chirality in CdE NCs was reported in 2007 by Malony et.al., who used penicillamine as a
ligand to synthesize aqueous CdS NCs.!¢ While this report is fundamental in building our
understanding of chiral NCs, ultimately controlling the morphology and optical properties of
NCs in polar solvents has remained an outstanding challenge. Expanding on this observation of
interfacial asymmetry, in 2013 Balaz and coworkers demonstrated that achiral, hydrophobic

CdSe NCs could be made chiral via aqueous ligand exchange with cysteine (Cys), yielding g-
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factors of 10*.!71¥ While the mechanism of interfacial chirality remains unclear, it has since been
shown that this ligand exchange method can produce g-factors of up to 10 for CdE nanorods
(NRs).!” At the largest length scale, Kotov and coworkers have demonstrated micron-length

helical assemblies of chiral CdTe NCs with g-factors of 107 using interfacial Cys.?%2?

There are many examples of using chiral small molecules to create asymmetry in CdE
across these length scales; however, there are far fewer studies that have incorporated proteins.
Proteins offer chiral architectures comprised of chiral amino acid building blocks; however,
much less is known about their ability to induce chirality in CdE NCs. Recently, Spangler and
coworkers used designed proteins to template the growth of chiral CdS NCs; however, their g-
factor was not reported.?>** In 2024, we reported the first example of inducing chirality in CdS
quantum dots (QDs) using polypeptides with g-factors approaching 10*; however, the
polypeptides lacked macromolecular order.?® Chiral assemblies of CAdE NCs with biomolecules
(proteins, polypeptides, or DNA) are scarce.'* This lack of examples highlights the difficulties of
incorporating biomolecules that are highly sensitive to their environments (pH, temperature,
ionic strength, etc.) and CdE NCs with charged surfaces that require passivation for colloidal

stability.

Additionally, in the biomolecule:CdE examples, the systems are limited by accessible
biomolecule concentration (10-450 pM),!4>3-% likely due to synthetic and solubility limitations.
In contrast, to the best of our knowledge, when performing biphasic aqueous ligand exchanges to
achieve interfacial asymmetry in CdE NCs, the lowest concentration of Cys used is 1 mM?°
(typically 10-100 mM).!”-1%-27-3! The large discrepancy in concentration and the high pH
conditions used in these ligand exchanges are not feasible for incorporating biomolecules. While

there are established methods for the direct covalent attachment of NCs to biomolecules, these
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methods use small molecules on the NC surface to bind to targeted amino acids, with no reported
chirality. An ideal system would exploit the protein's intrinsic chirality by enabling direct
interfacial interactions between its amino acid side chains and the NC. To design such a direct

bio-inorganic interface, achiral and water-soluble NCs are ideal.

To minimize biomolecule concentrations for observable chiroptical response, we aim to
incorporate CdS NRs, as NRs have been shown to exhibit an order-of-magnitude increase in g-
factor compared to QDs. Additionally, while we reported the first example of induced chirality in
CdS QDs with polypeptides, the polypeptides used were intrinsically disordered with low
complexity,*? which made them ideal for simple surface chelation of CdS. To our knowledge, no
prior report has demonstrated proteins with well-defined tertiary structure can transfer chirality
to CdS NCs. Previous reports have been limited to small molecules, disordered polypeptides, or
biomolecule templated growth, none of which address whether a folded protein can impose
asymmetry at an inorganic interface. In this study, we aim to introduce complexity and order into
biomolecules and determine whether establishing a protein:CdS interface induces asymmetry,
and whether it does so while maintaining the protein structure. To do this, a designed helical
repeat (DHR) protein containing eight a-helices and four Cys residues (DHR-4Cys) was
prepared. Importantly, this protein is highly ordered and contains amino acids with additional
chelating side chains, including aspartic acid (Asp), glutamic acid (Glu), histidine (His), and
lysine (Lys), in addition to the four Cys residues. Moreover, all four Cys residues are located on
one side of the protein's plate-like structure, which we hypothesized would be ideal for binding
to the CdS surface with minimal interparticle aggregation. Such a CdS:DHR complex could be

considered as a monomer in the deterministic construction of chiral structures across larger
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length scales, given the precedent for the assembly of such designed proteins into

macromolecular chiral motifs like helices.>>~*

Here, we employ a robust aqueous ligand exchange method to directly establish a
protein:CdS interface using NRs. To understand the role of CdS NR length on induced chirality,
we synthesized two different NR lengths. Next, we used CD absorbance spectroscopy to probe
interactions between CdS and DHR-4Cys by monitoring the NR electronic transitions.
Additionally, we examined the protein structure on the CdS surface using far-UV CD absorbance
spectroscopy and transmission electron microscopy (TEM), and measured the thermal stability of
DHR-4Cys on the surface of CdS NRs with variable temperature CD absorbance. Finally, we
tested the sensitivity of our exchange method using nanomolar concentrations of DHR-4Cys
(~2.3 eq). For the first time, we report induced chirality in CdS NRs using a highly ordered DHR

protein, with detection using CD down to the nanomolar concentration regime.

4.2 RESULTS AND DISCUSSION

As previously mentioned, chiral CdSe NRs have been reported as more chiroptically
active than chiral CdSe QDs.?! This is proposed to be caused by a crossover of the highest
occupied molecular orbitals (HOMO) from Se 4px and 4py frontier orbitals in NCs to Se 4p,
orbitals in NRs with aspect ratios greater than ~1.2.3>%¢ This crossover results in an increase in
linear polarization within CdSe NRs, which is hypothesized to couple strongly to molecular
orbitals of chiral molecules on their surface.>! Motivated by this previous report, we aim to test
weather increasing the available surface area for DHR-4Cys to bind to CdS NRs would impact

the induced optical properties. To do this, two different length CdS NRs were synthesized with
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the same width dimensions in hydrophobic conditions, adapting a literature procedure®’ (see
Methods). The resulting hydrophobic NRs were dispersible in non-polar solvents and analyzed
via TEM and powder X-ray diffraction (PXRD). TEM sizing analysis reveals that the longer
NRs have dimensions of 5.8 £ 0.8 nm by 61 = 29 nm (Figure 4.1A), and the dimensions for the
shorter NRs are 6.0 = 0.7 nm by 22 + 6 nm (Figure 4.2), while PXRD confirms their wurtzite

structures (Figure 4.3).

GDPEEELRGLQEESRRRLESLRRS A1
GAPGEEVSCAAQESLEKIRELAREALCR A2
GGDPVEAIRLVVEAALEAIESLAR A3
SDFTPELLARAGIVLLEIVSEALLEAIRL A4
GGDPVLALRGLVELSLAVLESLLRS A5

GAPGELVARAAIVSLELIRELALEALRL A6
GGDPREAQRLVEEAAREAEESLER A7
SDFTPEQHECAGQTLREILSEAQEEAECLG A8

Figure 4.1 (A) TEM and sizing of longer hydrophobic CdS NRs with an average width of 5.8 +
0.8 nm and length of 65 £ 31 nm, drop cast from toluene. (B) TEM and sizing of longer
glycine:CdS NRs after ligand exchange with an average width of 5.0 + 0.8 nm and length 61 + 29
nm, drop cast from water. (C) DHR protein sequence containing 8 a-helices (gray) and 4 Cys

residues (yellow), 2 in the A2 and 2 in the A8 helical segments. (D) Idealized surface interaction
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of DHR-4Cys on CdS directed through Cys residues in A2 and A8 a-helices. The side chains of

the four cysteine residues are displayed, while the remaining residues are hidden for clarity.

Figure 4.2 TEM and size of short TDPA:CdS NR with an average width of 6.0 + 0.7 nm and

length of 22 + 6 nm drop cast in toluene.
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Figure 4.3 (A) PXRD Spectra of short CdS NRs (black) overlaid with wurtzite CdS (red). (B)

PXRD Spectra of long CdS NRs (black) overlaid with wurtzite CdS (red).
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Recognizing the lack of examples of chirality transfer between proteins and CdE in the
literature, we propose that establishing chirality at the NC interface through localized binding of
amino acids within an ordered protein structure is an important step in bridging length scales of
chirality from the protein:CdE NC interface to protein-directed chiral assemblies of NCs.
Inspired by the thiophilicity of cadmium demonstrated in Cys-containing zinc-finger domains,**
40 we have previously leveraged the thermodynamic favorability of thiolate-Cd interactions by
first exchanging hydrophobic NCs with achiral and water-soluble glycine. Following
solubilization of the NCs, glycine is readily displaced by Cys-containing polypeptides as
indicated by induced CD absorbance corresponding to the electronic excitations of the NCs.?
For context, there are few literature examples of inducing interfacial chirality in achiral Au NCs

with biomolecules.*#?

Due to the basic pH and high ligand concentrations required for exchanging hydrophobic

17.18,26,28,30314344 \ve have developed a robust ligand exchange that

CdE NCs into aqueous media,
solubilizes CdS NCs with glycine, which preserves the achiral structure of the CdS NCs.?
Adapting this procedure, we found that the CdS NRs are readily exchanged into water (see
Methods). After aqueous exchange, the longer NRs have dimensions of 5.0 + 0.8 nm by 61 + 29
nm (Figure 4.1B), and the shorter NRs become 4.9 = 0.6 nm by 18 + 5 nm (Figure 4.4). While
both the width dimensions decrease by approximately 1 nm, the length dimensions remain
unchanged after the glycine ligand exchange. Once exchanged, the achiral glycine:CdS NRs are
indefinitely stable in solutions containing 1.78 M glycine in 1 M tetramethylammonium

hydroxide (TMAOH) at pH 10.3. While we have found this glycine exchange to be robust for

CdS NRs and QDs, isolating these NRs for NMR and IR surface-chemistry studies has remained
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an outstanding challenge due to the high ionic strength required to keep the glycine-capped NCs

colloidally stable.

Figure 4.4 TEM and sizing of short glycine:CdS NRs after ligand exchnge with an average

width of 5.0 = 0.8 nm and length 61 + 29 nm drop cast in water.

Glycine, the only achiral amino acid, contains carboxylate and amine binding groups to
passivate the surface cadmium of the NRs. After ligand exchange with glycine, we temporarily
chelate the surface cadmium, making the NRs water-soluble, followed by displacement with the
more thermodynamically favorable thiol of Cys.*’ Previously, we demonstrated that the achiral
interface of glycine:CdS NCs could be made asymmetric via displacement of glycine by low
complexity polypeptides containing a single Cys residue at the c-terminus. In this study, we
aimed to extend these findings to highly ordered DHR-4Cys to determine if the asymmetry of

CdS NRs can be observed. DHR-4Cys contains eight a-helices and four Cys residues with other
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carboxylate side chain amino acids in their vicinity (Figure 4.1C). By design, DHR-4Cys has
four Cys residues spaced approximately 3 nm apart on the same face of a roughly 4x4 nm plate-

like protein structure (Figure 4.1D).

A challenge in displacing glycine from CdS NRs with a structured protein is the high
equivalents of glycine (10®/NR) required to solubilize the CdS NRs. To obtain reasonable optical
densities, we used a working concentration of 75 nM of CdS with ~100 mM of glycine.
Additionally, use of PBS buffer in these systems caused precipitation of the NRs out of solution,
presumably due to the high salt concentrations. To preserve the DHR-4Cys structure and
colloidal stability of the glycine:CdS NRs, solutions were buffered with
tris(hydroxymethyl)aminomethane (tris) at pH 8.6 before the addition of DHR-4Cys (see
Methods), where the achiral NRs maintain their optical properties (Figure 4.5, Figure 4.6).
Once the achiral CdS NRs are incubated with DHR-4Cys, CD absorbance is observed
corresponding to the electronic transitions of the long and short CdS NRs (Figure 4.7A, Figure
4.7E), demonstrating CdS surface asymmetry upon the introduction of the protein without
changes in the NR absorbance spectra (Figure 4.8). The similarities in the CD spectra between
the long and short NRs (Figure 4.9A) can be rationalized by the similarities in their respective
absorbance spectra (Figure 4.9B), signifying 2D NR confinement as a dominant contributor to

induced chirality in these systems.
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Figure 4.5 (A) Absorbance spectrum of short glycine:CdS in nanopure water. (B) Normalized

PL spectrum of short glycine:CdS NRs in nanopure water. Excitation wavelength at 412 nm and

normalized by the absorbance at 412 nm. (C) CD spectrum of short glycine:CdS NRs in

nanopure water. All solutions contained 0.183 M tris, 0.118 M glycine, 0.066 M TMAOH, and

0.001 M TCEP HCI in nanopure water.
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Figure 4.6 (A) Absorbance spectrum of long glycine:CdS in nanopure water. (B) Normalized PL

spectrum of long glycine:CdS NRs in nanopure water. Excitation wavelength at 412 nm and

normalized by the absorbance at 412 nm. (C) CD spectrum of long glycine:CdS NRs in nanopure

water. All solutions contained 0.183 M tris, 0.118 M glycine, 0.066 M TMAOH, and 0.001 M

TCEP HCI in nanopure water.
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Figure 4.7 (A-D) Spectroscopic data of long CdS NRs incubated with DHR-4Cys (A) CD and
absorbance spectra of 75 nM long CdS NRs (5.0 = 0.8 nm by 61 + 29 nm) incubated with 13.5
uM of DHR-4Cys in tris at pH 8.6. (B) Normalized PL spectra of long CdS NRs (5.0 £ 0.8 nm
by 61 + 29 nm) before (blue) and after (purple) incubation with 13.5 uM of DHR-4Cys in tris
buffer at pH 8.6 (412 nm excitation wavelength). PL spectra were normalized by absorbance at
412 nm. (C) CD spectra of 75 nM long CdS NRs incubated with: 54 uM Cys (black) and 81 uM
Asp, 540 uM Glu, 13.5 uM Lys and 13.5 uM His (blue) in tris buffer at pH 8.6. (D) UV CD
spectrum of long DHR-4Cys:CdS NRs after dialysis against nanopure water, [DHR-4Cys:CdS
NR]: 2 nM. (E-H) Spectroscopic data of short CdS NRs incubated with DHR-4Cys. (E) CD and
absorbance spectra of 75 nM short CdS NRs (4.9 = 0.6 nm by 18 £ 5 nm) incubated with 13.5
uM of DHR-4Clys in tris at pH 8.6. (F) Normalized PL spectra of short CdS NRs (4.9 + 0.6 nm
by 18 £ 5 nm) before (blue) and after (green) incubation with 13.5 uM of DHR-4Cys in tris
buffer at pH 8.6 (412 nm excitation wavelength). PL spectra were normalized by absorbance at
412 nm. (G) CD spectra of 75 nM short CdS NRs incubated with: 54 uM Cys (black) and 81 uM
Asp, 540 uM Glu, 13.5 uM Lys and 13.5 uM His (blue) in tris buffer at pH 8.6. (H) UV CD
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spectrum of short DHR-4Cys:CdS NRs after dialysis against nanopure water, [DHR-4Cys:CdS

NR]: 2 nM.
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Figure 4.8 (A) UV-Vis absorbance spectra of long glycine:CdS NRs (blue) followed by the

addition of 281 pL of 120 uM DHR-4Cys (purple). (B) UV-Vis absorbance spectra of short

glycine:CdS NRs (blue) followed by the addition of 281 pL of 120 uM DHR-4Clys.
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Figure 4.9 (A) CD absorbance overlays of long DHR-4Cys:CdS NRs (purple) and short DHR-
4Cys:CdS NRs (green). (B) Absorbance overlays of long DHR-4Cys:CdS NRs (purple) and

short DHR-4Cys:CdS NRs (green).

Accompanying the appearance of CD absorbance, changes in the photoluminescence
(PL) spectrum are also observed (Figure 4.7B, Figure 4.7F). Comparison of the glycine:CdS
NRs (Figure 4.7B-Blue, Figure 4.7F-Blue) and DHR-4Cys:CdS NRs (Figure 4.7B-Purple,
Figure 4.7F-Green) shows a decrease in intensity at the band edge feature (481 nm) and
increased trap state emission (600-800 nm) in the normalized PL spectra, consistent with thiol
coordination of CdS NCs.***7 Circularly polarized luminescence measurements were attempted;
however irreversible photoluminescence instability under the required excitation conditions
prevented reliable quantification luminescence. Using CD absorbance and PL spectroscopies, we
conclude that the protein is successfully bound to the CdS NRs, demonstrating the first example

of asymmetry in CdS arising from protein conjugation at its interface.
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The appearance of CD absorbance corresponding to the CdS NR electronic transitions
and quenching of the band edge PL feature in the presence of DHR-4Cys suggests that the
thiophilicity of surface cadmium is a strong enough thermodynamic driving force to bind DHR-
4Cys on the surface of the NRs even in the presence of 10° equivalents of glycine per NR. To
confirm the Cys residues were responsible for the induced chirality, CdS NRs were incubated
with Cys (54 uM), resulting in CD absorbance that matches the DHR-4Cys:CdS NR systems
(Figure 4.7C-Black, Figure 4.7G-Black). To determine the influence of amino acids in the
protein containing carboxylate and imidazole side chains, CdS NRs were incubated with a
mixture of aspartic acid (Asp, 81 uM), glutamic acid (Glu, 540 uM), lysine (Lys, 13.5 uM), and
histidine (His, 13.5 pM), and no visible CD response was observed (Figure 4.7C-Blue, Figure
4.7G-Blue). These results highlight the high affinity for Cys on the surface of the glycine:CdS
NRs and are consistent with the irreversible binding of thiols on CdSe QDs reported by Dempsey
et. al.* From this report and the results reported here, we propose at uM concentrations, ligand
competition could only arise from other thiol or phosphonate binding groups. To confirm DHR-
4Cys maintains its structure once bound to the NRs, DHR-4Cys:CdS NRs were dialyzed against
nanopure water to remove unbound DHR-4Cys and monitored via deep UV CD spectroscopy
(Figure 4.7D, Figure 4.7H) which matched the lineshape of unbound DHR-4Cys (Figure 4.10),
confirming the preservation of the proteins' a-helicity on the NR surface. Additionally, after
dialysis and dilution the DHR-4Cys:CdS NRs maintain their chiroptical response corresponding

to the electronic transitions of the CdS NRs (Figure 4.11, Figure 4.12).
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Figure 4.10 CD absorbance spectrum of DHR-4Cys in nanopure water.
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Figure 4.11 (A) CD absorbance spectrum of long DHR-4Cys:CdS NRs (2 nM) dialyzed against

nanopure water. (B) Corresponding UV-Vis spectrum of long DHR-4Cys:CdS NRs dialyzed

against nanopure water [CdS]: 30 nM
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Figure 4.12 (A) CD absorbance spectrum of short DHR-4Cys:CdS NRs (2 nM) dialyzed against

nanopure water. (B) Corresponding UV-Vis spectrum of short DHR-4Cys:CdS NRs dialyzed

against nanopure water [CdS]: 30 nM
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For normalized chirality, g-factors of DHR-4Cys:CdS NRs, Cys:CdS NRs, Cys:CdS QDs
and polypeptide:CdS QDs were compared (Table 4.1). We found comparable g-factors for short
DHR-4Cys:CdS NRs (4.5x10™ at 468 nm) and long DHR-4Cys:CdS (5.0x10™ at 469 nm)
(Figure 4.13) indicating that increased surface area along the length facets did not significantly
impact optical activity. While the mechanism of induced chirality is not fully understood, these
results are consistent with previous reports on Cys:CdSe NRs by Tang and coworkers who
observed NRs with aspect ratios >3 did not exhibit significant differences in induced chirality
when ligand exchanged with Cys*! which supports our findings with CdS NRs with varying
aspect ratios (short ~4 and long ~12 aspect ratio, respectively). This previous report and our
work suggest that chiroptical outcomes of NRs above aspect ratios of ~1.2 are primarily dictated

by the 2D confinement dimensions.

Table 4.1 g-factor comparisons of short and long DHR-4Cys:CdS NRs with Cys:CdS NRs,

Cys:CdS QDs, and (VPGVG)ss4-Cys:CdS QDs used in our previous study.?

g-factor (x10%)

Short DHR-4Cys:CdS NR | 4.5°

Short Cys:CdS NR 4.8?

Long DHR-4Cys:CdS NR | 5.0%

Long Cys:CdS NR 4.0%

Cys:CdS QD 1.2%
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(VPGVG)s4-Cys:CdS QD | 0.7%

a-this work

To understand the impact of the chiral secondary structure of DHR-4Cys on induced
chirality, we compared the g-factors obtained when incubating the short and long CdS NRs with
13.5 uM DHR-4Cys and 54 uM free Cys (Figure 4.14). Comparing g-factors of short DHR-
4Cys:CdS NRs (4.5x10™ at 466 nm) with short Cys:CdS NRs (4.8x10* at 466 nm) (Figure
4.14A), and long DHR-4Cys:CdS NRs (5.0x10™* at 469 nm) with long Cys:CdS NRs (4.0x10™ at
469 nm) (Figure 4.14B) do not show significant differences in g-factor. The close match in both
magnitude and lineshape between the DHR-4Cys:CdS and Cys:CdS CD responses indicates that
chiral induction arises predominantly from local thiolate-Cd interactions, with no
detectable additional contribution from the higher-order protein structure under these conditions.
Examination of the short and long Cys:CdS NRs vs the Cys:CdS QDs (1.2x10°*) shows a 3-fold
increase in g-factor consistent with higher g-factors of NRs vs QDs.?! Comparison of our
previous polypetide:QD system, (valine (V)-proline (P)-glycine (G)-V-G)s4-Cys:CdS QDs
(0.7x10) to the CdS NRs shows over a 6-fold increase in g-factor of the DHR-4Cys:CdS NRs
compared to the polypeptide:QDs. These results suggest that g-factors of protein:CdS NCs are

not significantly impacted by the chiral protein backbone.
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Figure 4.13 g-factor plots of short (green) and long (purple) DHR-4Cys:CdS NRs. g-factors

were reported at 468 nm and 469 nm for the short and long NRs, respectively.
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Figure 4.14 (A) g-factor plots of short Cys:CdS NRs (black) and short DHR-4Cys:CdS NRs

(green). g-factor was reported at 466 nm for Cys and 468 nm for DHR-4Cys (B) g-factor overlay
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plots of long Cys:CdS NRs (black) and DHR-4Cys:CdS NRs (purple). g-factor was reported at

469 nm for both Cys and DHR-4Cys.

To visualize the CdS NRs with glycine on their surface compared to DHR-4Clys,
negative-stained TEM and 2D class averaging reveal significant differences in ligand shell
density between protein-bound and glycine-bound NRs (Figure 4.15). The negative-stained
TEM and class averaging of the short glycine:CdS NRs (Figure 4.15A) and long glycine:CdS
NRs (Figure 4.15B) reveal NRs with no observable ligand density. This is expected due to the
size of glycine (A-scale) compared to the size of the CdS NRs (nm-scale) (Figure 4.15C).
Through negative-stained TEM and 2D class averaging, a protein shell thickness of 2-3 nm is
found on the surface of short DHR-4Cys:CdS (Figure 4.15D) and long DHR-4Cys:CdS NRs
(Figure 4.15E). These results confirm that the protein is bound to the NR surface DHR-4Cys,
and the protein still maintains its helical structure (Figure 4.15F). Comparison of the unbound
and bound protein TEM also shows much less inter-particle aggregation in the protein-bound

system, which suggests an increase in NR colloidal stability with the DHR protein on its surface.
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N G i b A
d 2D class averaging of

glycine ligand shell (inset). (B) Negative stain TEM of long glycine:CdS NRs and 2D class
averaging of glycine ligand shell (inset). (C) Idealized CdS NR surface interaction with glycine
carboxylate group at pH 8.6. Cadmium (teal), sulfur (yellow), carbon (gray), nitrogen (blue). (D)
Negative stain TEM of short DHR-4Cys:CdS NRs and 2D class averaging of protein ligand shell
around NRs (inset). (E) Negative stain TEM of long DHR-4Cys:CdS NRs and 2D class
averaging of protein ligand shell around NRs (inset). (F) Idealized surface interaction of DHR-

4Cys on CdS directed through Cys residues in A2 and A8 a-helices.

To test the stability of the plate-like structure of the DHR-4Cys on the NR surface, we
monitored its a-helical structure using variable-temperature CD (Figure 4.16A, B). Moderate

changes were observed in the CD spectra of the a-helical structures in the DHR-4Cys:CdS NRs
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(Figure 4.16A, Figure 4.17). When monitoring the collapse of the a-helical structures of the
DHR-4Cys:CdS NRs vs. the DHR-4Cys, we see no significant differences in stability of the
protein on the surface of the NR vs unbound (Figure 4.16B). These results demonstrate that CdS
NRs can be directly bound to highly ordered proteins without degradation of their structures,
making them viable candidates for NCs in chiral hybrid inorganic-organic materials in which
chirality spans the NC-protein interface and facilitates the hierarchical assembly of the NCs

within a protein scaffold.
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Figure 4.16 (A) Variable temperature CD spectra of long DHR-4Cys:CdS NRs (2 nM) in the

UV. (B) Plot of CD absorbance of DHR-4Cys (~59 nM) unbound (blue), short DHR-4Cys:CdS

NR (3 nM) (green), and long DHR-4Cys:CdS NRs (2 nM) (purple). CD absorbance values were

monitored at 222 nm. (C) CD absorbance overlay of 75 nM Short CdS NRs with 170 nM (solid

green) and 13.5 uM DHR-4Cys (dashed green) in tris buffer pH 8.6. (D) CD absorbance overlay

of 75 nM long CdS NRs with: 170 nM (solid purple) and 13.5 pM DHR-4Cys (dashed purple) in

tris buffer pH 8.6.
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Figure 4.17 Variable temperature CD spectra of short DHR-4Cys:CdS NRs in the UV.

We hypothesized that minimal equivalents of protein to NC will be ideal for bridging
chirality from protein:NC interfaces to protein:NC assemblies to maximize through-space charge
transport of NCs, as Kotov and coworkers have previously described.*® To highlight the
sensitivity of the achiral interface of glycine:CdS NRs towards chiral DHR-4Cys, CD
absorbance spectra of 75 nM of short CdS NRs incubated with 170 nM DHR 4-Cys (Figure
4.16C-solid green) and 13.5 uM DHR-4Cys (Figure 4.16C, dashed green trace) show a weak
optical response consistent with the CD lineshape found in the higher protein concentration
samples. Additionally, CD absorbance of 75 nM long CdS NRs with 170 nM DHR 4-Cys
(Figure 4.16D-solid purple) and 13.5 uM DHR-4Cys (Figure 4.16D-solid purple) shows
optical response of the NCs at nM concentration of protein. To demonstrate the impact
morphology has on chiroptical response in these systems, we incubated the same concentration

of CdS QDs and DHR-4Cys and observed no optical CD absorbance arising from the QD
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electronic transitions (see Methods) (Figure 4.18). These results emphasize the advantage of
using CdS NRs to bridge chirality from the surface to protein assembly length scales in
inorganic-organic hybrid materials, as the CdS NR surface is sensitive enough to detect just nM

concentrations of protein.
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Figure 4.18 CD absorbance spectrum of 75 nM CdS QDs incubated with 13.5 uM DHR-4Cys in

tris buffer pH 8.6

4.3  CONCLUSIONS

NC chirality has been demonstrated to arise across molecular, interfacial, and
macromolecular length scales. While there have been several successful efforts across these
length scales using small molecules, there have been limited examples of using proteins to
induce asymmetry in NCs. For the first time, we have demonstrated that chirality can be induced

in CdS NRs using a plate-like DHR-4Cys protein with an ordered structure. We demonstrate that
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this phenomenon arises from CdS NR surface asymmetry introduced by chelating Cys residues
in the protein. We were able to show that the a-helical and plate-like tertiary structure of the
protein is preserved when a protein is bound to a CdS NR surface. Additionally, we report the g-
factors of 4.5x10™ for 4.9 + 0.6 nm by 18 = 5 nm NRs and 5.0x10™* 5.0 + 0.8 nm by 61 £+ 29 nm
DHR-4Cys:CdS NRs, demonstrating that NR length does not significantly impact g-factor.
Excitingly, we have also demonstrated that the surface of the glycine:CdS NRs is sensitive
enough to detect just nM concentrations of DHR-4Cys while no CD response is observed in
spherical CdS NCs for uM concentrations of DHR-4Cys. Moving forward, we believe these
results can inform the design of chiral biomolecule:NC interfaces and serve as a starting point for

deterministic construction of protein:NC assemblies with chirality across length scales.

4.4  EXPERIMENTAL METHODS.
4.4.1 Materials

The following chemicals were used without purification. Cadmium oxide powder (CdO,
99.95%), sulfur powder (99.95%), trioctylphosphine (TOP, 90%), oleic acid (90%).
tetramethylthiourea (98%), tetramethylammonium hydroxide solution (TMAOH, 10% wt in
water), glycine (98%), L-cysteine (Cys, 97%), L-aspartic acid (Asp, >98%), L-glutamic acid
(Glu, >99%), L-lysine (Lys, 98%), L-histidine (His) tris(2-carboxyethyl)phosphine
hydrochloride powder (TCEP+HCI, >98%), tris(hydroxymethyl)aminoethane base (Tris,
>99.8%), hydrochloric acid (HCI, 37%), methanol (>99.9%), and toluene (>99.8%) were
purchased from MilliporeSigma. n-tetradecylphosphonic acid (TDPA, 99%) was purchased from
PCI Synthesis. Dowtherm was purchased from Dow Inc. Float-A-Lizer® dialysis devices (1 mL,
50 kDa cutoff) were purchased from Repligen. PD-10 desalting columns packed with

Sephadex™ G-25 M resin were purchased from Cytiva. Trioctylphosphine oxide (TOPO) (90%)
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was purchased from MilliporeSigma and recrystallized following a literature procedure.*’
Cadmium oleate was synthesized following previous literature.>® Uranium formate (2 wt%) was
purchased from SPI-Chem. 18.2 MQ water was collected from an EMD Millipore purification
system. UV—vis spectra were collected on a Cary 60 spectrophotometer from Agilent.
Photoluminescence spectra were collected on a Horiba Scientific FluoroMax-4
spectrofluorometer. CD spectra were collected on a Jasco J-1500 (Scan rate: 100 nm/min, data
pitch 1 nm, 15 scans, path length: 1 cm). Negative stained TEM data were collected on a FEI
Talos L120C TEM, 120 kV (FEI Thermo Scientific, Hillsboro, OR) equipped with a Ceta 4K
CCD camera. Micrographs collection was automated using the EPU software (FEI Thermo
Scientific). Non-stained TEM images were collected on a FEI Tecnai G2 F20 SuperTwin
microscope operated at 200 keV for bright field. All TEM samples were prepared on ultrathin

lacey carbon support film, 400 mesh, copper grids (TED Pella Inc.)

4.4.2  Synthesis of Shorter CdS NRs

Synthesis of the shorter CdS NRs was adapted from literature.’” The day before the
synthesis, sulfur (0.045 g, 1.4 mM) was prepared in TOP (5 mL) in a glovebox. In a dried 50 mL
3-neck flask, CdO (0.0575 g, 0.45 mM), TOPO (1.75 g, 4.5 mM), and TDPA (0.2075 g, 0.75
mM) were degassed at 90 °C for 90 minutes. After 90 minutes, under nitrogen, the flask was
heated to 340 °C for 10 minutes. After 10 minutes, the temperature was set to 300 °C and
equilibrated. Once equilibrated, 1.5 mL of the previously prepared TOP-S solution was rapidly
injected into the 3-neck flask and the solution was left to re-equilibrate at 300 °C. This solution
was left at 300 °C for 90 minutes. After 90 minutes, a 5 mL syringe was loaded with the

remaining TOP-S solution and injected at a rate of 2.5 mL/hr while keeping the temperature at
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300 °C. After the syringe injection was finished (~60 minutes) the NRs were left at 300 °C for an
additional 20 minutes. The solution was then quickly removed from heat and rapidly cooled with
air. Once the temperature reached 70 °C, 5 mL of toluene was rapidly injected. Next, the reaction
was transferred to centrifuge tubes in a 3:1 MeOH:TOPO/toluene ratio and centrifuged at 10,000
RPM for 10 minutes. The resulting pellet was then resuspended in minimal toluene and MeOH
was added to achieve a 3:1 MeOH:toluene ratio and centrifuged at 10,000 RPM for 10 minutes
for 2 additional cycles. Finally, the pellet was dissolved in 3x10 mL toluene, sonicated for 10
minutes and centrifuged at 10,000 RPM for 10 mins. The resulting pellet was minimally soluble

in toluene and analyzed via TEM and PXRD.

4.4.3 Synthesis of Longer CdS NRs

Synthesis of the shorter CdS NRs was adapted from literature.’” The day before the
synthesis, sulfur (0.045 g, 1.4 mM) was prepared in TOP (5 mL) in a glovebox. In a dried 50 mL
3-neck flask, CdO (0.0575 g, 0.45 mM), TOPO (1.75 g, 4.5 mM), and TDPA (0.2075 g, 0.75
mM) were degassed at 90 °C for 90 minutes. After 90 minutes, under nitrogen, the flask was
heated to 340 °C for 10 minutes. After 10 minutes, the temperature was set to 300 °C and
equilibrated. Once equilibrated, 1.5 mL of the previously prepared TOP-S solution was rapidly
injected into the 3-neck flask, and the solution was left to re-equilibrate at 300 °C. This solution
was left at 300 °C for 90 minutes. After 90 minutes, a 5 mL syringe was loaded with 1.6 mL of
the TOP-S solution and injected at a rate of 2.5 mL/hr while keeping the temperature at 300 °C.
After the syringe injection was finished (~30 minutes) the NRs were left at 300 °C for an
additional 20 minutes. The solution was then quickly removed from heat and rapidly cooled with

air. Once the temperature reached 70 °C, 5 mL of toluene was rapidly injected. Next, the reaction

106



was transferred to centrifuge tubes in a 3:1 MeOH:TOPO/toluene ratio and centrifuged at 10,000
RPM for 10 minutes. The resulting pellet was then resuspended in minimal toluene and MeOH
was added to achieve a 3:1 MeOH:toluene ratio and centrifuged at 10,000 RPM for 10 minutes
for 2 additional cycles. Finally, the pellet was dissolved in 3x10 mL toluene, sonicated for 10
minutes and centrifuged at 10,000 RPM for 10 mins. The resulting pellet was minimally soluble

in toluene and analyzed via TEM and PXRD.

4.4.4  Synthesis of CdS QDs

The synthesis of CdS QDs was adapted from Hamachi et al.>* Cadmium oleate (1.287g,
1.9 mmol), oleic acid (1.3 mL, 4.1 mmol), and hexadecane (60 mL) were added to a dried three-
necked 250 mL round-bottomed flask equipped with a stir bar, thermowell, reflux condenser, and
rubber septum. The flask was evacuated at 90 °C for 1 h. Next, the flask was put under dynamic
nitrogen and heated to 230 °C. Under a nitrogen atmosphere, tetramethylthiourea (TMTU,
0.2075 g, 1.6 mmol) was dissolved in Dowtherm (3.0 mL). The TMTU solution was rapidly
injected into the cadmium oleate solution and allowed to react for 3 h until there were no UV—vis
absorbance changes. The temperature was then lowered to 120 °C, the condenser was quickly
replaced with a distillation arm equipped with a 250 mL round-bottomed flask, and the solvent
was removed via vacuum distillation. Once cooled to room temperature, in air, minimal toluene
was added, and the solution was transferred to centrifuge tubes followed by precipitation with
methanol (3:1 methanol:toluene) and centrifugation at 8,000 rpm for 10 min. The supernatant
was discarded, and the yellow pellet was redissolved in minimal toluene. This process was
repeated for 3 precipitation and centrifugation cycles. The pellet was then suspended in 10 mL of

toluene and centrifuged at 8,000 rpm for 10 min. The yellow supernatant was then decanted
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away and stored in a vial in air. QD size was determined to be 5.6 nm via the Peng sizing

curve.51

4.4.5 CdS NR Glycine Exchange Procedure

This procedure was adapted from our previous work.? In short, 5-7 mg of CdS NRs were
transferred into a new vial and dried. To this vial, 6 mL of 1.78 M glycine in 1 M TMAOH were
added and the solution was stirred overnight in the dark. To this solution 6 mL of toluene was
added and stirred followed by centrifugation at 8,000 RPM for 10 minutes, producing a colorless
top layer and a yellow bottom layer with white foam separating the layers. This toluene washing
process was repeated for 3 total cycles. The aqueous layer was then transferred to a vial and
allowed to sit at 4 °C in the dark for 48 hours. After 48 hours, the solution was centrifuged at
8,000 RPM for 10 minutes and the resulting solution was stored in air at room temperature and in
the dark. Concentration of the glycine:CdS NR solutions were determined via the Peng sizing

curve® and were typically ~1 pM.

4.4.6 CdS OD Glycine Exchange Procedure

This procedure was adapted from our previous work.? To a vial, oleate:CdS QDs (10
nmol) were added and dried. To this vial, 3 mL of 1.78 M glycine in 1 M TMAOH was added
and stirred in the dark overnight. To this solution, 6 mL of toluene was added, and the mixture
was vigorously stirred. This solution was centrifuged at 8,000 rpm for 10 min, producing a
slightly yellow organic layer and a dark-yellow bottom layer. The top layer was removed, and 3

mL of toluene was added, followed by vortex mixing. This washing and centrifugation process
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was repeated for 3 total cycles. The resulting solution was then stored in the dark at 4 °C for 48
hours. After 48 hours, solution was centrifuged at 8,000 RPM for 10 minutes and stored in air in

the dark. QD size was determined to be 5.4 nm via the Peng sizing curve.’!

4.477 DHR-4Cys Expression and Purification

Proteins were expressed in E. coli BL21(DE3) using 50 mL autoinduction media (Terrific
Broth Base with Trace Elements, Formedium) supplemented with kanamycin. Cultures were
grown at 37 °C for 6 h and then shifted to 18 °C for an additional 18 h before harvesting by
centrifugation at 4,000 x g for 15 min. Cell pellets were resuspended in lysis buffer (25 mM
Tris-HCI, 300 mM NaCl, 30 mM imidazole, pH 8.0, Pierce protease inhibitor tablets) and lysed
by sonication. Lysates were clarified by centrifugation at 14,000 % g for 30 min, and the resulting
supernatant was collected and purified by immobilized metal affinity chromatography (IMAC).
Eluted samples were filtered and further purified by size-exclusion chromatography (SEC) on a
fast protein liquid chromatography (FPLC) system equipped with a Superdex 75 Increase 10/300
GL column in Tris-buffered saline (25 mM Tris, 100 mM NaCl, ImM TCEP) at room
temperature. Final proteins were buffer-exchanged and concentrated into 200 mM Tris buffer
using 3 kDa MWCO centrifugal spin filters and stored at 4 °C prior to downstream
characterization. Final protein concentrations were determined using a Bradford assay with

Coomassie Brilliant Blue G-250.
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4.4.8 Short DHR-4Cys:CdS NR Exchange

The working volume for DHR-4Cys:CdS NR samples was 2.5 mL. In a cuvette, 457 uL
of 1 M tris pH 8.6 buffered solution was added to 1.603 mL of nanopure water followed by the
addition 12.1 pL of a freshly prepared 0.206 M TCEP<HCI in nanopure water solution. To this
buffered solution 147 uL of 1.27 uM short glycine:CdS NRs in 1.78 M glycine and 1 M
TMAOH was added to the cuvette. Finally, 281 uL of 120 uM DHR-4Cys was added to the
solution and allowed to incubate at 4 °C for 30 minutes before taking optical measurements. The
following are the working concentrations of prepared solutions: [CdS]: 75 nM, [Tris]: 190 mM,
[TCEP-HCI]: 1 mM, [DHR-4Cys]: 13.5 uM, [glycine]: 105 mM, and [TMAOH]: 59 mM. For
dialyzed samples, 1 mL of solution was added to 1 mL Floatalizer filter and dialyzed against

nanopure water followed by dilution of 2.1 times before CD and absorbance measurements.

4.4.9 Long DHR 4Cys:CdS NR Exchange

The working volume for DHR-4Cys:CdS NR samples was 2.5 mL. In a cuvette, 457 uL
of 1 M tris pH 8.6 buffered solution was added to 1.601 mL of nanopure water followed by the
addition 12.1 pL of a freshly prepared 0.206 M TCEP<HCI in nanopure water solution. To this
buffered solution 149 puL of 1.26 uM long glycine:CdS NRs in 1.78 M glycine and 1 M TMAOH
was added to the cuvette. Finally, 281 uL of 120 uM DHR-4Cys was added to the solution and
allowed to incubate at 4 °C for 30 minutes before taking optical measurements. The following
are the working concentrations of prepared solutions: [CdS]: 75 nM, [Tris]: 190 mM,
[TCEP-HCI]: 1 mM, [DHR-4Cys]: 13.5 uM, [glycine]: 106 mM, and [TMAOH]: 60 mM. For
dialyzed samples, 1 mL of solution was added to 1 mL Floatalizer filter and dialyzed against

nanopure water followed by dilution of 2.1 times before CD and absorbance measurements.
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4.4.10 Short Cys:CdS NR Exchange

The working volume for Cys:CdS NR samples was 2.5 mL. In a cuvette, 457 uL of 1 M
tris pH 8.6 buffered solution was added to 1.877 mL of nanopure water followed by the addition
12.1 puL of a freshly prepared 0.206 M TCEP<HCI in nanopure water solution. To this buffered
solution 147 pL of 1.27 uM short glycine:CdS NRs in 1.78 M glycine and 1 M TMAOH was
added to the cuvette. Finally, 6.4 pL of freshly prepared 20.6 mM Cys in nanopure water
solution was added to the NRs and allowed to incubate at 4 °C for 30 minutes before taking
optical measurements. The following are the working concentrations of prepared solutions:
[CdS]: 75 nM, [Tris]: 184 mM, [TCEP-HCI]: 1 mM, [Cys]: 54 uM, [glycine]: 105 mM, and

[TMAOH]: 59 mM.

4.4.11 Long Cys:CdS NR Exchange

The working volume for Cys:CdS NR samples was 2.5 mL. In a cuvette, 457 uL of 1 M
tris pH 8.6 buffered solution was added to 1.876 mL of nanopure water followed by the addition
12.1 puL of a freshly prepared 0.206 M TCEP+<HCl in nanopure water solution. To this buffered
solution 149 pL of 1.26 uM long glycine:CdS NRs in 1.78 M glycine and 1 M TMAOH was
added to the cuvette. Finally, 6.4 puL of freshly prepared 20.6 mM Cys in nanopure water
solution was added to the NRs and allowed to incubate at 4 °C for 30 minutes before taking
optical measurements. The following are the working concentrations of prepared solutions:
[CdS]: 75 nM, [Tris]: 184 uM, [TCEP<HCI]: 1 mM, [Cys]: 54 uM, [glycine]: 105 mM, and

[TMAOH]: 59 mM.
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4.4.12 Short Glycine:CdS NRs+ Asp, Glu, His, and Lys

The working volume for Cys:CdS NR samples was 2.5 mL. In a cuvette, 457 uL of 1 M
tris pH 8.6 buffered solution was added to 1.775 mL of nanopure water followed by the addition
12.1 puL of a freshly prepared 0.206 M TCEP<HCI in nanopure water solution. To this buffered
solution 147 pL of 1.27 uM short glycine:CdS NRs in 1.78 M glycine and 1 M TMAOH was
added to the cuvette. Stock solutions of Asp (4.1 mM, 49.4 uL), Glu (33 mM, 40.9 uL), His (4.1
mM, 8.2 uL), and Lys (3.6 mM, 9.4 puL) in nanopure water were added to the NR solution
incubate at 4 °C for 30 minutes before taking optical measurements. The following are the
working concentrations of prepared solutions: [CdS]: 75 nM, [Tris]: 184 mM, [TCEP-HCI]: 1
mM, [Asp]: 81 uM, [Glu]: 540 uM, [His]: 13.5 uM, [Lys]: Lys 13.5 uM [glycine]: 105 mM, and

[TMAOH]: 59 mM.

4.4.13 Long Glycine:CdS NRs+ Asp, Glu, His, and Lys

The working volume for Cys:CdS NR samples was 2.5 mL. In a cuvette, 457 uL of 1 M
tris pH 8.6 buffered solution was added to 1.773 mL of nanopure water followed by the addition
12.1 puL of a freshly prepared 0.206 M TCEP+<HCl in nanopure water solution. To this buffered
solution 149 pL of 1.26 uM long glycine:CdS NRs in 1.78 M glycine and 1 M TMAOH was
added to the cuvette. Stock solutions of Asp (4.1 mM, 49.4 uL), Glu (33 mM, 40.9 pL), His (4.1
mM, 8.2 uL), and Lys (3.6 mM, 9.4 uL) in nanopure water were added to the NR solution
incubate at 4 °C for 30 minutes before taking optical measurements. The following are the
working concentrations of prepared solutions: [CdS]: 75 nM, [Tris]: 184 mM, [TCEP-HCI]: 1
mM, [Asp]: 81 uM, [Glu]: 540 uM, [His]: 13.5 uM, [Lys]: Lys 13.5 uM [glycine]: 105 mM, and

[TMAOH]: 59 mM.

112



4.4.14 Deep UV CD

DHR-4Cys:CdS NR samples were dialyzed against nanopure water using a 50 kDa Float-
A-Lizer dialysis device. This solution was diluted 23 times. For DHR-4Cys samples, 2.5 mL of a
59 nM protein solution was de-salted using a PD-10 column prior to DeepUVCD. Scan rate 100
nm/min, data pitch 1 nm. For variable temp CD, the holder was set to take 2 scans at 25 °C, 35
°C, 45 °C, 55 °C, 65 °C, 75 °C, 85 °C and 95 °C with a temperature ramp rate of 1 °C/min and

30 sec equilibration time.

4.4.15 Negative-Stained TEM

Glycine:CdS NR (75 nM) samples were eluted through a PD-10 column and diluted 2
times. After dilution, 5 puL of this solution was dropcast on a lacy carbon grid and allowed to sit
for 10 minutes. Next, the grid was negatively stained with 2 wt% uranium formate (SPI-Chem,
CAS #16984-59-1) in nanopure water by adding 3 pL of stain to the grid for 30 seconds
followed by wicking off with a kimtech wipe. This staining process was repeated for a total of 3
cycles. DHR-4Cys:CdS NR (75 nM) samples were dialyzed against nanopure water and diluted 2
times. Following dilution 5 pL of this solution was dropcast onto a lacey carbon grid for 10
minutes. The grids were then stained using the same procedure described for the glycine:CdS NR

samples.

4.4.16 Negative-Stained EM Data Processing

Micrographs were imported into cryoSPARC and processed by patch CTF estimation
followed by manual particle picking. Approximately 100 particles were manually picked and
subjected to 2D classification; selected classes were used to generate templates for template-

based picking with an estimated particle diameter of 700 A. Using these templates, ~15,000
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particles were picked for downstream 2D classification, from which ~7,000 particles displaying

uniform rod-like shapes coated with protein layers were retained.
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