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Abstract

Nature has developed highly specific and efficient catalysts to synthesize complex organic
compounds, such as sugars in the process of photosynthesis. Due to the efficiency of these
reactions, considerable effort has been placed to develop reaction schemes that can replicate the
complexity of catalysts and products found in nature. The success of producing these biomimetic
systems often leads to an improved understanding of biological systems, which can loop back and
translate into better engineering of catalysts, aiming for instance, for enhanced stability and
reduced cost.

The use of inorganic nanoparticles (NPs) for developing biomimetic catalytic systems
presents a favorable choice due to their ability to combine the robustness of inorganic catalysts
with selectivity similar to that of enzymes.! Other structural and functional characteristics similar
to those of proteins can also be attained.? Advancement in the understanding of NP self-assembly
mechanisms allowed us to engineer terminal superstructures, known as supraparticles (SPs).® The
formation of SPs is not limited to the self-organization of inorganic NPs. Hybrid assemblies,
containing NPs and multiple proteins at the same time have been developed.*® All these
superstructures can potentially display catalytic functionalities replicating those of enzymatic
assemblies,* improving catalytic properties compared with singular NPs constituents due to

collective interactions.®
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The tight structural integration of NPs in SPs enhances the stability of catalysts mitigating
irreversible aggregation of individual constituents. Physical dimensions of SPs with 100 nm range
offer simplicity of separation.” Combining properties of both inorganic and biological nanoscale
structures, SPs assemblies provide a cost-effective alternative to enzymes and can also improve
current inorganic NPs catalysts.

Although there is evidence that suggests SPs have a positive impact on catalysis, ™ there
is limited research studying SP catalysis, highlighting the need for improved understanding and
engineering of such assemblies. This thesis provides an array of multicomponent engineered
structures with a vast range of applications, from drug delivery to photocatalysis.

Initially, the facile formation of five hybrid SP assemblies composed of varying proteins,
protease, formate dehydrogenase, and cytochrome C, and nanoparticles, iron disulfide, cadmium
telluried, and zinc oxide, were explored. Ultimately, the work showed how counter-balancing the
attractive and repulsive interactions in the system can lead to the formation of self-limiting
assemblies with a wide variety of components, introducing several layers of functionality. SPs
were then utilized for applications in encapsulation and cargo protection.

The self-assembly of terminal inorganic SPs, composed of a variety of semiconductor
nanoparticles and their range of photocatalytic applications from chiral enantioselectivity to
enhanced photo-Fenton systems were examined. Specifically, chiral zinc sulfide (ZnS) SPs,
composed of L/D-penicillamine ZnS NPs and L/D-glutathione gold (Au) NPs, were self-
assembled and utilized for the enantioselective conversion of L/D-tyrosine to dityrosine. SPs
introduced interstitial gaps between NPs, mimicking chiral centers of enzymes, while combining
the plasmonic properties of Au to achieve an enantioselective efficiency 10x better than

comparable inorganic NPs.
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Further studies investigated the structural flexibility offered by inorganic SPs. First, the
facile one-pot, low temperature (70 °C) synthesis of spiky cadmium sulfide nanoparticles with
tunable size and spike density was explored. Particles exhibited emission independent down- and
up-conversion property which was explored for the degradation of rhodamine B dye under four
illumination sources, ultraviolet, visible, infrared, and Xenon. Particularly showing the unexpected
degradation under IR illumination. Lastly, for the first time, the formation of a wide spectrum of
fibrous SP assemblies from erdite, NaFeS»-2H-0, by controlling the ionic strength of the synthesis
medium was investigated. The SPs were employed as a photo-Fenton catalyst for the degradation
of methylene blue and a model lignin compound, guaiacylglycerol-beta-guaiacyl ether. Particles
showed proficient dispersion stability and excellent catalytic recyclability.

Overall, SPs are a convenient platform for engineering catalysts using different building
blocks as functional modules, leading to the development of more specific and sophisticated

assemblies capable of replicating multiple functions of biological nanoassemblies.
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Chapter 1

Background

1.1 Self-assembly

Self-assembly is the spontaneous organization of components into ordered assemblies without
external contributions. Nature is the prime example of the importance and complexity of self-
assembly, with a range of essential self-assembled structures, such as protein aggregates, lipid
membranes, viral capsids, and several other biological components. Inspired by these intricate
assemblies, scientist have aspired not only to understand the underlying processes but replicate
and create biomimetic constructs. These hierarchical assemblies are tailored to exhibit properties
and functionalities similar to components found in nature.

Typically, the self-assembly of building blocks occurs through thermodynamic constraints,
where chemical and structural compatibility is crucial. These weak noncovalent interactions are
contributions from van der Waals and Coulombic interactions, hydrogen bonds, and hydrophobic
interactions®. However, self-assembly processes governed by thermodynamic equilibrium may
not necessarily be kinetically favorable. There is an essential need to engineer self-assembled

structures by tuning their interactions'! and finding pathways to overcome kinetic traps*?.



1.1.1. Terminal assemblies
Self-limiting self-assemblies are defined by systems composed of finite sizes and shapes. These
structures, otherwise known as terminal assemblies, are prominent in biological systems,
exemplified by viral capsids, exosomes, endosomes, and micelles. The realization of terminal
assemblies for nanoparticles not only provides crucial insight into the self-assembly processes and
interactions required to form these unique structures but ultimately leads to sophisticated designs
paralleling biological components using facile and inexpensive precursors. In recent years, the
advancement in nanoparticle design and assembly has led to new and exciting biomimetic

structures that can replicate the chemical and/or structural properties of biological components.?

1.2 Supraparticles

The formation of high order nanostructures through the self-assembly of NPs present an
opportunity to fabricate a new class of materials with desired physical, chemical, and optical
properties, collective or synergistic of their NP constituents.® Advancement in the synthesis of
uniform NPs with tunable size, controlled shape, and surface functionalization has led to the
natural progression of self-assembled NPs into superstructures. These high order nanostructures,
otherwise known as supraparticles (SPs), are mainly inspired by the complexity of the self-limiting
self-assembly of diverse protein superstructures in biological systems.>** SPs have been used in
various applications ranging from photovoltaics'®, optics,’® and drug delivery!®. They are
generally formed through the self-assembly of two or more subunits and are categorized into two
types, inorganic or hybrid (inorganic-organic), based on the composition of their constituents. The

formation of SPs typically occur through the self-organization of anisotropic interactions between



uniformly shaped NP building blocks (electrostatic/van der Waals) and with the environment

(solvophobic/solvophillic interactions) (Figure 1-1).1718
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Figure 1-1. Building block components, composed of similar or different subunits, self-assembled
into uniform terminal supraparticles assemblies under specific conditions.

Formation of SPs can be accomplished via two distinctive routes. For the first type, NP
synthesis and self-assembly take place in two separate steps, while in the second type the NP
nucleation, growth and self-assembly occurs continuously. In general, NP attachment can be
influenced by different components in the dispersion media such as concentration, size, stabilizing
ligands, solvent, ionic strength, pH, temperature, etc.® In this method of SP formation, NP of any
composition may be combined as there is more freedom in adjusting the physio-chemical

conditions (composition, concentration, temperature) under which the self-assembling process



takes place. The second method has some experimental restrictions as synthesis and assembly
occur simultaneously. However, there are few examples of SP formation in NP synthesizing
medium®2%21 which highlights the lack of attention for this process despite the fact that it is an
intermediate stage in the formation of many nanocrystalline structures via crystallographic
fusion.?223

There has been considerable progress in developing a comprehensive understanding of the
electrostatic interactions that govern the self-assembly of SPs.>41%2% The information gained
through these studies allow for a better understanding and ease in the fabrication of SPs if general
interactions are properly controlled within the system. Xia et al. showed the self-assembly of non-
uniformly sized NPs into monodispersed core/shell SPs were governed by a balance between
electrostatic repulsion and van der Waals attraction.®> The strong electrostatic repulsion within the
SPs produced a loosely packed core of larger particles while smaller particles packed on the
outside. Cao et al. was able to take advantage of the solvophobicity interactions by controlling
the ligand and reducing agent in solution to assist in the formation of aligned hexagonal close-
packed structures composed of nanorods.®

The primary interactions between the NPs in the system are governed by a balance between
van der Waals attraction and screened electrostatic repulsion®. Therefore, the potential energy
between NPs can then we represented as equation (1-1):

o~ 12 o6 exp(—ﬂ)
U(r) = 4¢ [(;) - (—) ] +A——2- (1-1)

r r/o

where r is the center-center distance between two NPs, ¢ is the attraction strength, o is the length

scale, A is the strength of the electrostatic repulsion and « is the inverse screening length. Here,



the first term of the equation represents the van der Waals attraction, while screened electrostatic

repulsion is the latter portion.

1.2.1 Inorganic Supraparticles

Monodisperse inorganic SPs exhibit unique magnetic®, optical,®® and catalytic properties®?®
owing to their well-defined shapes and topological structures.® For example, uniform CdS
colloidal spheres (80-500nm) synthesized through a solvothermal technique were able to assemble
into films, which exhibited characteristic stop bandgap of photonic crystals.?’” The formation of
Fe304 SPs from 8 nm NPs achieved magnetic moments that were four orders of magnitude larger
than the individual NPs.2® While these unique properties due to the collective or synergistic effects
of the building blocks have been observed, modulation and/or predictions of this collective nature
has not been achieved. Therefore, a more thorough understanding of inorganic SP formation is
required. The observations encountered in these assemblies provide sufficient information (i.e., on
the fabrication and distinct properties of inorganic SPs) to expand these techniques into more

complex systems, such as those which include organic components.

1.2.2 Hybrid (inorganic-organic) Supraparticles

The high selectivity and specificity of enzymes make them ideal catalysts. However, enzymes are
sensitive to changes in the environment (i.e. pH, salt content, solvent, etc.) and thus have inherent
drawbacks when used as catalysts. The incorporation of proteins into hybrid SPs is an attractive
approach that make them favorable for catalysis owing to their inherent chemical and structural
properties,?® enabling them to perform specific functions. Additionally, interactions at the protein-

NP interface suggest that the immobilization of proteins on the NP surface can not only increase



the stability of the protein against degradation, but also improve enzyme activity.*3%3! Thus,
immobilization of protein via SPs offer a potential to increase the yield of the desired product and
allow for easy separation from catalyst/support.

The underlying forces responsible for formation of hybrid terminal assemblies of similarly
charge, cadmium telluride (CdTe) NPs and cytochrome C (CytC) protein was examined for the
first time, to be due to the counterbalancing of electrostatic repulsion with intermolecular attractive
interactions, including dipolar, hydrogen bonding, hydrophobic interactions, and van der Waals
forces.* Therefore, only generic attractive-repulsive forces are required for the formation of the
terminal SPs, and they can be made from a variety of NPs and proteins. Other examples of hybrid
protein-NP clusters have been developed®?3 and support the conclusion presented by Park et al.*
The properties of these newly fabricated SP assemblies make them an attractive tool to potentially
aid in developing and understanding complex biological systems, such as the cascade reaction

involved in photosynthesis.

1.3 Heterogeneous Photocatalysts
A photocatalysts is a material that can adsorb solar energy and use it to drive reactions.
Heterogeneous catalysis uses a catalyst material that is different from the reactants, most

commonly these materials are transition metal oxides and semiconductors.

1.3.1 Semiconductors

Semiconductors are materials that absorbs photons with energy equal to or more than its band gap,
exciting an electron to generate an electron-hole pair. An excited electron resides in the conduction
band, while it leaves a hole in the valance band. The generation of an electron-hole pair, otherwise

known as charge carriers, can drive oxidation and reduction reactions, through the formation of



radical species. Many wide-band-gap transitions metals are commonly used; however, they are
limited to irradiation in the ultraviolet (UV) region. Therefore, to benefit from most of the solar
irradiation, current research emphasizes the need for shifting photoactivity towards the visible
(VIS) and even near infrared (NIR). This may be achieved through low-band-gap semiconductors
and other photoactive materials (such as organic dyes, organic complexes, or metallic NPs).
Additionally, taking advantage of the crystalline nanoscale heterojunctions formed by different
types of semiconductors, shows improvements in photocatalytic activity and stability of the
materials. This introduces an area of research that may be filled using the combination of

components

1.3.2 Supraparticles as catalysts

Current catalysts are hindered by their lack of stability, which leads to leaching and or support
dissolution.” The most common catalyst used in industrial applications are noble metal particles
on oxide supports,® however, they are also plagued by instability. The leaching of active particles
or degradation of the support material leads to eventual deactivation of the catalyst. To alleviate
this problem, the development of mesoporous SPs were implemented as catalyst to address the
issue of aggregation by separating metal particles from each other while keeping them immobilized
in a tightly integrated structure.” In a proof of concept, Hu et al. showed an increase in the reaction
rate for the reduction of hexacyanoferrate for their mesoporous SPs (88 %) versus Pt NPs (40 %),
which may be attributed to a difference in the accessibility of surface area for each nanostructure.’
This serves as supporting evidence that SPs can be high-performance catalyst with enhanced

stability with further development.



The use of SPs as a catalyst has shown to enhance the overall activity of the reactions when
compared to their NP components.”®34 SPs used for catalysis are observed in both inorganic and
hybrid superstructures, taking advantage of individual building blocks such as transition metal
oxides, noble metals, and enzymes. Au-CeO. SPs presented by Chen et al. exhibited a 97.7 %
(beginning at 40 °C) conversion of CO up to temperatures of 500 °C while the Au on bulk CeO;
decreased from 97.4 % (beginning at 78 °C) to just 14 % at 415 °C.® Bionic SPs consisting of
CdTe NPs and CytC showed a four-fold increase in the light-driven reduction of nitrate when
nitrate reductase was incorporated within the SPs versus unaided.* SPs can be easily separated
and removed from the reactor by mild centrifugation in most cases, and reused, making it a cost
efficient and green catalyst. While SPs show a positive influence in catalysis, there is insufficient
research on the subject, highlighting the main motivation to improve and better understand the

engineering of SPs for utilization as catalysts.

1.3.3 Chiral Catalysis

Chirality is defined as an object or system that cannot be superimposed onto its mirror image.
These chiral molecules and their mirror images are called enantiomers, L or D. Chirality plays a
crucial role in biological systems as most cell components are composed of chiral molecules, such
as amino acids and sugars. Most naturally occurring amino acids are L, while most sugars are D.
A critical example of the importance of correct enantiomeric selectivity dates to post-World War
I, when the sleep agent thalidomide was heavily used by pregnant women to treat morning
sickness. Thousands of babies were born with teratogenicity, a birth defect resulting in missing or

deformed limbs. Studies revealed that thalidomide was produced using a racemic mixture, where



(+) thalidomide was a sedative and (-) thalidomide was a teratogenic®®. This stresses the important
of developing enantioselective catalyst.

While there has been considerable research directed towards the development of
enantioselective catalyst, with current catalyst including metal-organic frameworks, metal clusters,
or metal oxides, there is still significant room for improvement in catalysts that yield preferential
homochiral products. Current systems are limited due to leaching and decomposition, difficult
synthesis methods, reproducibility, recycling, and crystallinity. Some of these problems can be
addressed by using chiral inorganic NPs due to their high crystallinity, recyclability, improved

surface area and chirality at various length scales.



Chapter 2

Supraparticle Nanoassemblies with Enzymes

Naomi S. Ramesar”, Gleiciani de Q. Silveira”, Trung D. Nguyen, Joong H. Bahng, Sharon C.

Glotzer and Nicholas A. Kotov. Chem. Mater. 2019, 31, 18, 74937500

2.1 Abstract

Supraparticles are micelle-like self-limited assemblies from inorganic nanoparticles (NPs), whose
size and morphology are determined by the equilibrium between short-range attraction and long-
range repulsion forces. They can be spontaneously assembled from a variety of nanoscale
components that are, in the majority of cases, the same NPs. Hybrid supraparticles made from
inorganic and biological components are possible but hardly known. We report here the self-
assembly of hybrid bioinorganic supraparticles, prepared from iron disulfide, cadmium telluride,
and zinc oxide NPs as well as protease, cytochrome c, and formate dehydrogenase, in which the
protein content can exceed that of NPs by 3:1. The resulting bioinorganic supraparticles are 70-
150 nm in diameter and have a narrow size distribution. Five different permutations of inorganic
and biological components indicate the generality of the observed phenomena. Coarse-grained
molecular dynamics simulations confirmed that the formation of supraparticles depends on the
interplay between attraction strengths and electrostatic repulsion. Enzymatic activity of the native
protein is retained and is completely recovered from the assemblies, which suggests that the

supraparticles can be utilized for encapsulation of biomolecules.
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2.2 Introduction
The self-assembly of terminal structures, such as viral capsids®®, endosomes®’, membrane-less
compartments, and micelles, play quintessential roles in all biological systems being responsible
for encapsulation of cargo®, signaling®, optical interactions®, catalysis*®, and many other
functions. Thus, considerable effort has been placed on fabricating biomimetic assemblies to
improve the understanding of terminal self-assembled structures in biology.>>*-43  Although it
might seem counter-intuitive, inorganic nanoparticles (NPs) presents a favorable choice because
of their tunable size, shape, charge, surface functionality, and amazing simplicity with which they
form terminal assemblies,® known as supraparticles (SPs).>*® One of the fundamental advantage
of SPs is the possibility to combine nanoscale components with different properties, which, besides
the fundamental importance for property engineering, opens the door for a variety of applications
ranging from photovoltaics'* and optics,*® to drug delivery.®

SPs formed through the self-assembly of two or more subunits may be categorized into two
types, inorganic or hybrid (inorganic—organic), based on the composition of their constituents. The
formation of SPs typically occurs through the interplay between repulsive and attractive forces
exemplified by electrostatic and supramolecular interactions that can also be complemented by
solvophobic/solvophillic interactions."1®

There has been considerable progress in developing a comprehensive understanding of the
interactions that govern the self-assembly of SPs.34152444 The information gained through these
studies allow for better understanding and ease in the fabrication of SPs if general interactions are
properly controlled within the system. Xia et al. showed that the self-assembly of nonuniform-

sized NPs into monodispersed core/shell SPs were governed by a balance between electrostatic
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repulsion and vdW attraction.> The strong electrostatic repulsion within the SPs produced a
loosely packed core of larger particles, whereas smaller particles packed at the SP outer layers.
Cao et al. were able to take advantage of the solvophobic interactions by controlling the ligand and
reducing agent in a solution to assist in the formation of aligned hexagonal close-packed structures
composed of nanorods.”® The formation of hybrid terminal SPs of similarly charge, cadmium
telluride (CdTe) NPs and cytochrome C (CytC) protein, was thoroughly explored in 2014 and the
underlying forces responsible for this SP formation was found to be the counterbalancing of
electrostatic repulsion with intermolecular attractive interaction, including dipolar, hydrogen
bonding, and hydrophobic interactions. It was concluded that nonspecific attractive-repulsive
forces are required for the formation of the hybrid SPs, suggesting they can be made from a variety
of NPs and proteins. Other examples of hybrid protein-NP clusters have been developed32334345:46
and support the conclusion presented by Park et al.* Simultaneously, it was observed that some
proteins, for instance, streptavidin, prevents self-assembly of CdTe NPs.#

Considering the biological role or many terminal assemblies, SPs can be utilized to protect
their biological components from degradation. Enzymes are sensitive to changes in the
environment (i.e., pH, salt content, solvent, etc.), which is the central limitation for their production
and applications.®® The high cost of isolation and purification of enzymes makes their recovery
and reuse a challenging process.*® Several benefits can be achieved through utilizing hybrid SPs
as a tool for enzyme encapsulation, as interactions at the protein/NP interface suggest that the
immobilization of proteins on the NP surface can not only increase the stability of the protein
against degradation, but also improve enzyme activity.*3%3! SPs can prevent enzymes’ contact
with other particles, proteins, surfactants, and surfaces that can cause their inactivation. Also, they

can stabilize the enzymes under unfavorable conditions, such as high temperature (70 °C), ionic
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strengths and pH.* Furthermore, SPs may also show improved catalytic properties over their
individual NP constituents.®

In this work, we present five variations of hybrid SPs, self-assembled from proteins and
NPs of various shapes. Iron disulfide (FeS2) NPs stabilized with thioglycolic acid (TGA) and zinc
oxide (ZnO) NPs of various shapes (plates, spheres, and pyramids) were combined with protease,
and CdTe NPs stabilized with 2-(dimethylamino)ethanethiol (DMAET) were assembled with two
proteins, CytC and formate dehydrogenase (FADH). A prominent feature of this work is to
highlight the engineering of stable and tunable hybrid assemblies that can be applied as a class of
nano-tools for a range of applications, specifically biomolecule encapsulation and recovery. The
properties of these newly fabricated SP assemblies also make them an attractive tool to potentially

aid in the development and understanding of complex biological systems.

2.3 Experimental Method

Synthesis of FeS2 nanoparticles (NPs): TGA-FeS, NPs were obtained by combination of two
different methods described in the literature.>®%! In a typical synthesis, 90 mL of DMSO was
heated to 180 °C in a three-neck flask (150 mL) fitted with a valve and degassed by bubbling
nitrogen under magnetic stirring for 1h. Thioglycolic acid (10 mmol; 0.69 mL) was injected and
after 1 h the FeCl»>.4H20 (1.3 mmol; 259 mg) was quickly added to the flask avoiding air entry
into the flask. After refluxing for more 1h at 180 °C the pH of media was ajusted to 9.0. A solution
consisting of sulfur ( 11.7 mL; 0.374 mg) in diphenyl ether (8 mL) degassed at 70°C for 1 h was
added to the reaction mixture and immediately the solution became black and was kept at 180°C
for 3 h. The reaction was stopped with a room temperature water bath. The NPs were washed by

centrifugation with chloroform/ethanol mixtures at 4400 rpm for 5 min. Subsequent addition to
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choroform followed by centrifugation were carried out. The black precipitate can be stored in pure
ethanol, methanol, deionized water, or dry under vacuum. The average diameter of the synthesized

NPs was 3.4 £ 0.7 nm.

Synthesis of ZnO nanoparticles (NPs): ZnO nanoparticles were synthesized as previously
reported.>? Briefly, plates were synthesized by dissolving 5.5 g Zn(Ac)z - 2H,0 in 100 mL
anhydrous methanol and refluxed for 1 h, followed by addition of 1 g KOH dissolved in 10 mL
deionized water and refluxed for 14 h. Sphere synthesis was similar but the KOH was dissolved in
anhydrous methanol rather than water. Pyramids were synthesized by first mixing 0.2 g KOH with

the 5.5 g Zn(Ac)2 - 2H>0 followed by addition of anhydrous methanol and refluxed for 48 h.

Assembly of FeSz/Protease and ZnO/protease SPs: Typically, 28 nmols of protease aqueous
solution (60 pl) were added to the FeSz> NPs (1.68 nmols) or ZnO NPs dispersion (0.1 mg in 1 mL
of water pH 11.0), the pH was adjusted by the addition of 0.1M NaOH and the mix was stored for
72 h. The assembly medium contained desired concentrations (0.5, 1.0, 2.0 and 5.0 M) of NaCl,
or it was stored at different temperatures (4, 20, 35, 55, 70 °C). Typically, samples for TEM/SEM
studies were diluted about 10 times before imaging. Prior to characterization the excess protein
from dispersion was removed and the SPs were redispersed in 1 ml of water at pH 11. The final

ratio between FeS; NPs and protease was determined by UV-Vis spectroscopy to be 1:3.

CdTe NPs and CdTe Supraparticles: CdTe NPs stabilized by 2-(dimethylamino) ethanetiol

(DMAET) was prepared as described in the literature.>®* A 1 mL dispersion of CdTe NPs (pH 5.5)

was combined with 20 pL of 300 uM CytC (pH 7.0) for 72 h at 4 C, followed by the addition of
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20 uL of FADH (pH 7.0), and stored for 24 h to form the CdTe/CytC/FADH SPs. The resulting
assembly was characterized using transmission electron microscopy (TEM), ultraviolet-visible

spectroscopy (UV), circular dichroism (CD), and dynamic light scattering (DLS).

Catalytic assay for protease activity: Aliquots of SPs dispersion (1.0 ml) were added to casein
solution (5 mL; 6.5 mg/mL) in a desired pH medium (7.5) and kept at specific temperatures (37)
for 10 min. The reaction was stopped by addition of trichloroacetic acid (5mL), incubed for 30
min and filtered (0.45 um polyethersulfone syringe filter). Subsequently, Folin & Ciocalateus
Phenol (1 mL) was mix to the filtered (2mL), and then the free tyrosine, released from casein digest
process, produce a blue colored chromophore which was measured as a absorbance value at 660

nm on UV-Vis.

Statistical Methods: Error bars in all experiments are calculated based on standard deviation of
experimental values obtained in multiple (at least three) measurements following an identical

experimental procedure outlined above.

Simulation Model and Method

In our coarse-grained model used for the phase diagram (Figure 2-4c-e), the pairwise interaction

between the nanoparticles and protein particles is represented by:

U(r) = 4e [(ﬁ)lz - (r f A)6] + A exp[—kr] (2-1)
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where the first term is the shifted Lennard-Jones 12-6 potential used to model the excluded volume
and short-ranged attraction between two particles i and j with different diameters, and the second
term is the Yukawa potential used to capture the screened Coulombic potential in an ionic solution.
Here r is the center-to-center distance between two particles, and A is the shift to the center-to-
center distance: A= (o; + g;)/2 — o. For the LJ potential, £ and o are the attraction strength and
length scale, respectively. Meanwhile, for the Yukawa potential, A and x are the repulsion strength
and inverse screening length, respectively. A, which is in energy unit, is proportional to the particle
charges and inversely proportional to the relative permittivity of the solution. x is proportional to
the ionic strength of the solution: increasing the ionic strength decreases the screening length, thus
increasing x. The inverse screening length is k = 0.1/a unless otherwise stated. The attraction
strengths between protein-NP, ep_np, and protein-protein particles, ep-p, are varied independently,
whereas that between the NPs is fixed. Solvent molecules and counterions are incorporated
implicitly using interaction parameters and the thermostat.

For each state point (ep—np, €p-p), the simulated system consists of N particles, and was
equilibrated in the canonical ensemble (i.e., at constant volume and temperature) using the
Langevin thermostat. At each time step, the thermostat exerts on each particle random and viscous

forces to mimic the coupling between the system with a heat bath at the set temperature. The

. . . « kgT .
dimensionless temperature is chosen as T* = % = 1, where ¢ = enp-np. The timestep used for

time integration is At = 0.0057 , where the time unit is defined as t = a,/m/e, where the unit
mass, m, is the NP mass. We considered different system sizes, i.e., the total number of NPs and
protein particles, N = 2048, 16000 and 55296 to ensure that the overall shape of the assembled SPs
is not biased by the system size and that our results are not biased by initial configurations. Our
simulations were performed using LAMMPS software package® with GPU acceleration®.

To estimate the boundaries between the assembled structures in Figure 2-4c, we performed
parallel tempering simulations, where we simulate 16 replicas concurrently, each with a
temperature 0.7 < T < 1.3 with incremental of AT = 0.1. Swaps in the temperature of the replicas
are periodically attempted every 10000 timesteps and accepted with the standard Metropolis
criterion used for parallel tempering. By doing so, we can detect the transitions between
segregation and aggregation, and between NP-protein aggregation and protein-only aggregates

(i.e., protein-NP phase separation). The system size in the parallel tempering simulations is N =
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2048. Similarly, for Figure 2-4f, we also performed parallel tempering simulations for 16
temperature values. The goal here is to equilibrate the assembled SP formed with strong attraction
strengths between the NPs and proteins using configurations accessible at lower attraction
strengths.

2.4 Results and Discussion

Supraparticle Formation: An overview of hybrid SP formation from NPs (FeS2, CdTe, ZnO)
and proteins (protease, CytC, FADH) is presented in Figure 2-1. The selection of FeS2 and ZnO
NPs was dictated by a number of advantages, such as biocompatibility, low cost, easy preparation
method, and high stability. Protein selection was determined by usefulness in applications and
chemical properties. Proteases are mostly utilized for the hydrolysis of peptide bonds,*® whereas
CytC is a well-known electron transport protein®’, and FADH is responsible for reducing CO> to
formic acid®®. None of these proteins show any tendency to self-assemble on their own under
assembly conditions. However, CdTe NPs are known to self-assemble into nanosheets when in
solution® and FeS, NPs has shown a tendency to aggregate into nanosheets and nanowires.>! The
successful formation of hybrid SPs was achieved by judiciously tuning the surface properties, such
as the charge and solution pH of both NPs and proteins (Table 2-2).

The structure and composition of SPs were investigated using different molar ratios of NPs
and protein. For example, for FeS2 and protease, when using a 1:1 ratio, or when the NP
concentration was greater than the protein concentration, macroscale aggregates were observed
instead of separate SPs (Figure 2-7a-c). When the protein was the prevailing component, the
aggregates became less dense (Figure 2-7d-e), and the tendency to form SPs gradually emerged
when the initial molar ratio was 1:16 (NP: protease) (Figure 2-7f-g). Note that the resulting molar
ratio between NPs and protease in resulting SPs was 1:3 (Figure 2-8). The intermediate stages of

the self-assembly process were monitored by transmission electron microscopy (TEM) from 2 h
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to 72 h of assembly (Figure 2-9) and (DLS). Both techniques show that the size and intensity of
aggregates progressively decreased with the formation of SPs. Thereby, and after 72 h of assembly,
only one peak at approximately 141 nm was observed (Figure 2-10).

Investigation by electron microscopy show defined size and shape representations of
individual NPs (Figure 2-2a, f, k, Figure 2-11a, c) and SPs, with all protein/NP combinations
resulting in near spherical SP assemblies. FeS, and ZnO NP dispersions at pH 11 were mixed with
aqueous protease at pH 7 and within 72 h, a stable FeS, or ZnO NP/protease SP dispersion was
spontaneously formed. Spherical SPs with a narrow size distribution was determined by scanning
electron microscopy (SEM) and TEM for FeSa/protease (Figure 2-2b-c). Irrespective of individual
ZnO NP shapes (pyramid, plates, and spheres), resulting SP assemblies of ZnO/protease were also
near-spherical (Figure 2-2I-m, Figure 2-11b, d), which was somewhat surprising because the
interactions of Zn nanoplatelets and nanopyramids are expected to be more anisotropic than those
of nanospheres. CdTe NPs in pH 5.5 were mixed with CytC at pH 7, stored at 4 C for 72 h,
followed by addition of FADH at pH 7 and within 24 h final SPs are formed. The spherical shape
and size of assembled SPs were confirmed by TEM (90 £ 10 nm) and SEM (Figure 2-2g-h).
Overall, the size of CdTe/CytC/FADH SPs increased 23 nm compared to CdTe/CytC SPs,
indicating that indeed, FADH is incorporated into the final SP (Figure 2-12). TEM shows
monodispersed spherical SPs for all NP/protein combination regardless of shape, suggesting that
formation of spherical terminal assemblies is thermodynamically stable. It is important to highlight
that the presence of proteins promotes the assembly of SP rather than FeS2 aggregates or CdTe
sheets. DLS was also performed to confirm that SP assemblies occur in solution and is not a result
of drying (Table 2-1). The difference observed between drem and dpLs can be associated to the

removal of water molecules incorporated in the SPs, a process commonly observed in many
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proteins and their assemblies.®® A notable difference is observed in SP sizes (Figure 2-2d, i, n),
which can be correlated to the size of constituent NPs. Both FeS; NP (d = 4.7+0.6 nm, h = 1.5%
0.1 nm) and ZnO pyramids (ZnOpy) (base = 15 £+ 1.8 nm, side = 18 £ 3 nm) were assembled with
protease; however, as seen in Table 1, ZnOpy/protease SPs are approximately 20 nm larger,
corresponding with the bigger ZnOpy NPs. The NP size dependence was explored further with
FeSa/protease assemblies, showing that the diameter of SPs increases monotonously with the
diameter of NPs (Table 2-3; Figure 2-13). This dependence may be attributed to an increase of
surface area available for protease interaction with the surface of FeS..

To confirm protein incorporation in SPs, CD spectra was obtained and shown for all SPs
(Figure 2-2¢, j, 0 and Figure 2-14). After formation, all SP assemblies were washed to ensure the
removal of excess free protein that may contribute to the CD signal. There was no CD contribution
from NPs (Figure 2-2e, j, 0); therefore, any CD spectra observed should be attributed to the
proteins. As seen in Figure 2-2e, the CD spectra of protease (red) and 1:3 mixture of FeS/protease
SPs (blue) have very similar curve shape. The negative peak at 207 nm matches that of the CD
spectra of free tyrosine and is equivalent to a mixture of f-sheet and random coil conformation.
Importantly, the CD spectra confirms that the folded secondary structures of all proteins were
largely preserved. The slight red shift indicates some conformational change in the protein
globules®!

Similar tendencies are shown for ZnO and CdTe assemblies. For brevity, the remaining
part of this paper will focus on the FeSa/protease SPs assemblies expecting that the properties of
the FeSa/protease SPs are transferable to other assemblies discussed above.

Spectroscopic studies were performed to investigate whether the protein structures in the

FeS2 assemblies were affected by the assembly process. Absorbance spectra of SPs dispersed in
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water at pH 11 show a band for protease at 283 nm, associated to the m—m* transition in the
tryptophan and tyrosine amino acid residues, and a broad featureless shoulder with a maximum
centered at 350 nm, assigned to the FeS2 NPs. No shift in protease absorbance band was observed,
which indicates that the proteins retain their conformation within the SPs (Figure 2-15). The
fluorescence spectra of SPs at different temperatures display a maximum at 353 nm, similar to that
of native protease, again revealing that the protein in the SPs does not suffer denaturation, as a
typical spectrum of unfolded proteins would exhibit either a spectral shift in the peak fluorescence
or a peak splitting.2.

High-resolution TEM (HRTEM) of FeS2/protease SPs shows the electron-transparent and
electron-dense areas (Figure 2-3a) with the dark regions corresponding to FeS2 NPs and the light
areas to the protease-rich regions. For individual NPs inside the SP, a lattice spacing of 0.26 nm
was observed, which is the (200) lattice plane of the cubic pyrite phase of FeS2 (Figure 2-3b).>!
Scanning TEM was utilized to show the interconnectivity between NPs and proteins in the SPs
(Figure 2-3c-d). In these high-angle annular dark field images (HAADF), the darker regions are
representative of the proteins, whereas the brighter areas represent FeS2 NPs. It is evident that
within the SPs the NPs and proteins are highly interconnected, allowing for optimal
immobilization and encapsulation of the proteins.

The attractive interactions in the assembly of NPs and proteins are represented by vdwW
forces, hydrogen, coordination, and supramolecular bonds. The repulsive interactions are primarily
electrostatic in nature. Despite conceptual limitations for nanoscale particles related to
nonadditivity of interparticle interactions at the nanoscale,®® carrying out the Derjaguin, Ladau,
Verwey, and Overbeek (DLVO) calculations are instructive for the first-order approximation for

interaction potentials between FeS2 NPs and proteases. As such, one can note a repulsive

20



maximum (V = 0.3 kBT) for the pair-wise NP/protein interactions, which may be easily overcome
by Brownian motion. Therefore, initial mixtures of FeS2 NP and the proteases in the aqueous
suspension easily self-assemble Figure 2-4. Self-limiting assembly of NPs and protein resulting in
hybrid supraparticles. (a) Pair potential between FeS, NPs and protease according to DLV O theory
(b) C-potential values for the assembly of FeS, NPs with protease at different time intervals (0, 2,
8, 24, 48, 60 and 72 h). Error bars indicate the standard deviation values from multiple
measurements. (¢) Phase diagram obtained from computer simulation. Circular dots represent the
simulated state points in our study. The regimes are sketched based on the obtained structures at
the state points. Here ep.np and ep-p are the attraction strength of the protein-NP and protein-protein
interactions, respectively. (d) Representative snapshot of an assembled SP containing both NPs
(blue) and proteins (yellow). (e) Pair correlation functions between protein-protein and NP-NP in
(d). (f) Cross-section of a SP formed by NPs (inset) and protein particles represented by discoids
and spheres, respectively Figure 2-4. Self-limiting assembly of NPs and protein resulting in hybrid
supraparticles. (a) Pair potential between FeS> NPs and protease according to DLVO theory (b)
C-potential values for the assembly of FeS> NPs with protease at different time intervals (0, 2, 8,
24,48, 60 and 72 h). Error bars indicate the standard deviation values from multiple measurements.
(c) Phase diagram obtained from computer simulation. Circular dots represent the simulated state
points in our study. The regimes are sketched based on the obtained structures at the state points.
Here ep.np and ep-p are the attraction strength of the protein-NP and protein-protein interactions,
respectively. (d) Representative snapshot of an assembled SP containing both NPs (blue) and
proteins (yellow). (e) Pair correlation functions between protein-protein and NP-NP in (d). (f)
Cross-section of a SP formed by NPs (inset) and protein particles represented by discoids and

spheres, respectively (Figure 2-4a). The changes in the electrokinetic potential ({) over the courses
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of the SP formation reflect the self-limited growth of these SPs complex particles. Prior to the
assembly, the  value of the FeS2 NPs and the proteases were measured to be —48.1 and —10.8
mV, respectively (Figure 2-16). The { value of the NP/protease dispersion was —32.4 mV at the
initial stage and increased to —17.6 mV after 8 h. Further increase in the assembly time is
accompanied by continued increase in the overall zeta-potential, indicating continued growth of
the SPs. Within 72 h, { reached a constant value of —15 mV, indicating that an equilibrium or a
steady state was achieved (Figure 2-4b). Indeed, the growth of the SPs terminated when its
diameter reached 141 + 14.2 nm, as determined by DLS. At that stage, high zeta-potential and size
enlargement were expected to exert further attractive interactions. However, stronger and longer-
ranged electrostatic interaction concomitantly increase with size until its repulsive potential
enforces a barrier for further self-assembly.

Computer simulations were performed to further investigate how the NPs and proteins
assemble into SPs. In this study, we focus mainly on the local packing of the SPs; the self-limiting
behavior of the assembly process that gives rise to SPs with similar sizes can be explained by the
renormalized repulsion between the building blocks as in our previous studies.** The NPs and
proteins are modeled as spherical particles with a size ratio of 1:1.7, similar to the relative average
sizes of FeS2 and protease. The effective interaction between the NPs and protease is modeled by
the empirical Lennard-Jones and Yukawa potentials (Simulation Method). The former captures
excluded volume/steric interactions and short-ranged attractions between the building blocks, for
example, induced by vdW forces and hydrogen bonding. The latter captures the repulsion between
the particles induced by their screened electrostatic interaction in ionic solutions. The use and
parametrization of these potentials were validated based on multiple prior studies of CdTe NPs by

the groups of Kotov, Glotzer, and coworkers. We have simulated a 1:3 molar ratio mixture of NPs
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and proteins at different attraction strengths between the NPs and protease, epne, and between
protease, epp, t0 explore the conditions at which the assembly occurs. Parallel tempering
simulations were also performed to identify the morphology of the SPs and the local packing of
the NPs and proteins within individual SPs.

The simulated state points for the 1:3 NP/protein mixture are summarized in Figure 2-4c,
where the region of NP/protein aggregation corresponds to the conditions observed in our
experiments. Our simulations indicate that the effective NP/protein attraction should be
sufficiently stronger than the attraction between the proteins to lead to the formation of the SPs as
experimentally observed. The transition where NPs and proteins start to aggregate into SPs
depends on the relative attraction strengths, eP/NP and €P/P. At the transition point, for example,
eP/NP/kBT = 5.0 and €P/P/kBT = 4.0, the SPs are in equilibrium with the proteins in solution
(Figure 2-4d), as observed in the experiment. The simulated assembled SPs have an almost
spherical shape, within which the NPs and proteins pack randomly, as revealed by the pair
correlation functions (Figure 2-4e). To examine the role of the shapes of the NPs on the local
packing of the building blocks within a SP and the overall geometry of the SPs, we modeled
individual NPs as rigid bodies each composed of 207 beads rigidly linked together (Figure 2-4f,
inset). The model NPs have shape and aspect ratio similar to the FeS2 NPs in experiment. The
proteins are modeled as spheres with a size similar to the NP. To facilitate the formation of a
spherical aggregate, we first equilibrated the 1:3 mixture of the NPs and protein in a spherical
cavity, and subsequently removed the cavity. Parallel tempering simulations were then performed
to explore the possible packing inside the SP and the SP geometry that are energetically favored
(Simulation Method). Figure 2-4f shows the cross section of a representative SP after

equilibration at sufficiently strong NP/protein attractions displaying random packing within SPs.
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We further examined the formation of SPs when prepared in different solvents, ionic
strengths, and temperatures. Methanol and ethanol media resulted in elongation of the SP shape;
the size of SPs prepared in isopropanol, ethanol, and methanol were 188 + 16, 210 + 21, and 245
+ 23 nm, respectively (Figure 2-5a-d). Meanwhile, the increase of temperature led to a slight
increase in the average SP diameter (Figure 2-5e-h; Table 2-4), and may be associated to a slight
decrease in van der Waals resulting in SPs that are not as tightly integrated. Lastly, as the ionic
strength was increased, the average size of SPs was increased because of reduced electrostatic
screening. However, when the NaCl concentration was greater than 2.0 M, aggregation of the SPs

was observed, which was accompanied by reduction in { (Figure 2-5i-1; Table 2-5).

Protein Recovery and Activity

To determine if protease within the SPs maintains its catalytic functionality, an enzyme activity
assay was performed. During the assay, casein was degraded by protease via hydrolysis, releasing
tyrosine along with other amino acids and peptide fragments. The undigested casein was made
insoluble by treatment with trichloroacetic acid; subsequently, Folin’s reagent reacted with free
tyrosine to produce a blue-colored chromophore. The UV—Vis peak intensity of free tyrosine was
measured at 660 nm to generate a catalytic activity profile (Figure 2-17).%° Protease was released
from the SPs by controlling the environmental conditions and ultimately displacing the charge
interactions, causing SPs to disassemble. FeS2/protease SPs were introduced into a pH 5.5 solution
and after 2 h the formation of large polydisperse aggregates of FeS2 was observed under TEM
(Figure 2-6a). Similar aggregates of FeS, were formed in both neutral and alkaline environments
when protease was not present (Figure 2-18) indicating the release of protease from SPs.

Centrifugation separated the large FeS2 aggregates from the recovered protease in the supernatant.
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Supernatant and disassembled SPs were characterized by CD spectroscopy (Figure 2-6b), where
a change in the spectra for the recovered protease was observed. Although there may be some
conformational change in the protein spectra, it is apparent from the results that the active sites on
protease were not compromised, and the activity of the recovered protease was comparable to that
of native protease at pH 5.5 (Figure 2-6c).

To verify the activity of protease within SPs, we assessed the performance of native protease
versus protease within SPs at pH 7.5 and 8.5. Over a time period of 60 min, the activity of protease
within SPs was identical within the experimental error to the activity of native protease (Figure
2-19). When the effect of temperature was explored (Figure 2-20), SPs outperform native
proteases at lower temperatures of 4 °C and 20 °C, while at 42 °C the native protease activity
becomes higher, as the optimal conditions for serine proteases are high temperatures and pH.%®
These results indicate that SPs help maintain or promote the activity of the protein under
unfavorable conditions. It also confirms that while we see some conformational changes in CD,
the active sites of protease are unchanged and active in SPs, not only when recovered. Therefore,
immobilization of proteins via SPs allows for facile recovery and reuse of active enzymes. We
also examined the stability of SPs under UV irradiation at 260 and 350 nm. TEM images show
that SPs remains intact after 10 min of illumination; however, at 15 min, we observed a
deformation in the spherical shape of the SPs, indicating the onset of instability (Figure 2-21).

Thereby, SPs have limited stability in UV environment.

2.5 Conclusions

Hybrid SPs composed of FeS2, ZnO, and CdTe NPs with protease, CytC, and FADH were self-

assembled into monodispersed spherical assemblies despite variation in the shapes of constituent
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NPs. SPs are simple to prepare, can be used in a variety of solvents, and remain stable under high
ionic strength, and temperature, when native enzymes denature. We have also demonstrated that
SPs retain protein activity that may be utilized for their encapsulation for the needs of

biotechnology and catalysis.

2.6 Figures and Tables

FeS, NPs %

d=4.7£0.6 nm Protease

h=1.5%0.1nm

CdTe NPs & FADH

&

ZnO NPs
® O e+ N + N
d=3.840.2nm ’. CytC

Base15%1.8nm ()
Side 18+ 3.0nm v d=45+02nm Protease
d=18.4+2.9nm

h=3.5£0.2nm

Supraparticles (SPs)

Diameter: 70— 150 nm

Figure 2-1. Formation of diverse hybrid SPs from inorganic NPs made from FeSz, ZnO, and
CdTe NPs with proteins represented by protease, CytC, and FADH.
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Figure 2-2. Hybrid supraparticles from inorganic nanoparticles and proteins. TEM of (a)
FeS2 NPs, (b) FeSz/protease SPs, (c) SEM of FeSz/protease SPs, (d) size distribution of FeS:
SPs, (e) Circular dichroism (CD) of FeSz, protease, and FeS2 SPs. (f-j) show the same order
of images for CdTe/CytC/[FADH SPs, and (k-0) show the same order for
ZnOpyramid/protease SPs.
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Table 2-1. SP diameter determined by DLS and TEM

Hybrid SP Diameter of SPs by DLS Diameter of SPs by TEM

doLs(nm) dtem(nm)

FeS2/Protease 141 +14.2 110+ 3.3
CdTe/CytC 106 + 6.6 67+11
CdTe/CytC/FADH 125+ 14.0 90+ 10

ZnO sphere/Protease 155+ 19.1 120 £ 10.6
ZnO plate /Protease 157.1+£7.3 144 £ 19
ZnO pyramid/Protease 187.5+15.6 139+ 35

Statistic errors were calculated from 100+ measurements on TEM grids and by DLS.

Figure 2-3. Structural characterization of FeS2/protease SPs. (a) TEM image of individual
FeSa/protease SPs. (b) High resolution transmission electron microscopy (HRTEM) image of
individual NP inside a SP in a demonstrating lattice spacing of 0.26 nm that corresponds to
(200) of the cubic pyrite phase of FeSz. (¢) STEM-ADF image of FeSz/protease SPs, (d)
STEM-ADF view of single SP.
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Figure 2-4. Self-limiting assembly of NPs and protein resulting in hybrid supraparticles. (a)
Pair potential between FeS2 NPs and protease according to DLVO theory (b) -potential
values for the assembly of FeS2 NPs with protease at different time intervals (0, 2, 8, 24, 48,
60 and 72 h). Error bars indicate the standard deviation values from multiple measurements.
(c) Phase diagram obtained from computer simulation. Circular dots represent the simulated
state points in our study. The regimes are sketched based on the obtained structures at the
state points. Here ep-np and ep-p are the attraction strength of the protein-NP and protein-
protein interactions, respectively. (d) Representative snapshot of an assembled SP containing
both NPs (blue) and proteins (yellow). (e) Pair correlation functions between protein-protein
and NP-NP in (d). (f) Cross-section of a SP formed by NPs (inset) and protein particles
represented by discoids and spheres, respectively
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Figure 2-5. Effect of solvent, temperature, and ionic strength on stability of SPs. TEM images
of FeS2/Protease SPs stored at 4°C in (a) isopropanol, (b) ethanol, and (c) methanol (d) closer
view of elongation in methanol. TEM images of FeSz/Protease SPs prepared in aqueous
solution at pH 11 and stored at (e) 20°C, (f) 37°C, (g) 55°C, and (h) 70°C. TEM of FeS-
2/Protease SPs formed in different concentrations of NaCl (i) 0.5 M, (j) 1.0 M, (k) 2.0 M and
(1) 5.0 M. Scale bars are 100 nm (a-d, i-) and 200 nm (e-h).
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Figure 2-6. Protein recovery and activity. (a) FeS2 aggregates after SP disassembly, (b) CD
data of SPs after disassembly (blue), native protease (red), and protease recovered from SPs
(black), and (c) activity of native and recovered protease.

Supplementary Figures:

Figure 2-7. Assembly of FeS2 NPs and protease. Transmission electron microscopy (TEM)
images of the mixtures of FeS2 NPs at pH 11 and protease with a molar ratio of (a)1:1, (b)
2:1, (c) 5:1, (d) 1:2, (e) 1:5, (f) 1:7, (g) 1:10, and (h) 1:16 - before removing the excess of
protein. Scale bars are 100 nm (a,b,e-h) and 20 nm (c,d).
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Figure 2-8. Calculation of ratio between FeSz NPs and protease in the SPs after removing the
protein excess (a) UV-Vis spectrum immediately after mixture of FeSz2 NPs and protease with
ratio 1:16 (black), UV-Vis spectrum of supernatant after 72 h of mixture (red). The amount
of protein into SPs was calculated from the difference between the initial concentration of
protease and the concentration of protease in the supernatant obtained by centrifugation,
after 72 h of assembly. The subtraction of protease concentration of red curve from black
curve showed only 21.3% of protein initially added were used to form the SPs. Therefore,
SPs are formed with 1:3 molar ratio of the FeS2 NPs/protease. (b) Standard addition curve
of protease used to estimate the loading efficiency of protease into the SPs.
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Figure 2-9. Self-assembly of FeS2 NPs and protease. (a) Scanning electron microscopy (SEM)
image of FeS2 NP-protease SPs after 72 h of assembly, stored at 4°C. (b) Size distribution of
the self-assembled SPs by dynamic light scattering (DLS). (d-g) TEM study of morphological
changes in FeSz/Protease SPs during the assembly (time interval between 2 h and 72 h). Scale
bars are 100 nm (d,h) and 500 nm (a,e,f,g).
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Figure 2-10. Dynamic light scattering study of the particle size distribution for different
times of self-assembly process between FeSz and protease. The intermediate stages of the
self-organization process shows the appearance of particles with doLs=79 £ 8.0, 92 £ 9.6, 108
+13.1,179+ 125,135+ 17.4and 152 £ 13.2 nm at 2, 8, 12, 24, 48, and 72 h, respectively.

Note 1: The diameter of SPs obtained from DLS curve corroborate with those obtained from
SEM/TEM data. The difference between dpis and drem indicates incorporation of water molecules

in the SPs, as is observed in many proteins and their assemblies.
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Figure 2-11. TEM of (a) ZnO nanoplates, (b) ZnOpl/protease SPs, (c) ZnO sphere NP, and
(d) ZnOspl/protease SP.

Figure 2-12. CdTe SPs. (a) CdTe/CytC SPs, and (b) CdTe/CytC/FADH SPs.
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Figure 2-13. Dependence of SP diameter on the NP diameter. Transmission electron
microscopy (TEM) images of FeS2 NPs/protease SPs formed from FeSz2 NPs with diameter
of (@) 21+ 1.3, (b) 27+ 0.9, (c) 3.4 £ 0.7, (d) 3.9+ 1.2, () 4.6 £ 0.5 nm, and (f) plot of SP
diameter dependence on NP size. Scale bars are 20 nm (a), 50 nm (b), 100 nm (c,d), and 200

nm (e).
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Figure 2-15. Characterization spectroscopy of protease, FeS2 NPs and FeS2 NPs/protease SP
(a) UV-Vis spectra of protease (red, 28 pM), freely dispersed FeSz NPs (black) and SPs (blue,
1:3 FeSa/Protease, after 72h of assembly). (b) Control experiment: UV-Vis spectrum of a
mixture of FeCls and protease under the same conditions as in (a). The spectrum of protease
in presence of Fe?* is identical to that without it.
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Figure 2-16. Electrokinetic {-potential measurements at pH 11 of (a) TGA-FeS2 NPs, and (b)
Protease.
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Figure 2-17. Standard analytical curve for UV-vis absorption at 660 nm obtained from
different concentrations of tyrosine.

Figure 2-18. FeS2 particles have a tendency to aggregate into large polydisperse clusters. (a)
pH 7.0 and (b) pH 11.0 when alone in solution. Scale bars =200 nm

38



Q
o

1.0

0.8 4 0.5

Unid/ mg protease
Units/ mg Protease

0.0

L} L L] Ll L Ll L L U
10 20 30 40 50 60 0 20 40 60
Time (min) Time (min)

Figure 2-19. Catalytic assay of FeS2/protease SPs and protease at 37°C. Catalytic assay of
FeSz/protease SPs (red curve) and of protease (black curve) at (a) pH 7.5 and (b) pH 8.5.
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Figure 2-20. Catalytic activity of native protease vs. FeSz2/protease SPs at 4 °C, 20 °C, and
42 °C after 20 minutes of exposure time.
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Figure 2-21. Stability of FeSz/Protease SPs under illumination TEM images of SPs
illuminated at (a) 260 nm for 5 min, (b) 260 nm for 10 min, (c) 260 nm for 15 min (d) 350 nm
for 5 min, (e) 350 nm for 10 min, and (f) 350 nm for 15 min. All samples were illuminated
with slit width for excitation at 20 nm. Scale bars are 100 nm (a,b,d,e) and 200 nm (c,f).
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Table 2-2. Zeta potential of all constituents at corresponding solution pH

Hybrid SP Constituents

FeS, NPs
FeS,/protease
Protease

CdTe
CdTe/CytC/FADH CytC
FADH
ZnOpy
Zn0Osp
ZnOpl

Protease

ZnO/Protease

Zeta potential

(mV)
-48.1
-10.8
+26
+7.0
+12.6
-38.6
-40.2
-40
-10.8

Isoelectric
point

5.5

11.0
7.0

5.5

Solution pH

pH 11
pH 11
pH 5.5
pH 7.0
pH 6.5
pH 11
pH 11
pH 11
pH 11

Table 2-3. Dependence of SP diameter on the constitutive NP diameter.

Diameter of TGA-FeS2 NPs

Diameter of SPs by DLS

Diameter of SPs by TEM

(nm) doLs(nm) drem(nm)
21+1.3 35+4.3 22+35
2.7+0.9 70+6.9 58+ 4.6
34+07 141 + 14.2 112 +13.0
39+1.2 155+ 19.1 130+ 14.2
46+05 187 +24.2 178 £ 21.3

Statistic errors were calculated from multiple measurements on TEM grids and by DLS.
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Table 2-4. Dependence of SP diameter on the temperature.

Temperature °C Diameter of SPs by DLS Diameter of SPs by TEM
doLs(nm) drem(nm)
4 141 +14.2 112 +13.0
20 162 £12.5 118+ 7.1
30 175+19.0 123+10.4
55 197 +£21.8 128 £9.6
70 204 +18.6 142 +£9.8

Statistic errors were calculated from multiple measurements on TEM grids and by DLS.

Table 2-5. Dependence of SP diameter on ionic strength.

Concentration of NaCl DLS Diameter of SPs TEM Diameter of SPs
(M) docs (nm) drtem (NmM)
0.5 134 + 18.3 108 +9.2
1.0 137 +22.4 102+11.4
2.0 144 + 26.5 aggregated
5.0 152 +23.8 aggregated

Statistic errors were calculated from multiple measurements on TEM grids and by DLS.
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Chapter 3

Single- and Multi- Component Chiral
Supraparticles as Modular Enantioselective
Catalysts

Si Li, Juan Liu, Naomi S. Ramesar, Hendrik Heinz, Liguang Xu, Chuanlai Xu, Nicholas A.

Kotov. Nature Communications volume 10, Article number: 4826 (2019)

3.1 Abstract

Nanoscale biological assemblies exemplified by exosomes, endosomes and capsids, play crucial
roles in all living systems. Supraparticles (SP) from inorganic nanoparticles (NPs) replicate
structural characteristics of these bioassemblies, but it is unknown whether they can mimic their
biochemical functions. Here, we show that chiral ZnS NPs self-assemble into 70—100 nm SPs that
display sub-nanoscale porosity associated with interstitial spaces between constituent NPs.
Similarly, to photosynthetic bacterial organelles, these SPs can serve as photocatalysts,
enantioselectively converting L- or D-tyrosine (Tyr) into dityrosine (diTyr). Experimental data and
molecular dynamic simulations indicate that the chiral bias of the photocatalytic reaction is
associated with the chiral environment of interstitial spaces and preferential partitioning of
enantiomers into SPs, which can be further enhanced by co-assembling ZnS with Au NPs. Besides
replicating a specific function of biological nanoassemblies, these findings establish a path to

enantioselective oxidative coupling of phenols for biomedical and other needs.
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3.2 Introduction

Nanoscale biological assemblies are composed of a diverse spectrum of (bio)organic
components,®”® which are common in all living systems.%®"® They have characteristic dimensions
ranging from 50 to 500 nm and are exemplified by viral capsids,® endosomes,®’ exosomes,
carboxysomes,’* azurophilic granules,’”?> cellular vesicles,” intralumenal vesicles, and stress
granules,”*"" as well as a wide spectrum of intracellular membraneless compartments.’®’® These
self-contained biological units, chemically related to micelles, are responsible for numerous
intracellular and extracellular functions, including high efficiency site-specific transport,’®"3 cargo
protection,® signalling,® catalysis,* light absorption,3*8° biomolecular filters, autophagy,’ and
protein folding.8%® Engineered nanocatalysts with chemically similar functions are needed for
different technological areas, exemplified by drug delivery, personalized medicine, biotechnology,
solar fuels, and CO> reduction, which stimulated extensive research in different scientific and
engineering fields. Starting with micelles and vesicles from artificial surfactants, bioinspired
nanoscale assemblies can be produced from human-made components, including recombinant
proteins and amphiphilic biomacromolecules.**%283-87 Similar spheroidal structures can also be
made using DNA nanotechnology.®*° However, the ex-vivo use of all these nanoassemblies
requires the negotiation of both the benefits and problems related to their structural dynamics and
instability. The latter problem strongly affects nanoscale bioorganic components such as catalytic
proteins,®* RNA,% and DNA.*® Since inorganic nanoparticles (NPs) have essentially the same
ability to spontaneously assemble into complex superstructures,® it would be attractive to recreate

some of these assemblies and functions from purely inorganic components that are robust and
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inexpensive.®® In this study, we explored this possibility and its associated advantages and
disadvantages.

Inorganic constructs that are conceptually similar to nanoscale assemblies from (bio)organic
subunits are represented by supraparticles (SPs), formed from 50-500 individual NPs 61945
Similar to micelles, they self-assemble because of the interplay between various attractive forces
and electrostatic repulsion associated with the surface charges on NPs that serve here as building
blocks, or unimers.®¢% Gradually increased electrostatic charges of SPs terminates the attachment
of new NPs when a certain threshold is reached; this leads to self-limited growth and thus size
uniformity. SPs display sizes, uniformity, and geometries reminiscent of nanoscale assemblies
found in biology, and can adopt a range of morphologies from fairly simple structures, such as
nanospheres® or nanoshells® to fairly sophisticated left- and right-handed helices.®% SPs made
of NPs are structurally flexible, enabling their modular engineering from different constitutive
units, which are evidenced by the inclusion of biological nanoscale components into the structures
of SPs.*

Among the many known functions of biological nanoassemblies, transport and catalysis are
perhaps the most common. Chiral catalysis takes place in many of these ‘nanoscale organs’,
including chloroplasts,'® endoplasmic reticulum,’® and endosomes.®” Following marked
advances in this field related to the discovery of 2,2'- binaphthyl-based homogeneous chiral
catalysts,*%? research in this area is re-emerging due to the ever-growing demand for chiral
intermediates.'% Although still in the early stages of development, heterogeneous chiral catalysts
utilizing inorganic nanostructures provide alternatives to chiral coordination compounds.%4-1%
Several recent studies on inorganic NPs used as heterogeneous chiral catalysts have demonstrated

their synthetic simplicity and chemical stability.1°"-*° However, the chiral bias in these nanoscale
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catalytic systems is imparted by complex metalorganic ligands with stereo-selective centers, which
leads to their vulnerability of ligand replacement, oxidation, and cross-linking. Conversely,
individual NPs with chiral ligands that are short and simple, fail to display observable
enantioselectively.!'!

SPs are especially desirable as chiral catalysts because they can potentially mitigate the
aforementioned problems. Furthermore, SPs can be flexibly constructed from metal, ceramic, and
semiconductor NPs,'!>7116 integrating different components into one structural unit optimized for
specific reactions and energy sources; this offers the possibility of engineering catalytic systems
from nanoscale modules. Here we show that SPs constructed from chiral NPs display catalytic
activity and enantioselectivity for the photoinduced oxidation of tyrosine (Tyr), used as a model

chiral substrate. The catalytic functions in these assemblies can be engineered and optimized by

taking advantage of SP modularity, combining NPs with different chemical and optical properties.

3.3 Methods
Reagents. Zn(ClO4)2-6H20, thioacetamide, hydrogen tetrachloroaurate (ll1l) trihydrate
(HAuCl4-3H20), glutathione, and D- and L- tyrosine (Tyr) were purchased from Sigma-Aldrich.

All chemicals were used as received. Milli-Q-deionized water was used for all the experiments.

Characterization methods and instruments. Assemblies were characterized using a JEOL 3011
HRTEM instrument (JEOL USA, Inc.), and a JEOL2100F was employed for HAADF and BF
imaging in STEM mode. Elemental analysis was performed using an EDAX accessory linked to
the JEOL 2100F instrument (JEOL USA, Inc.), equipped with a UVL-56 lamp without a filter (115

V, 50/60 Hz, 0.16 A).
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UV-Vis absorbance spectra were acquired using an Agilent 89090A instrument (Agilent
Technologies, Santa Clara, CA, USA). Circular dichroism analysis was performed using a JASCO
J-815 instrument. The {-potential and size distribution were measured with a Nano ZS Zetasizer
instrument (Malvern Instruments, Malvern, Worcestershire, UK). For {-potential, each sample was
equilibrated for 2 min before measurement; all experiments were performed in triplicate, each
measurement included 50 cycles, and a 15 s pause was included between runs.

MS analysis was performed on an Agilent 6520 Accurate-Mass Quadrupole Time-of-Flight (Q-
TOF) LC-MS instrument (Agilent Technologies, Santa Clara, CA, USA) operating in ESI* ion
mode. The nebulization gas was set to 500 L/h at a temperature of 332 °C, the cone gas was set to
5 L min’, and the nebulizer gas pressure was 45 psi. The capillary voltage was set to 3500 V.
Internal reference ion masses [M + H]* at 121.05 Da and 922.01 Da were enabled, and a detection
window of 200 ppm with a minimum height of 1000 counts was used. The results shown in Fig.

5C were obtained using an InfinityLab Poroshell 120 HILIC-Z HPLC column (2.1 x 50 mm, 2.7

um internal diameter).

Synthesis of chiral ZnS SPs. For chiral SPs, 1.36 x 10°3 mol of L-, D-, or rac- penicillamine (Pen)
and 1.7 x 10" mol Zn(ClQ4).-6H20 were dissolved in 86 mL water, the pH was adjusted to 8.5 by
adding NaOH, and the solution was degassed by argon bubbling for 30 min. A 1 mL sample of 0.2
M thioacetamide was quickly injected under vigorous stirring and the mixture was incubated at 95
°C in a reflux column system. Samples were taken at different times for measurement and

characterization. Pen-stabilized SPs were obtained after 3 h of heating.
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Synthesis of chiral gold NPs. Briefly, 50 mL of 4.8 mM glutathione (GSH) solution was mixed
with 300 uL 0.5 M HAuCls under vigorous stirring. The mixture was heated at 95 °C in an oil bath
to obtain chiral gold NPs. The synthesized GSH-Au NPs were purified by placing in a centrifuge
at 13000 rpm to remove large aggregates after reaction. The supernatant was further purified by
adjusting the solution to pH 3.5, adding 1 volume of ethanol (gold NPs solution : ethanol = 1:1),
isolated using a centrifuge at 4000 rpm for 5 min, and the supernatant was discarded. Precipitates
were resuspended in 20 mL water.

Synthesis of chiral ZnS-Au SPs. For chiral ZnS-Au SPs, 13.6 x 10* mol of L-Pen and 1.7 x 10-
* mol of Zn(ClO4)2-6H,0 were dissolved in water and the pH was adjusted to 8.5. The solution
was degassed by argon bubbling for 30 min. Under vigorous stirring, 1.6 x 10~* mol thioacetamide
dissolved in water was added and then degassed for 30 min by argon bubbling. After that, the
solution was heated for 30 min at 95 °C, 6 mL of a concentrated dispersion of Au NPs was added
and the volume brought to 100 mL. The pH value of the concentrated Au NPs must be adjusted to
8.5 before mixing. The resulting mixture was heated to reflux at 95 °C under flowing argon, and

the final Au-ZnS SPs were obtained after 4 h of heating.

Photocatalysis with chiral ZnS SPs and ZnS-Au SPs. Solutions of L-Tyr and D-Tyr (0.4
mg/mL) were prepared, and synthesized ZnS SPs and ZnS-Au SPs were washed three times with
deionized water, and then dispersed in water. Solutions of L-ZnS SPs, D-ZnS SPs, and L-ZnS-Au
SPs, assembled with the same concentration of ZnS NPs, were mixed with the same volume of 0.4
mg/mL L-Tyr or D-Tyr. Control samples were prepared by mixing the same amount of water with
L-Tyr or D-Tyr. Samples of L-Tyr, D-Tyr, L-ZnS-SPs with L-Tyr, D-ZnS-SPs with D-Tyr, L-ZnS-

SPs with D-Tyr, D-ZnS-SPs with L-Tyr, L-ZnS-Au-SPs with L-Tyr, and L-ZnS-Au-SPs with D-
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Tyr were mixed thoroughly and the pH was adjusted to 4.7 or 8.0 before illumination. The prepared
samples were illuminated with a mercury lamp for the desired time. Catalytic samples were
continually stirred during illumination. SPs and solutions were separated by ultra-filtration, and
filtered solutions were used for fluorescence and MS analyses. HPLC-MS measurements were
performed using a 20 pL injection volume, at testing m/z 405.10, 383.12, 361.14, 242.04, 226.05,
220.06, 204.06, 198.08, and 182.08 that corresponded to diTyr-Na + Na*, diTyr + Na*, diTyr +
H*, DOPA-Na + Na*, Tyr-Na + Na*, DOPA + Na*, Tyr + Na", DOPA + H*, and Tyr + H,

respectively.

Enantioselectivity of chiral SPs for rac-Tyr. L-ZnS, D-ZnS, rac-ZnS, and L-ZnS-Au SPs were
incubated with 0.4 mg/mL rac-Tyr for 6 h with stirring. Sodium chloride was then added to obtain
a concentration of 0.5 M in order to cause the sedimentation of SPs. As the SPs settled to the
bottom, no centrifugation was needed. The supernatant from the top part of the vial was diluted
with ultrapure water to avoid saturation of the detectors. The diluted samples of the supernatant

were used for absorbance and CD measurements.

Construction of molecular models and simulation setup. All-atom models of the ZnS NP, (L)-
Pen, (D)-Pen, (L)-Tyr, (D)-Tyr, and water were built using Materials Studio. A nanoparticle model
of 3 nm size (Zn3eeS348S(Ligand)ss) was created from a multiple of the unit cell of sphalerite (ZnS)
and application of a spherical cutoff. Atomic charges were assigned with charge increments of £
0.25 e per bonded neighbor, corresponding to an atomic charge of +1.0 e for Zn and -1.0 e for S
in bulk ZnS, and accordingly reduced charges on the surface. 54 (L or D)-Pen ligands were bound

via thiol linkages to the surface and randomly spread (packing density ~1.9 per nm?).1*" The
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protonation states of carboxylic acid groups and amine groups in (L or D)-Pen and (L or D)-Tyr
were adjusted to COO™ and NHs" to represent neutral conditions of pH =7 as in experiment.
Simulations were performed for four systems, including (1) L-Pen-ZnS-L-Tyr, (2) L-Pen-ZnS-
D-Tyr, (3) D-Pen-ZnS-L-Tyr, and (4) D-Pen-ZnS-D-Tyr. The dimensions for each box was the
same, about 70 x 70 x 70 A3, and all simulation systems were overall charge-neutral. The complete
start structures consisted of one ZnS NP modified with (D) or (L) Pen, 8 (D) or (L) Tyr molecules
in solution, and 10229 water molecules. The Tyr molecules were evenly placed in the box with

~10 A distance from the Pen-ZnS NP.

Force Field. We employed the CHARMM-Interface force field (CHARMM-IFF) including new
parameters for ZnS (Table 1)!*® and existing CHARMM36''® parameters for (L or D)-Pen and (L
or D)-Tyr. The new force field parameters for ZnS describe the expected amount of covalent and
ionic bonding****% and reproduce the lattice parameters (5.4093 A) and density (4.09 g/cm®) from
XRD data (Figure 3-17) with 0.2% deviation (5.394 A) and 0.7% deviation (4.12 g/cm®),
respectively, at 298.15 K and 1 atm. The Lennard-Jones parameters approximated surface and

interfacial energies of ZnS (not tested in detail).*?

Table 3-1. Forcefield parameters for ZnS (sphalerite)

I. Nonbond Charge (e) o (pm) & (kcal-mol™)
Zn +1.00 185 0.05
S -1.00 448 0.5
I1. Bond ro (pm) kr (kcal-molt-A-2)
Zn-S 241 525
Zn-S (ligand) 241 525
I11. Angles & (°) ke (kcal-mol*-rad -?)
Zn-S-Zn 109.5 200
S-Zn-S 109.5 200
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S-Zn-S (ligand) 109.5 200
Zn-S-C (ligand) 100.0 0
Note: No dihedral potentials were necessary for bonds inside the ZnS NP (zero).

Simulation Protocol. Each system was initially subjected to 1000-time steps energy minimization
to remove atomic close contacts. The configurations were then subjected to an initial 2 ns
equilibration period of molecular dynamics simulation in the NPT ensemble at 298.15 K and 1.013
MPa using the Nanoscale Molecular Dynamics program (NAMD),?? followed by longer
simulation times of 50 ns to thoroughly sample conformations and thermodynamic averages. All
atoms were flexible during the simulations, the time step was 1 fs, temperature controlled by the
Langevin thermostat, and a damping coefficient of 1 ps™. Van-der-Waals interactions were treated
with a spherical cutoff of 12 A in the summation of pairwise Lennard-Jones interactions, and the
summation of Coulomb interactions was carried out using the Particle Mesh Ewald (PME) method

with a high accuracy of 10 kcal/mol throughout the equilibration and production runs.

Analysis and calculation of binding frequency. The conformations and dynamics were visually
analyzed using the Visual Molecular Dynamics (VMD) program.?® Binding was defined as
uninterrupted proximity of tyrosine molecules to the Pen-ZnS nanoparticle within 5 A for 100 ps
or more. The binding frequency was calculated from the number count of binding frames, that is,
the sum of the number n; of Tyr molecules bound in each frame i over all frames N, relative to the

total number of frames N and 8 Tyr molecules:

2" (3-1)

i=1

8-N

Binding frequency =
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Uncertainties are given using block averages of the binding frequency over major portions of the

total simulation time.

3.4 Results and Discussion

Key problems of nanoassemblies for chiral catalysis. While numerous chiral NPs and their
assemblies have been reported over the last two decades, these studies were primarily focused on
understanding and maximizing chiroptical activity 10111124125 \When designing NP assemblies to
display chiral bias, one encounters the fundamental problem of the mismatch in scales between the
chiral geometries characteristic of small molecules needed for pharmaceuticals, liquid crystals,
chiral polymers, and other needs versus the chiral shapes of NPs. For example, in the classical case
of tartrate, only five atoms constitute the chiral atomic group with a dimension of only a few
angstroms, whereas the number of atoms in chiral NPs and constructs thereof can exceed tens of
thousands, with dimensions from a few nanometers to 100 nm. Additionally, NPs always have
structural imperfections and variability in their atomic and molecular scales that inevitably lead to
difficulties with the realization of fine angstrom-scale stereochemical control typically expected
for chiral catalysts, albeit this may not be always needed.

We addressed these problems using SPs formed from semiconductor NPs as the basic
structural modules.®® The interstitial spaces between NPs in these nanospheroids are subnanometer
in width and are comparable to the dimensions of small molecules serving as catalytic substrates.
However, there is a tendency for NPs to form assemblies with nearly epitaxial merging of crystal
lattices.1?6-128 While useful in electronics'?® and energy storage applications,**° this is detrimental

to chiral catalysis because it eliminates the SP’s chirality in the nanoscale pores. Therefore, NPs
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with relatively high recrystallization energies and interatomic bonds with fairly strong covalent

character are preferred.

Assembly of chiral supraparticles. Assembly of chiral SPs can be accomplished by assembling
ZnS NPs with an average diameter, drem = 3 £ 0.7 nm, stabilized by L- or D-penicillamine (Pen)
(Figure 3-1a); when needed, the rac-form of Pen was also utilized, resulting in NPs of similar size
and polydispersity. The synthesized chiral SPs will be referred to as L-, D-, or rac-SPs, depending
on the chirality of the surface ligand tethered to the NPs. Unlike optical centers formed by sp®
hybridized carbon atoms, chiral NPs and their assemblies have multiple scales of mirror
asymmetry.%® Thus, L-, D-, or rac-notations refer only to the preparative methods rather than to
geometrical attributes of the nanoassemblies.

Pen-ZnS NPs were synthesized and assembled into SPs by incubation at 95 °C for 3-6
hours (see Methods). The individual ZnS NPs exhibited irregular morphology as seen from the
high-resolution transmission electron microscopy (HR-TEM) images (Figure 3-7). Association of
NPs is accompanied by the concomitant increase of the absolute value of electro-kinetic zeta-
potential (¢) (Figure 3-8). The point where it reaches a plateau corresponds to the formation of
SPs, and for Pen-ZnS NPs, this occurs in three hours, when ( reaches -47 mV. The resulting SPs
displayed a spherical morphology with diameters determined by transmission electron microscopy
(TEM) and dynamic light scattering (DLS) of drem = 100 £ 3 nm and dpts = 105 £ 10 nm,

respectively (Figure 3-1b—d, Figure 3-9 Figure 3-10) They also showed high monodispersity

with standard deviation <6%, which indicates the quasi-equilibrium state of the SPs. Elemental
mapping confirmed the composition of SPs, indicating the presence of ZnS and Pen (Figure 3-1e).

The presence of Pen ligands in ZnS SPs was also confirmed by the Fourier-transform infrared
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spectroscopy (FTIR) and Raman spectra (Figure 3-11 -Figure 3-12). The typical peaks at 3000—
3300 cm™ are attributed to the stretching vibration of N-H of Pen attached to the surface of ZnS
NPs. The peaks at 1450-1700 cm™ and 2200-2450 cm are attributed to C-H bending and S-H
stretching vibrations of Pen. The peaks associated with S-H bonds could not be observed for Pen-
ZnS SPs as expected, due to the formation of S-ZnS bonds.

Individual NPs could be identified in the assembled SPs by high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) images and high-resolution STEM
images (Figure 3-1b, Figure 3-13Figure 3-14Figure 3-15). The pore size of the SPs are below 2
nm (Figure 3-16b), which are comparable with the sizes of reactive centers on many enzymes.**!
The X-ray diffraction (XRD) spectra for SPs revealed [0036], [110], [1136], [1211] peaks of ZnS

in SPs (Figure 3-17).

Chirality of assembled supraparticles. ZnS NPs with L- and D-Pen as surface ligands displayed
circular dichroism (CD) peaks at 215 and 240 nm (Figure 3-2a, b). Compared with the CD spectra
of Pen alone (Figure 3-18), a new CD peak appeared from 240 to 300 nm; this may be attributed
primarily to electronic hybridization between the molecular orbitals of NPs and those of chiral
ligands. The local distortions of the ZnS surface due to attachment of Pen ligands may contribute
to the CD spectra, too.

Assemblies of individual NPs into ordered structures may exhibit CD signatures of the
chiral geometries of NPs that may or may not possess a distinctively chiral shape, such as a helix.
Unlike the individual NPs, the chiroptical activity of the prepared SPs included an additional band
in the 280-340 nm region. Note that the energies of electronic state developing as a result of

hybridization of chiral states from amino acid residues attached to the NP surface are dependent
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on the environment. They are different for the individual NPs and that in the interstitial spaces and
thus are located at longer wavelengths. One can also expect that CD peak for such electronic states

will be broad as they are, indeed, in Figure 3-2d.

Assembly of multi-component chiral supraparticles. Similar to other terminal assemblies, SPs
can be made from several different NPs so that they may offer a combination of different
functionalities. For instance, the co-assembly of NPs from metals and semiconductors is a simple
process that results in the combination of NPs with plasmonic and excitonic properties, which
should facilitate photocatalytic processes. Gold NPs carrying glutathione (GSH) units as surface
ligands were chosen as complementary unimers to the Pen-stabilized ZnS NPs for the assembly of
plasmon-exciton SPs because of their similarity in size. When GSH-Au NPs with diameters of
2+0.3 nm (Figure 3-19) were added to a dispersion of ZnS SPs and incubated for 3 h at 95 °C,
hybrid ZnS—Au SPs containing both types of constituent blocks were obtained (Figure 3-3a). The
C-potential of the multi-component SPs stabilized at a high value of ~~44 mV after 4h of
incubation, indicating the successful formation of SPs (Figure 3-20). Note that the {-potential
characteristic of the completed self-assembly process is nearly identical to that found for ZnS
nanospheroids (Figure 3-8). The average diameter of ZnS—Au SPs was dtem = 75 + 3 nm (Fig. 3b;
Figure 3-21), which was about 25% smaller than the diameter of single-component
nanoassemblies. Elemental mapping confirmed the presence of gold NPs in these SPs (Figure
3-3c). ZnS—Au SPs displayed CD signals from 200 to 550 nm (Figure 3-3d). The polarity of
chiroptical activity at 220 nm for L-ZnS—Au, that is, those where ZnS NPs were made with L-Pen,
was opposite compared with the CD spectra of single-component ZnS SPs (Figure 3-2d) and

GSH-Au NPs (Figure 3-19b). The polarity reversal may have multiple physical origins and likely

55



represents a convolution of various effects. It may be attributed to both strong chemical (such as
hydrogen bonding between the surface ligands) and physical (such as plasmon-exciton

hybridization) interactions between ZnS and Au NPs in the nanoassemblies.

Supraparticles as modular photo-catalysts. The chirality of SPs can potentially endow them
with enantioselectivity in catalysis. Realization of enantioselective photocatalysts would be
particularly promising because the photoinduced reactions require both optical activity and
robustness of inorganic NPs to prevent their photodecomposition. The conversion of the amino
acid Tyr, which can be monitored using its strong photoluminescence (PL) peak at 306 nm, was
used as a chiral catalytic substrate. Furthermore, Tyr can be photo-oxidized to dityrosine
(diTyr)!32136 or dihydroxy phenylalanine (DOPA),'3* with characteristic PL peaks at 414 nm and
320 nm (Figure 3-22), respectively. The realization of asymmetric photo-oxidative coupling of
Tyr to diTyr would be particularly impactful from the standpoints of both chiral catalysis and
pharmaceutical intermediates because enantioselectivity for such reactions was so far challenging
to realize.13713°

Chiral Photocatalysis by ZnS Supraparticles: The photocatalytic reactions in all experimental

series were initiated by illumination at pH 8.0 with UV light at 315—400 nm, which was efficiently
absorbed by ZnS and ZnS—-Au SPs (Figure 3-2c and Figure 3-3d). lllumination of Tyr without
SPs yielded a nearly negligible change in PL spectra (Figure 3-4a, b). When ZnS SPs were added
to the Tyr solution, a strong increase in PL intensity was observed at 414 nm, which is
characteristic of the accumulation of diTyr (Figure 3-4c—f)!33'®  DiTyr formation was
accompanied by a decrease of PL intensity at 306 nm as expected considering the consumption of

Tyr. While diTyr was the main product of the photocatalytic conversion of Tyr, the formation of
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DOPA may also be expected, which explained the red-shift of the emission peak at 306 nm in
Figure 3-4 as the photolysis proceeded.

Analysis of temporal profiles of diTyr emission, ls14(t), allowed us to evaluate the chiral
preferences of the SP catalysts. ZnS SPs carrying L-Pen preferentially catalyzed L-Tyr, while SPs
made from D-Pen preferentially catalyzed D-Tyr (Figure 3-4g). The degree of enantioselectivity
can be associated with preferential partitioning of enantiomers of Tyr into the SPs, which was
confirmed by an enantioselective adsorption of Tyr enantiomers after exposure of rac-Tyr solution
to L- or D-ZnS SPs. The effect of preferential adsorption of enantiomers on chiral substrates and
phases was observed for some other systems,'?4140-142 hyt, to the best of our knowledge, not for
SPs or any other nanoscale assemblies of NPs. Calibration of the CD spectra with respect to the
total concentrations of each enantiomer (Figure 3-23Figure 3-24) yields preferential partitioning
of L-Tyr and D-Tyr into L- and D-ZnS-SPs as 38.4 + 1.8% and 36.3 +2.4% over the other isomer,
respectively, while that of L- and D-ZnS NPs was 11.5% + 3.1% and 15.1% + 3.4% over the other
isomer. Thus, the enantioselective recognition was vividly enhanced via assembling chiral NPs
into SPs. The chiral preferences of SP-substrate interactions match those observed in
photocatalysis, which is consistent with the enantioselective physisorption of substrates with NPs
and SPs (Figure 3-4g). The individual ZnS NPs with L- or D-ligands did not show obvious
catalytic preference for enantiomeric Tyr, and the catalytic activity is also lower than that of the
SPs (Figure 3-25). Both the ZnS NPs and ZnS SPs retain excellent stability in the course of
photocatalysis (Figure 3-26 Figure 3-27). Importantly, the photochemical stability of chiral
ligands on SPs is markedly better than that on NPs. In fact, no decomposition of Pen was observed

in SPs after intense illumination for 36 h (Figure 3-4h).
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When Tyr was illuminated in the presence of ZnS—Au SPs, the fluorescence intensity of
the 306 nm band decreased dramatically during the illumination (Figure 3-5a-b), which indicated
a large enhancement of the efficiency of photocatalytic conversion of Tyr after incorporation of
Au NPs. Note, however, that the rise of the 414 nm peak associated with diTyr was smaller in
ZnS-Au than in ZnS SPs (Figure 3-4c—f and Figure 3-5a-b), pointing to the simultaneous
enhancement of diTyr conversion into non-luminescent products.

As a result of the higher catalytic activity of ZnS—Au SPs, weaker PL signature of diTyr,
and greater complexity of the products than in single-component SPs, the chemical composition
of products of photocatalysis were investigated using additional analytical techniques. High-
performance liquid chromatography—mass spectrometry (HPLC-MS) confirmed the efficiency of
the photoinduced oxidative coupling of Tyr by ZnS-Au SPs. The peaks in extracted ion
chromatography (EIC) provided spectra tracings that concomitantly verified the conversion of Tyr
to diTyr and DOPA ((Figure 3-5c). The gradual stabilization of the EIC peaks corresponding to
diTyr and DOPA for the reaction time from 18 to 32 h confirmed the ability of multi-component
SPs to subsequently oxidize diTyr and DOPA, which was not the case for single-component SPs..

Similar to ZnS SPs, the temporal dependence of PL intensity at 306 nm revealed that L-
ZnS—-Au SPs preferentially catalyzed the photo-oxidation of L-Tyr over D-Tyr ((Figure 3-5d).
The association of enantioselectivity of the photocatalysis with preferential partitioning of a
specific enantiomer was confirmed for the multi-component SPs. When incubated with rac-Tyr,
L-ZnS—Au SPs prefer to adsorb L-Tyr in the amount 44.2 +1.7% greater than that for D-Tyr
(Figure 3-24 and Figure 3-28). Selective adsorption of Tyr enantiomers in ZnS and ZnS—Au SPs
indicates that ZnS NPs with Pen surface ligands are primarily responsible for the chiral bias of the

photo-oxidation process. The improved catalytic performance of Au-ZnS SPs can be attributed to
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more facile separation of photogenerated electrons and holes and the reduced band gap of ZnS.
The photogenerated electrons prefer Au surface rather than ZnS. The holes, however, will mainly
stay on the ZnS nanoparticles, which will reduce the recombination of the electron-hole pairs and
enhance the catalytic efficiency.

The photochemical stability of chiral ligands on Au-ZnS SPs was shown to exceed those
in the dispersion of individual ZnS and Au NPs ((Figure 3-5e). No degradation of Pen and GSH
was observed for illumination for 60 h whereas marked reduction of CD intensity of the peaks
corresponding to both peptides was observed for free NPs over the same time.

There are several chemical mechanisms why the stability of the ligands would increase in SPs
compared to chiral photocatalysts based on single NPs or traditional organometallic compounds.
First, SPs afford utilization of short and robust chiral ligands, such as individual amino acids as
molecular structures responsible for enantioselectivity, as opposed to complex and sensitive high
molecular weight constructs. The higher the molecular weight of the surface ligands, the greater
number of conformational degrees of freedom, and the greater the possibility of chemical damage
due to photonically or thermally initiated reactions. Second, the light in SP is absorbed by a subset
of NPs. These can be the NPs in the surface or Au NPs in ZnS or Zn-S—-Au SPs, respectively.
Unlike single NPs or the traditional chiral photocatalysts, the excitation can be efficiently
transferred between several NPs due to their closeness in the SP assemblies. The resonance
coupling of the excited states in SPs is advantageous for the stability of the chiral photocatalysts
because on chiral ligands on the internal NPs are better protected against damage than those on the
SP surface. Third, SPs represent a self-assembled hybrid composite where ZnS cores and organic
ligands on their surface constitute the mineral and organic components, respectively. Multiple

experimental data indicate that the organic molecules in the composite display increased resilience
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to oxidation, thermal decomposition, or hydrolysis.**31% This property represents the fundamental
structural advantage of SPs as chiral photocatalysts.

Molecular dynamics simulation. Molecular dynamics simulation can be a powerful tool for
investigation of the atomic scale dynamics and molecular recognition properties at NP surfaces,
and was applied here to obtain insight into the recognition of (L or D)-Tyr in aqueous solution on
(L or D)-Pen-ZnS NPs (Figure 3-6). The enantioselectivity of Pen-ZnS surfaces were evaluated
using the binding frequency of Tyr enantiomers to the Pen ligands on single NPs and model
nanoassemblies from four NPs (Figure 3-29) during 50 ns and 20 ns, respectively, molecular
dynamics simulations in explicit water at pH 7.0 (Figure 3-6). Binding for both single- and four-
NP systems decreases in the order D-Pen/D-Tyr > L-Pen/L-Tyr > L-Pen/D-Tyr > D-Pen-L-Tyr,
which matches with the reaction rate for Tyr consumption and diTyr formation (Figure 3-4g from
measurements). The most preferable binding interactions occur between —COO— ions in Pen and
—NH3+ groups in Tyr, as well as between —NH3+ groups in Pen and -COO- groups in Tyr in all
four systems (Figure 3-6b). The binding involves ion pairing and hydrogen bonds. Once two
binding contacts simultaneously form between a Pen ligand and Tyr, Tyr will remain bound in
excess of 10 ns. When only one of the binding contacts forms, the binding status is more dynamic
and lasts only 1-2 ns. As the aromatic side group of Tyr approaches the bare ZnS NP surface, the
—OH group may temporarily bind to the ZnS surface and disengage binding to Pen via ion pairing.
Differences in binding properties for different chirality combinations of ligands and Tyr molecules
are related to distinct relative orientations of the carboxylate and ammonium groups of Pen on the
particle surface (inward/outward depending on D/L), as well as specific interactions between
neighbor ligands. Tyr binds selectively to these chiral ligand surfaces and experiences some

geometry differences in match depending on (D) or (L) configuration. In addition, the binding
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competition between the charged groups in Tyr (-NH3+ and -COO-) with Pen ligands and the
aromatic side groups in Tyr with uncovered areas of the ZnS NP surface demonstrates that the pH
value and the density of surface ligands can affect the binding affinity. Diffusion rate of L-Tyr in
the center of four-NP assembly was found to be 0.22+0.05 and 0.34+0.12 A/ns for D- and L-Pen-
ZnS models, respectively. Concurrently, the diffusion rates of L-Tyr on the sides of the
nanoassembly were much faster - 2.2+0.6 and 1.8+0.5 A/ns for the same models. This observation
supports the attribution of experimentally observed enhancement of both catalytic activity and
enantioselectivity in SPs vs. NPs to extended residence time of substrate inside the catalytic

particle.

3.5 Conclusions

Single- and multi-component SPs with size and uniformity comparable to biological
nanoassemblies were assembled from chiral semiconductor and metallic NPs mimicking both
structure and functions of their biological analogs, for instance photosynthetic organelles of
bacteria and, to a lesser extent, redox reactions in azurophilic granules. SPs showed efficient
photocatalysis of Tyr with enantioselectivity determined by the chiral preferences of L- and D-Tyr
to interact with individual NPs and penetrate into the interstitial spaces between them. It needs to
be pointed out that enantioselectivity of oxidative phenol coupling, which is Tyr—Tyr dimerization
is representative of, is both difficult**"**® due to low chiral bias and significant due to variety of
biomedical needs4l. The problems with enantioselectivity are particularly noticeable for low
molecular weight phenols as opposed to large molecular'®® weight polycyclic aryls¢. As such,
optical purity of just a few percent is typically achieved even with complex metalorganic catalysts

for diverse catalytic substrates'®. In the majority of cases, however, no enantioselectivity was
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reported™>"13 and poor enantioselectivity of these reactions was pointed out even for sophisticated
biomimetic catalysts®3.

Incorporation of Au NPs to realize multicomponent SPs further enhanced photocatalytic
conversion of the substrates. Besides improved electron-hole separation, more efficient light
absorption by the assemblies via plasmonic effects and the formation of the NP junctions can
facilitate both the electron transport, while retaining enantioselectivity. Concomitantly,
photodecomposition under light is an essential problem of the chiral catalysts of any chemical
type. Improving the resilience of chiral photocatalysts against photodegradation is an important
advancement in the field that facilitates their practical implementation.

One can expect SPs to be a convenient platform for engineering catalysts using different
NPs as functional modules. SPs provide a new approach to design a family of chiral catalysts
conceptually different from those considered before in the field of homogeneous and
heterogeneous chiral catalysts. Permutations of different NPs that can be combined in modular SPs

is nearly endless. The development of more specific and sophisticated SPs that can replicate

multiple other functions of biological nanoassemblies is anticipated.
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3.6 Figures

100 nm

N

Figure 3-1. Pen-stabilized chiral NPs and SPs. (a) TEM image of L-Pen-stabilized ZnS NPs.
(b) Magnified HAADF-STEM image of L-ZnS SPs that assembled from the chiral NPs shown
in a. (c) HAADF-STEM image and (d) Bright-field-STEM image of L-ZnS SPs (100 + 4 nm)
with large scale. (e) Elemental mapping images of nitrogen, oxygen, zinc, and sulfur ZnS SPs
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Figure 3-2. (a) CD spectra and UV spectra of ZnS NPs with Pen surface ligands of different
chirality. (b) Enlarged CD spectra of ZnS NPs from 265 to 400 nm. (c) CD spectra and UV
spectra of ZnS SPs with Pen surface ligands of different chirality. (d) Enlarged CD spectra
of ZnS SPs from 265 to 400 nm.
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Figure 3-3. (a) Model of multi-component L-ZnS-Au SPs. (b) HAADF-STEM images of

multi-component L-ZnS-Au SPs. (c) Elemental mapping of L-ZnS-Au SPs of zinc, gold, and
sulfur, respectively. (d) CD and UV spectra of multi-component L-ZnS-Au SPs.
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Figure 3-4. Fluorescence spectra of L-Tyr or D-Tyr after being illuminated with different
periods of time in the absence or presence of ZnS SPs. (a) L-Tyr. (b) D-Tyr. (¢) L-Tyr with
L-ZnS SPs. (d) D-Tyr with D-ZnS SPs. (e) L-Tyr with D-ZnS SPs. (f) D-Tyr with L-ZnS SPs.
(9) The dependence of PL intensity at 414 nm on the time of photocatalytic reaction with ZnS
SPs of different chirality of the catalyst and the substrate.
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Figure 3-5. Fluorescence spectra of L-Tyr or D-Tyr after being illuminated with different
period of time in the presence of ZnS-Au SPs. (a) L-Tyr with L-ZnS-Au SPs. (b) D-Tyr with
L-ZnS-Au SPs. (¢) Extracted ion chromatography (EIC) of L-Tyr and Tyr related products
of L-ZnS-Au SP L-Tyr samples obtained at 0, 18, and 32 hours, m/z = 405.10, 383.12, and
361.14, and m/z = 242.04, 220.06, and 198.08 are attributed to DOPA-Na + Na+, DOPA +
Na+, and DOPA + H+ and diTyr-Na + Na+, diTyr + Na+ and diTyr + H+, respectively. (d)
The dependence of PL intensity at 306 nm on photocatalytic reaction time with L-ZnS-Au

SPs of different chirality of the subst

rate.
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Figure 3-6. Adsorption of (L or D)-Tyr on (L or D)-Pen-ZnS NPs of 3 nm diameter from MD
simulations. (a) The binding frequency decreases in the order from D-Pen-D-Tyr, L-Pen-L-
Tyr, L-Pen-D-Tyr, to D-Pen-L-Tyr. Error bars indicate the standard error from 5 ns block
averages during 50 ns MD simulations. (b) Snapshot of D-Tyr binding on the D-Pen-ZnS NP
surface. D-Tyr molecules are represented in “Licorice” style with thicker bonds. The 3 nm
D-Pen-ZnS NP is represented in “Licorice” style with thinner bonds. Binding sites are
highlighted with green dotted lines and water molecules omitted for clarity.

3.7 Supplementary Information

Calculation of Enantioselective Partitioning of Tyr Enantiomers into Supraparticles. The
concentration of Tyr in the supernatant denoted as CTyrl, was calculated from the UV-Vis
absorbance spectra in Supplementary Fig. 17b and 22b using the equation 1A = 18.200 CTyr1 -
0.0273 (Supplementary Fig. 18b). The amount of Tyr (CTyr2) partitioned into SPs, which lead to
the appearance of a CD signal of the supernatant solution, was calculated with the calibration
equation ICD = 128.505 CTyr2 - 0.0244 (Supplementary Fig. 18d) based on the data in
Supplementary Fig. 17b and 22b. The enantiomer selectivity for SP partitioning was calculated

using the equation Vselectivity = CTyr2 / CTyrl.
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Supplementary Figures

L-ZnS NP

Figure 3-7. HR-TEM images of L- and D- ZnS NPs.
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Figure 3-8. Temporal profile of {-potential for the assembly of L- and D-ZnS NPs. The error
bars represent the standard deviation of sample measurements.
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Figure 3-9. (a) Bright field- and (b) HAADF-STEM images of D-ZnS SPs.
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Figure 3-10. Size distribution of the self-assembled ZnS SPs by dynamic light scattering
(DLS).
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Figure 3-11. FTIR spectra (400-3900 cm™) of L-Pen, L-Pen-ZnS SPs, and L-Pen-ZnS SPs
after photocatalysis.
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Figure 3-12. Raman spectra of L-Pen, L-Pen-ZnS NPs, and L-Pen-ZnS SPs.
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5 nm

5 nm

Figure 3-13. (a) TEM image of L-Pen-ZnS SPs. (b) Magnified TEM image (marked with
dashed green square in Fig. S7a) of L-Pen-ZnS SP. (c) High resolution TEM image of the
edge of L-Pen-ZnS SP.
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10 nm

Figure 3-14. (a) TEM image of D-Pen-ZnS SPs. (b) TEM image of individual D-Pen-ZnS SPs.
(c) High resolution TEM images of D-Pen-ZnS SPs. (d) and (e) Magnified TEM images of
the edge of D-Pen-ZnS SP.
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Figure 3-15. (a) HAADF-STEM images of L-Pen-ZnS SPs. (b) Magnified HAADF-STEM
image of L-Pen-ZnS SP.
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Figure 3-18. CD spectra of L- and D- Pen molecules.
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Figure 3-19. (a) TEM image and (b) CD and UV-Vis spectra of L-GSH-stabilized Au NPs.
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Figure 3-20. Temporal profile of {-potential for the assembly of chiral ZnS-Au SPs. NPs
were added into the ZnS NP dispersion at 1 h heating time. The error bars represent the
standard deviation of sample measurements.

e
WAL R

Figure 3-21. (a) Bright field- and (b) HAADF-STEM images of L-ZnS-Au SPs.
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Figure 3-22 The fluorescence spectrum of DOPA.
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Figure 3-23. (a) CD and (b) UV-Vis spectra of rac-Tyr after incubation with, and without, L-
and D-ZnS SPs. (¢) CD and (d) UV-Vis spectra of rac-Tyr after incubation with, and without,
L- and D-ZnS NPs. The CD spectra were measured for dispersions diluted to display
identical UV-vis absorption at the CD peak of interests about 0.8 D.
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Figure 3-25. (a) L-Tyr with L-ZnS NPs. (b) D-Tyr with D-ZnS NPs. (c) L-Tyr with D-ZnS
NPs. (d) D-Tyr with L-ZnS NPs. (e) The dependence of PL intensity at 414 nm on the
photocatalytic reaction time with ZnS NPs and ZnS SPs of different chirality of the catalyst
and the substrate. The error bars in e represent the standard deviation of sample
measurements.
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Figure 3-26. TEM images of (a) L-Pen-ZnS NPs and (b) L-Pen-ZnS SPs after photocatalysis.
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Figure 3-27. The size distribution of L-Pen-ZnS NPs and L-Pen-ZnS SPs after photocatalysis.
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Figure 3-28. (a) CD and (b) UV-Vis spectra of rac-Tyr after incubation with and without L-
ZnS-Au SPs. The CD spectra were measured for dispersions diluted to display identical UV-
Vis absorption at the CD peak of interests about 0.8 D.
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Figure 3-29. Snapshot of MD simulation
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Chapter 4

Spiky Cadmium Sulfide Supraparticles

Naomi S. Ramesar, Mahshid Chekini, Ming Lei, and Nicholas A. Kotov

4.1 Abstract

Spiky cadmium sulfide (CdS) supraparticles (SPs) with tunable spike length and density were
synthesized using a one-pot aqueous method at a relatively low temperature of 70 °C. The
presented mechanism shows that the ethylenediamine concentration has an important role in the
tunability of SP size and spike density. SPs demonstrated photoluminescence (PL) emission with
both down- and up-conversion properties at an excitation A range in UV (300 — 440 nm) and near-
infrared (NIR) (700 — 940 nm), emitting from 450 — 500 nm. This conversion property was
explored for the degradation of rhodamine B dye (RhB) under four illumination sources, ultraviolet
(UV — 302 nm), visible (VIS), and IR, and Xenon lamp (UV to IR), with complete discoloration
observed in all cases in the following order, Xenon (15 min) < VIS (20 min) < UV (30 min) < IR
(24 h). The increased reaction rate may be attributed to both the collective and synergistic

properties known for SPs, as well as the CdS unique down- and up-conversion properties.
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4.2 Introduction
Self-assembly from molecular level to mesoscale is a well-accepted evolutionary step in
biochemistry and formation of life.2*”15 This phenomenon may have played a role in the
appearance of the first bimolecular building blocks as polypeptides and in higher-ordered
supramolecular architectures such as folded proteins, RNA and DNA. Additionally, the self-
assembled boundaries such as lipid bilayers instruct the formation of protocell towards to date
living cells and organisms.1°3154

The equivalent assembly phenomenon in inorganic nanomaterials has attracted attention
due to immense potential as a stable and cost-effective biomimetic analog to biological
components.2*1%-161 While key properties, such as composition, shape, and size, of nanoparticles
(NPs) are important, their ability to self-assemble depends on their nano and micro-scale
arrangement and geometry.® This is mainly due to the cumulative nature of self-assembled
nanomaterials. Their properties originate from the collective response of their structural
components which differ from the properties of individual NP and bulk assemblies.595162.163

Self-assembly of inorganic NPs can lead to the formation of superstructures with different
hierarchical shape and geometry.’> For example it can result in one and two-dimensional
assemblies such as linear chains, %41 sheets,®® vesicles'®® and also three-dimensional
supraparticles,*162167 crystals, 16818 and larger superlattices.!°17°

Supraparticles (SPs) are one of the emerging types of engineered nanomaterials with well-
defined shape and distinctive topological structure formed by self-limiting assemblies of individual
small nanoparticles.®>616217L.172 Theijr applications expand to various aspects of nanotechnology
such as drug delivery and theranostic,>'"17317# catalysis and energy applications,®7217>-177 and

optics.t’®
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Formation of SPs can be accomplished via two distinctive routes. For the first type, NP
synthesis and self-assembly take place in two separate steps, while in the second type the NP
nucleation, growth and self-assembly occurs continuously. The first type is mainly suitable for
functional SP formation when different components are involved, for example when different
types of nanoparticles are used>'’® or when a combination of biological and inorganic materials
self-assembles into composite superparticles.*® In general, NP attachment can be influenced by
different components in the dispersion media such as concentration, size, stabilizing ligands,
solvent, ionic strength, pH, temperature, etc.*® Since the synthesis and self-assembling stages are
separate, the first type can be used for various types of nanoparticles. There is more freedom in
adjusting the physio-chemical conditions (composition, concentration, temperature) under which
the self-assembling process is taking place.

The second type has more experimental restrictions, but are important since it is analogous
to its natural equivalent, bio-mineralization.?® There are limited examples of SP formation in NP
synthesizing medium®2°2* which highlights the lack of attention to this process despite the fact
that it is an intermediate stage in the formation of many nanocrystalline structures via
crystallographic fusion.??® Inorganic nanomaterials oriented attachment is observed in different
experimental conditions.?315179180 and the process is more favorable at a relatively low
temperatures. It can be remotely controlled by applying changes in the chemical composition of
the synthesis medium for engineering nanostructures with different architectures such as spherical
assemblies, sheets, rods, wires and helices.?223

For the fabrication of metal sulfide nanostructures such as CdS solvothermal and some
hydrothermal methods are widely used.*8¥18 The influence of synthetic solvothermal conditions

on the evolution of CdS nanostructures and their properties, particularly for application in
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photocatalytic hydrogen production, has been extensively studied!®1182184-186 ht there are limited
reports on low-temperature (below 100°C) aqueous-based synthesis of CdS nanostructures.8’

As a semiconductor, CdS-based nanostructures are heavily used for photocatalytic
applications, utilizing a small portion of the light spectrum. An area of interest is broadening the
range of absorption spectrum, specifically to the near-infrared (NIR) region to benefit from up-
conversion properties.’® Up-conversion is an anti-Stokes luminescence mechanism where
materials sequentially adsorb two or more low energy photons and emit at shorter
wavelengths.1818 Although inorganic nanocrystals are extensively employed for infrared-to-
visible up-conversion purposes'®, typically, the up-conversion is achieved by incorporation of an
IR-responsive compound as a sensitizer, like lanthanide, into the NP system.'® Recently, the
efficient up-conversion property of CdS nanobelts was recognized and attributed to efficient
exciton-longitudinal optical phonon coupling.!*® Due to their ability to decrease light trapping, the
CdS nanobelts were utilized for optical cooling in lasers systems, showing excellent efficiency.'%
The up-conversion properties displayed by CdS would also be exciting for photocatalytic
application, effectively converting NIR to VIS. Combined with the collective and synergistic
properties of SP assemblies, it would be appealing to explore the up-conversion potential in SP
systems.

In this work we developed a facile one-pot aqueous-based synthesis method for fabrication
of spiky CdS SPs at a relatively low temperature (70 °C), with good dispersion stability and
promising up-conversion potential without the addition of a sensitizer. The synthesis procedure
presents flexibility in control of shape and size by tuning the amount of ethylenediamine (En) in
the reaction. PL spectra show emission independent down-and up-conversion which can open a

venue for light manipulation, therefore to better evaluate the light-matter interaction in the system,
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the SPs photocatalytic ability to degrade rhodamine B (RhB) dye was studied using four different
light illumination sources, ultraviolet (UV), visible (VIS), IR, and Xenon lamp to benefit from

both down-and up-conversion of SPs.

4.3 Materials and Methods

Synthesis of cadmium sulfide SPs: A facile synthesis procedure was developed for fabrication
of spiky cadmium sulfide SPs which can be extended for the fabrication of zinc sulfide SPs.
Cadmium perchlorate hexahydrate (CdCl2H12014, Alfa Aesar™) was used as a cadmium source
and amino acid L-cysteine hydrochloride monohydrate (or D-Cysteine hydrochloride monohydrate
and L/D-glutathione reduced) (Sigma-Aldrich) was used both as a sulfur source and stabilizing
ligand. 40 mL deionized water, 0.5 mM of cadmium perchlorate hexahydrate, 1.3 mM of L-
Cysteine hydrochloride monohydrate and 4 mL ethylenediamine was combined. The solution was

left at 70 °C for two days, followed by aging in dark and at room temperature for two days.

Rhodamine B Photocatalysis experiment: 1 mg/mL of L-Cys CdS NP was added to rhodamine
B dye (12 uM). The solution was sonicated for complete dispersion of CdS NPs and allowed to
stir for 20 minutes prior to illumination. A Xenon lamp was utilized as the illumination source
with respective filters for IR illumination. For the UV illumination, a 50 W UVP lamp centered at

302 nm was used.

Characterization Methods: Transmission electron microscopy (TEM) and high-resolution

transmission electron microscopy (HRTEM) observations were performed using a JEOL-3011

microscope with an accelerating voltage of 200 kV. Scanning electron microscopy (SEM) was
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performed on an FEI Nova system. X-ray diffraction (XRD) studies were carried out at room
temperature on a Rigaku Rotating Anode X-ray Diffractometer using Cu Ko radiation (1.54 A).

HPLC-MS equipped with an electrospray ionization source was used at a 50:50 water with 0.1 %
trifluoroacetic acid (TFA): acetonitrile with 0.1 % TFA at a 0.5 mL/min flow rate for 10 minutes
with a column temperature of 40 °C. Diode array detection was set to collect data at 500 and 544
nm to track the RhB and the product species.

4.4 Results and Discussion
Spiky chiral SPs of CdS were obtained in the presence of ethylenediamine (En) and (L or D-)
cysteine amino acid, which functioned as both the ligand and sulfur source. Depending on the pH
of the solution, the thiol group in cysteine can readily coordinate with metal ions, such as Cd, to
form [Cd(Cys)2]** complexes. The [Cd(Cys).]** complex leads to the formation of CdS nuclei,
which can further grow into small CdS nanoparticles. The solution turns turbid in 8 h and becomes
a pale-yellow color, which deepens with time. Under this condition, small nanoparticles of
cadmium sulfide form and self-assemble into spiky (needle-like) nanostructures. NP formation and
assembly continues up to 48 h at 70°C. This assembly process continues at room temperature for
up to two days leading to more dense (fibrous-shaped) cadmium sulfide SPs. A proposed scheme
for the assembly process is presented in Figure 4-1A and further supported by high-resolution
transmission electron microscopy (HRTEM) images (Figure 4-1B). Here, the transition from
individual NPs to nanowires, and finally aggregation of wires to form uniform fibrous assemblies
is observed.

HRTEM images correspond to SPs (drem = 196 £ 36 nm) synthesized using 0.5 mM of
cadmium perchlorate in the presence of 4 mL En and 1.3 mM cysteine (Figure 4-2A) and confirms

the composition of individual NPs (2-4 nm) within the larger SP (Figure 4-2B). Further analysis

90



by scanning TEM (STEM) confirms the arrangement of individual NPs rather than crystalline
nanowires and identifies the flexibility in the spike structure as the assembled nanowires overlay
each other in a twisted configuration (Figure 4-7). Estimated d-spacing values by lattice fringe
measurements are in close agreement with the expected values of 3.5784, 3.3670 and 3.1600 A
corresponding to (100), (002) and (101) planes of hexagonal phase CdS (Figure 4-2B). The
electron diffraction pattern shows the polycrystalline nature of the SPs with an average d-spacing
of 3.58 A, corresponding to (100) plane (Figure 4-2B, inset). Powder X-ray diffraction (XRD)
pattern (Figure 4-2D) shows diffraction peaks at 24.8, 26.4 and 28.2 degrees corresponding to
(100), (002) and (101) reflection planes in the hexagonal-phase respectively. The deviation of peak
intensity from reference bulk CdS (International Centre for Diffraction Data (ICDD) Reference
code 03-065-3414) confirm the formation of strong anisotropic and directional growth of
nanocrystallites along the 002 direction. The calculated crystallite size using Scherrer equation for
(100) reflection is 4.47 nm.

Fluorescent spectrum was acquired for particles using an excitation wavelength of 420 nm,
corresponding to maximum UV absorption, with emission from 450 — 500 nm (Figure 4-2E). The
spectrum exhibited a maximum peak at 470 nm, with two shoulder peaks centered at 485 and 495
nm. Tracking PL spectra throughout the synthesis from day 1 to 4 reveals three emission peaks
present from day 1 (Figure 4-8), suggesting the additional peaks may be different emissive states,
such as ligand to surface transition associated with intermediate complexes between Cd, En, and
Cys. The incorporated chiral ligand (L-/D-Cys) at nanoparticles surface induce chirality into
electronic absorption band of CdS SPs (Figure 4-2F). Therefore, using L- and D-Cys can result in

SPs with mirror image circular dichroism (CD) bands. The presented CD spectra in Figure 4-2F
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shows a relatively broadband in 280-500 nm with a sharp band about 450 nm which coincides with
the excitonic absorption of CdS SPs.

To better understand the synthesis and assembly mechanism, the role of ethylenediamine
was studied. As a bidentate ligand it strongly coordinates with Cd?* ions'®? to form a stable
complex, [Cd(en)2]?*, which affects the accessibility of Cd?* ions in the precursor, to control the
nucleation process, unlike hydrothermal synthesis where the complex decomposition at high
temperatures results in nanoparticle growth.'8 In this study En regulates the Cd?* ion transfer and
release process and as a result, changes the dynamics of nanoparticle nucleation and growth.

An extended analysis was performed by changing the amount of En from 0 to 4 mL, while
maintaining a consistent pH by the addition of 1 M NaOH from 4 to 0 mL for Sample 1 to 5,
respectively. SP properties, including size, shape, and charge were observed using HRTEM, DLS,
and zeta potential measurements (Figure 4-3), respectively. A closer look at TEM images (Figure
4-3A) shows that the presence of En leads to the formation of dense needle-like structures. The
lack of En (sample 1) leads to slower nucleation, growth, and self-assembly of nanoparticles,
lending to smaller, less spiky SPs. While higher En amounts not only increases the density of
spikes but also the overall size of the SPs. For example, sample 5, which was synthesized with
only En and no NaOH, shows much denser packing of needle-like assemblies into the final spiky
SP. When 10 mL of En was added to the synthesis solution, the SPs became larger (435 £ 76 nm),
as expected, and approach a spherical shape as the surface spikes appear shorter due to dense
packing of needle-like assemblies (Figure 4-9A-B). A close view of the spikes maintains the
suggestion that needle-like structures are densely packed (Figure 4-9C).

As observed in TEM and DLS (Figure 4-3B) the size of the assemblies increases as the

amount of En increases. Although the trend is the same, the measured DLS values are larger than
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the SP sizes observed on TEM images. This is due to the hydrodynamic diameter measured by
DLS technique. The aging time does not appear to have a significant role on the overall size of
SPs, but TEM micrographs show that there is a change in the shape of needle-like structures and
‘spikiness’ of SPs during this stage. Thus, SPs appear to go through a reorganization step, which
is monitored by CD, UV-Vis, zeta potential, and PL data (Figure 4-8;Figure 4-11; Figure 4-12;
Figure 4-13) and show no significant changes in respective spectrums during aging. It is proposed
that the reorganization in this step follows an Oswald ripening mechanism, initial surface spikes,
which were randomly organized, are able to detach and join a different assembly with a preferential
002 crystal orientation, dictating the oriented growth.'®® The absolute value of the zeta potential
for different SP samples follows the same trend during the synthesis (Figure 4-3C). Except for
sample 4, surface features and spikes collapse at day two but reorganizes during the aging process.
Overall, we can see the system eventually approach a lower charge value over the four-day period.
As SP assemblies are dynamic, the reorganization throughout the particle growth and assembly
stages are expected.*194

Self-assembly by oriented attachment can be derived by decreasing the ligand density on
nanocrystal surface,> and through the presence of small molecules?, therefore it can be deduced
that the self-assembly of SPs is induced by surface attachment of En, assisted by cysteine.'® In
sample 2 to 5, it is presumed that NPs are capped by both Cys and En because of their strong
affinity to the Cd surface atoms, and the nature of their interactions are different for different
atomic facets of CdS nanocrystals.’®® En has also been widely used as a solvent for the 1D
solvothermal synthesis of CdS nanostructures,t8l184186.192.197-199 que to jts low dielectric

property.t9? Therefore, this strongly suggests that it facilitates small nanoparticles oriented-
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attachment and self-assembly into needle-like structures and later to higher level assemblies of
spiky SPs.

Hence, is it proposed that SP formation is as follows; first, nucleation and formation of
small NPs and their loose aggregation into SPs. Second, directional self-assembly of newly
synthesized NPs in an oriented fashion along the 002 direction into needle-like structures on top
of the SP core. And lastly, the accumulation and formation of denser SPs which varies with

different amounts of En.

Up-conversion and catalytic ability

Upon further analysis, SPs revealed unique down- and up- conversion properties without the
addition of sensitizers (Figure 4-4). SPs were excited from 300 — 440 nm (UV range and slight
blue) (Figure 4-4A) and 700 — 940 nm(Figure 4-4B). Interestingly, independent of the excitation
wavelength, all emission occurred from 450 — 500 nm, with a maximum peak at 470 nm. The
emission intensities for UV excitation wavelengths are an order of magnitude higher than the NIR
excitation. To the best of our knowledge, one other study on carbon quantum dots reported a
similar emission independent PL phenomena.?®® In CdS, highly efficient photoluminescence (PL)
up-conversion has been attributed to efficient exciton—longitudinal optical phonon coupling**® but
mainly evaluated as a semiconductor material for laser cooling.*®!

To explore the full extent of the absorption properties of SPs, the PL, down- and up-
conversion property, was investigated for the degradation of RhB dye under four illumination
sources (Figure 4-5). The complete degradation of RhB was observed for all three sources with
degradation rates in the following order: Xenon (15 min) < VIS (20 min) < UV (40 min) < IR (24

h) (Figure 4-5A-B). This was anticipated as CdS SPs peak absorption occurs at 420 nm and is part
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of the VIS region. The Xenon lamp source emit the entire electromagnetic range from UV to IR
and results in the fastest photocatalytic rate. This may be attributed to a collective effect exhibited
by particles, utilizing down- and up-conversion properties of CdS. RhB alone did not show any
discoloration under any illumination condition, suggesting that degradation occurs due to the
generate of electron-hole pairs in CdS SPs to create radical species, targeting RhB. Analysis of
UV-Vis (Figure 4-5A) and PL data (Figure 4-5C; Figure 4-6) shows the appearance of a new
peak centered at 496 nm as the RhB peak (centered at 544 nm) decreases for all illumination
sources except UV. Further evaluation of the PL data (Figure 4-5C) shows strong development of
a new peak with a gradual blue shift from time 0 to 15 min. The color change and fluorescence are
visually observable, transitioning from a reddish-pink color to orange, then yellow and finally a
strong green fluorescence (Figure 4-5C inset). Similar to the degradation rate at 554 nm, the
Xenon lamp RhB sample shows the most rapid and consistent increase at 496 nm, while the VIS
and IR samples increase initially but eventually plateaus (Figure 4-10). While, for UV, there is a
decrease consistent with the overall decrease of RhB.

High pressure liquid chromatography with mass spectrometry (HPLC-MS) was performed
to analyze the origin of the new peak for the final sample (Figure 4-5D). At four min retention
time, the HPLC shows a strong signal at 500 nm and MS outputs a m/z of 331 (Figure 4-5D,
inset). A m/z of 331 suggests that RhB goes through a de-ethylation process,?°* while the strong
green fluorescence suggest the production of a rhodamine derivative, specifically rhodaminel23
(Rh123) compound. VIS, IR, and Xenon illumination of SPs all result in the formation of green,
fluorescent compound from RhB, while UV illumination leads to degradation of RhB without any
evidence of the Rh123 derivative. This suggest that photocatalytic degradation of RhB take

different route under different light illumination, while under UV RhB is completely mineralized
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or form non-emissive intermediate product without any strong optical features, under VIS, IR, and
Xenon lamp illuminations it forms a stable intermediate which is recognized as an Rh123
derivative. The presented data suggest the intensity and wavelength of the illumination source has

an impact on the rate and selectivity of the product.

4.5 Conclusions

A facile and tunable synthesis and self-assembly method was presented for spiky cadmium sulfide
SPs. The variation in ethylenediamine concentrations lead to the development of more needle-like
structures which sequentially aggregated to create dense SP assemblies. SPs exhibited unique PL,
showing both down and up-conversion properties with an excitation independent emission
spectrum. This property was utilized to evaluate how different illumination sources impact the
overall rate and products of a given reaction. Xenon lamp showed the best performance with
complete de-ethylation in 15 min to form a rhodamine derivative with a strong green fluorescence.
The rates vary for other illumination sources, with UV showing no production of the new

rhodamine derivative.
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4.6 Figures

A ‘0% 0 self- assembly
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Figure 4-1. (A) Proposed scheme of CdS SP formation; (B) HRTEM of SP formation, from
NPs to nanowires and lastly, loosely packed assemblies.
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98



A Increasing En

Sample 1 Sample 2 Sample 3 Sample 5

8]
o
o
~
o
o
[%e}
o~
= : = . | ——Samplel
B s’._.,.“,“"*.. Z .tz;‘rcc ‘d' ng " 7 3‘5 —@—Sample 2
] ¢ 25°C Y/ & —A—sample3
=1 SZ¥ 2 \ v/ § ~y-Sample 4
\ / 04 W, —«—Sample5
_ -10-
E
£
<
- -20 1
9
2
=4
S -304
-40-
Day1 Day 2 Day3 Day4

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Figure 4-3. Variation in En concentration and aging. Experimental condition for different
samples of L-Cys CdS nanoparticles synthesized using different amount of
ethylenediamine (En) and NaOH. (A) HRTEM micrographs (B) DLS and (C) zeta
potential.

99



A 3.5E+06 +

. 3.0E+06 -
n

0. 2 5E+06

Cc

—
>, 2.0E+06 -
b =]

T ]
c 1.5E+06

e

et
£ 1.0E+06

5.0E+05 4

0.0E+00

460 4EI30 5(I]0 5é0
Wavelength (nm)

540 460 480 500 520 540
Wavelength (nm)

Figure 4-4. Fluorescence spectra for CdS SPs with (A)excitation wavelength from 300 to 440
nm and (B) excitation from 700 to 940 nm.

100



0.20 0.20

—o
5015 0.15 1 VIS —20
© @ ——40
> £
= 8
0.10 4

g 0.10 E
4] a
b <
< 505 0.05

0.00 : T 0.00 | T T

400 500 600 700 400 500 600 700
Wavelength (nm)
010 0.20 Wavelength [nm]

e
-
I

Absorbance (au)
Absorbance (au)
]

e
1=}
o

0.00

700 400

500 600 700

Wavelength (nm)

[—=—CdS - UV
[—*—RhB - UV
—+—RhB - Vis
|—+—CdS - Vis
—+—RhB - IR
—+—CdS-IR
|—+—RhB - Xencn
|—#—CdS - Xenon

20 30 40 50 60
Time (min)

= 2500000

= 2000000

= 1750000

B 1.0 1.0
-uv
. 0.8+ -uv 0.8
E -Vis E
= -Vis
5 0,61 R || 5 0.6
3 -IR oy
g J -Xenon|| —
a 0.4 - Xenon 8 0.4
S o
0 2J 9.2
0.04 0.0
0 200 400 600 800 1000 1200 1400 -
Time (min)
2200000 4004
@ 1650000
o
Q
£ 1100000 200
(7]
c
2
= 550000
0 4 . 0
400 600 800

Wavelength (nm)

Figure 4-5. Degradation of RhB using UV, VIS, IR, and full Xenon illumination sources (A)
UV-Vis reaction spectra for each illumination source; (B) C/C0 for RhB and RhB with SPs
under each illumination with an additional graph zooming in on blue highlighted box; (C)
fluorescent spectra from reaction with Xenon illumination with inset of reaction solution
from 0 — 15 mins under white light vs UV and (D) HPLC — MS data of 15 min reaction time

sample, with inset of m/z.

101

2_ 4
Time (min)

6

- 2250000 4

>
=
@
=
K]
£



2160000 A VIS 1640000 - IR

~1620000 1 71230000

4 o

e —0 e

21080000 { —20 £ 820000 - —_

@ —40 2 ——1h

g 2 ——16h

£ 540000 = 410000 - 24h
04 04 S
400 600 800 400 600 800

Wavelength (nm) Wavelength (nm)
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Figure 4-7. STEM of CdS SP spike (A) high angle annular dark field (HAADF) and (B)
bright field (BF)
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Figure 4-9. Addition of 10 mL of En to synthesis solution leads to larger, more spherical
assemblies (A-B). Close up view of spike region (C).
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Figure 4-11. evolution of g-factor, CD spectra and corresponding absorbance for samplel
to 5 synthesized with different amount of ethylenediamine/NaOH at different stage of
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Chapter 5

Photocatalytic Supraparticles From Erdite

Naomi S. Ramesar+, Luiz F. Gorupe, Ming Lei, Gleiciani de Quieros Silveira, Emerson R.

Camargo, Nicholas A. Kotov

5.1 Abstract

A wide spectrum of superstructures was self-assembled from erdite (NaFeS2-2H>O) nanoparticles
(NPs) by controlling the ionic strength of the synthesis solution through the sulfur/iron (S/Fe) ratio.
Particles assembled at low S/Fe ratios of 2 to 8 were fibrous in their structure, while higher S/Fe
ratios, 14 to 20, caused aggregation of fibers into monodispersed spiky supraparticles (SPs), 6.62
pm £ 1.4 in diameter. As a proof of concept, the spiky erdite SPs were employed as a photo-Fenton
catalyst for the degradation of methylene blue, showing proficient recyclability, when compared
to existing photo-Fenton catalyst, for more than 55 cycles with the addition of hydrogen peroxide
every 14 cycles. It was also found that the model lignin compound, guaiacylglycerol-beta-guaiacyl
ether (GG) (at 5mg/mL), was effectively degraded up to 80 % in an aqueous environment within
3 hiin the presence of SPs and H2O2. Reaction kinetics were significantly improved by the addition
of 35 nm gold NPs to the SPs, displaying complete degradation within 40 minutes. The
photocatalytic activity observed can be attributed to the synergistic interaction between NPs in the

SPs along with H20.. This work presents, for the first time, a facile synthesis method for a range
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of hierarchical erdite superstructures with utilization as a photo-Fenton catalyst, with exceptional

reusability.

5.2 Introduction

Increasing demand for renewable and clean energy sources has become a prominent issue in recent
years, with enormous efforts aimed at semiconductor materials as a potential solution. Iron-based
materials are attractive due to their abundance, non-toxicity, and low cost. Particularly, erdite is a

202 with stability in

naturally occurring iron-sulfide mineral found in alkalic, mafic type rocks
alkaline conditions. Typical synthesis routes for erdite require high energy®® or long reaction times
to produce weakly crystallized fibers*®. Industrially, a large quantity of iron-sulfides, including

205

erdite, are a by-product of the lead recovery process from electrolyte battery waste~. Dissolution-

precipitation studies of the by-products indicate iron oxyhydroxide may be generated when erdite

05 resulting in large surface sites for substrate adsorption’®. Hence, further

breaks down?
development and use of erdite as a catalyst is a desirable direction to explore.
Arecent study showed the synthesis of erdite nano-rods using MnO; as an auxiliary reagent

203 While few other studies focused on the upcycling

for the promotion of tetracycline adsorption
of waste sludge to synthesize erdite nano-rods for adsorption applications*’2%, However, there is
a lack of research on the utilization of erdite as a catalytic material. Prior to use, development of
stable and dispersible assemblies is necessary to improve the longevity and efficiency of erdite as
a catalyst. The ability of heterogenous catalyst to disperse and remain stable in a wide range of
solvents is advantageous but hardly recognized. Therefore, developing a new, facile method for

stable and dispersible erdite fibers is highly desirable.

The advancement in NP design has led to the development and control of self-assembled
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superstructures, known as supraparticles (SPs), which exhibit collective and synergistic properties
unique to their constituents. Spiky SPs have attracted considerable interest as their highly

corrugated surface is excellent for dispersion stability and reactivity?®

with enhanced properties
for applications in catalysis. For instance, spiky SPs from TiO,-CuS exhibited enhanced
disinfection ability, improved photodegradation performance of organic pollutants, and hydrogen
evolution efficiency under solar and UV light when compared to TiO,-CuS NPs?!°.
Ag3P04/LaCOs0H SPs exhibited better photocatalytic activity in the degradation of Rhodamine
B (RhB) along with unique morphological features which had a direct effect on the photocatalytic
performance?!!. Iron sulfide in pyrite superstructures were more effective in the decomposition of
methylene blue (MB) when compared to traditional pyrite particles. Pyrite SPs also showed
enhanced photoelectrochemical properties, the photocurrent and rapid charge transfer
performances of superstructures were more than five times larger than that of FeS, NPs. Hu et al
showed stable discharge capacities and excellent current density of FeS, SPs which make a viable
material for commercial utilization in rechargeable sodium batteries.

Spiky assemblies can be synthesized via different routes. Bahng et al. presented a hedgehog
structure with a carboxylated polystyrene microsphere core with ZnO nanospikes, featuring long-
term dispersion stability in both hydrophilic and hydrophobic media®”. Chin Foo Goh et al
reported that spiky nickel particles can be prepared through hydrothermal reduction using
hydrazine to react with nickel salt in alkaline environment*'2, Haque et al. also shown that the
presence of sodium dodecyl sulphate (SDS) surfactant and polyvinylpyrrolidone (PVP) polymer
prevents the particle from gradual agglomeration during hydrothermal reduction synthesis.
Dehong Chen et al utilized a phase transformation mechanism to fabricate the spiky anatase Titania

213

particle from a metastable amorphous Titania/ammonium titanate core-shell structure””. By tuning
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the ammonia concentration, they also showed that the size of spikes and core crystals can be
controlled during solvothermal step. Stefano Stassi et al introduced that maleic acid as an
anisotropic modifier used in wet-chemistry reduction of silver NPs could also result in controllable
spiky particles®'*. Keisuki Kumagai et al. achieved selective growth of NP morphology between
flower-like and spiky-ball-like using ascorbic acid controlled by PVP?'>. While these
suprastructures show immense catalytic benefits compared to their NP counterparts, such spiky
SPs are difficult or require high energy processes to uniformly synthesize and reproduce.

Based on the considerations above, we present the formation of fibrous erdite SPs through
a facile synthesis and self-assembly process. Uniform, micron-sized erdite SPs with good
dispersion stability are formed by controlling the ionic strength of the reactant solution under mild,
favorable conditions. SPs exhibit promising photo-Fenton catalytic activity for both methylene
blue and model lignin compound, guaiacylglycerol-beta-guaiacyl ether (GG), with excellent
recyclability, and minor structural transformations. To the best of our knowledge, this is the first
work to show the self-assembly of erdite fibers into hierarchical superstructures with immense
control in the size and structure of assemblies and a range of dispersion stability for catalytic

application.

5.3 Materials and Method

Materials: Iron (I11) chloride tetrahydrate (FeClz- Sigma-Aldrich- ACS reagent, > 99.99%),
sodium thiosulfate pentahydrate (Na>S-9H>0O, Sigma-Aldrich- ACS reagent, >99.5%). E-pure
deionized water (18.2 MQ-cm) was obtained from a Millipore Milli-Q system. All chemicals were
diluted in Milli-Q water and filtered through Sterile Syringe Filter (PVDF Membrane, 0.22um) for

purification.
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SPs synthesis of erdite assemblies: In a typical synthesis, 81.1 mg (0.5 mmol) of FeCls was
dissolved in 25 mL of water, while 1.86 g (7.5 mmol) of Na.S-9H>0 was dissolved in 25 mL in a
separate flask. The two solutions were mixed rapidly in a vial of volume 50 mL so that no air is
inside the vial. The FeS; NPs were synthesized when the molar ratio of [Fe**]/[ S?] was 1:15.
Initial erdite nanocolloids formed after mixed, which was accompanied by the change of the
solution color to dark black. The nanoscolloids grew and crystallized into SPs by self-assembly in
a dark cabinet, with no agitation, for two days. Upon completion, the SPs was separated from the
reaction media by centrifugation. The precipitate was washed several times with deionized water.

The final products were dried in vacuum at 60 °C for 6 h.

SPs synthesis of erdite assemblies with gold: Synthesis procedure is the same as the above
method, except 5 mL of gold nanoparticles, prepared via a previously reported method?®, was

added to the starting solution.

Characterization: Transmission electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) observations were performed using a JEOL-3011 microscope with
accelerating voltage of 200 kV. Scanning electron microscopy (SEM) was performed on an FEI
Nova system. X-ray diffraction (XRD) studies were carried out at room temperature on a Rigaku

Rotating Anode X-ray Diffractometer using Cu Ka radiation (1.54 A).

Photocatalytic experiments:

Methylene Blue:

The degradation efficiency of MB by SPs was completed in an aqueous solution while controlling
several parameters, such as catalyst dosage, amount of H.O2, UV wavelength, and visible light
intensity. The degradation of MB was evaluated by monitoring the evolution of the absorption at
664 nm at ambient temperature, as a function of the irradiation time. The light source was a UV
handheld lamp, the distance between the lamp and the cuvette (5 mL) was about 10 cm. The
average degradation rate was calculated using 3 cycles, the curve is constructed with time intervals

of 30 seconds under each wavelength using a Shimadzu 1800 UV-VIS spectrophotometer.
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For general photocatalysis of MB (25 png/mL) was performed in the presence of H.O2 (6.0 mg/mL),
SPs (0.50 mg/mL), and SPs+H20. under wavelength UV light 302 nm from UVP and dark

condition.

Guaiacylglycerol-beta-guaiacyl ether (GG):

To evaluate the degradation potential of GG, 3 mL of 5 mg/mL aqueous GG was used in a quartz
cuvette. 1.5 mg/mL of SPs and 6.0 mg/mL of H.O> was added to the reaction and mixed for 20
minutes to allow proper distribution of particle and substrate. A 50 W handheld UV-Lamp from
UVP was used for all light experiments. Control reactions with only GG, SPs, and/or H>O> and in
the dark was also performed. Degradation of GG was monitored using Horiba FluoroMax with an
excitation wavelength of 270 nm. Further analysis was done using Agilent HPLC using a reverse
phase C18 column. HPLC was ran under the following conditions: flow rate: 1.0 mL/min,
temperature: 30 C, Solvent A: Acetonitrile, B: Methanol, C: Water with 0.1% trifluoroacetic acid

(TFA).
Time (min) A: Acetonitrile B: Methanol C: Water w/0.1% TFA
0 11.3 3.7 85
2 22.5 7.5 70
11 45 15 40
11.50 75 25 0
13 0 0 100

5.4 Results and Discussion

SP Formation and Characterization

Fibrous SPs were synthesized and assembled through the simple mixing of 1 M NazS and FeCl3
salts with 15 S/Fe stoichiometry, without the addition of stabilizers or agitation. Samples were
stored in sealed vials placed in the dark at room temperature until particles completely sediment
to the bottom of the vial, leaving a translucent supernatant. This facile synthesis and assembly
method is depicted by the schematic in Figure 5-1a. Initial solution mixtures and resulting
sediments were dark green in appearance®!’ (Figure 5-1b), while synthesis solutions that were

exposed to air produced a yellow precipitate, indicative of oxidation reactions. Overall, assemblies
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exhibited better shape and size homogeneity if particles sedimented completely prior to washing.
Data collected from high resolution transmission electron microscopy (HRTEM) suggest that
fibers are formed immediately in the reaction solution (Figure 5-7), however, at this early stage
they are composed of loosely assembled NPs. The unidirectional assembly of particles suggest that
the anisotropic shapes of the individual nanoparticles translate and contribute to the anisotropic
fiber assemblies observed in this system?!8,

To better understand the assembly mechanism, the stoichiometric ratio of S/Fe, 1 to 20S,
was evaluated using scanning electron microscopy (SEM), while also tracking solution properties.
The particles were analyzed every two days. As the concentration of sodium sulfide in the reaction
varied, there was a noticeable change in the structure of self-assembled particles. For S/Fe > 4, the
variation in the sodium sulfide concentration consequently increases the ionic strength of the
medium. The ionic strength acts mainly on the formation speed and shape of the superstructures.
It was observed that stoichiometric ratios above 15 S/Fe required less than 3 days for the self-
assembly of spherical SPs and slow sedimentation of the suprastructures in the form of fibers
occurred in stoichiometries between 6 to 9 S/Fe within 10 to 40 days (Figure 5-1c). At lower
stoichiometric ratios of sulfur, 2 to 8, fiber-like assemblies were formed, whereas ratios of sulfur
from 10 to 13, showed a mixture of fiber and SPs. At high sulfur ratios of 14 to 20, the exclusive
formation of SPs was observed (Figure 5-1d).

For stoichiometries higher than 4 S/Fe no significant change in pH was observed (Figure
5-1e) and does not appear to contribute to the assembly process from fibers to SPs. However, the
high pH does play a crucial role in the formation of the erdite crystal structure. Hydrolyzed Na>S
produces HS™ and OH-, resulting in an increase in the pH which sequentially hydrolyzes Fe3* to

produce Fe(OH)s. HS™ then proceeds to replace OH™ in the iron hydroxide structure to form
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Fe(OH)3HS" the primary species in erdite formation?°32%, Free charges are neutralized by Na?*
while H20 occupy free channels within the structure, resulting in NaFeS2-2H-0.

The fibrous and porous surface morphology was further investigated using SEM. Resulting
SPs are monodispersed with an average size of 6.62 + 1.4 uM and surface pore distribution ranging
from 5 to 120 nm (Figure 5-2a). To better understand the influence of the morphology on the
specific surface area, N2 adsorption—desorption isotherms of SPs were investigated using a
nitrogen adsorbtometer (Figure 5-8). SPs exhibited a specific surface area of 8.2 m?/g with
irregular pore size distribution, suggesting that the architecture contains multiple pore sizes.
Particles synthesized with similar morphology demonstrate it is possible the erdite SPs have two
prominent pore sizes, that is, a bimodal distribution with smaller (~5.0 nm) and larger (~65.6 nm)
mesopores®t, The small mesopores with an average diameter of 5.0 to 100 nm can be assigned to
the interstitial pores formed along the adjacent nano-spike, and the diameter larger than 100 nm
can be attributed to the pores formed on the surface of SPs in the absence of spikes.

HRTEM was utilized to further examine the spikes and crystallographic features of erdite
SPs. A closer look at the individual spikes of the SP reveal they are composed of self-assembled
erdite NPs with an average size of 4.3 £ 0.67 nm (Figure 5-2b). Lattice distances of the individual
particles are determined to be 0.54 £ 0.01 nm and 0.42 £+ 0.01 nm, which corresponds to the (200)
and (111) plane of erdite (Figure 5-2¢). Electron diffraction (ED) of the SPs sample show only a
single set of diffraction rings, which can be indexed to the corresponding (200), (220), (221), (330),
(440) planes of erdite. This pattern aligns with the obtained X-ray diffraction (XRD) pattern
(Figure 5-2e), where all diffraction peaks are in agreement with the erdite phase (PDF No.33-

1254). Energy-dispersive x-ray spectroscopy (EDS) mapping also confirmed the composition of
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the SPs to contain oxygen, sodium, sulfur and iron in ratios that match the percentages found in
erdite (Figure 5-9).

To examine the role of ionic strength on the self-assembly of superstructures from fibers
to SPs, sample 15 S/Fe was diluted to concentrations of 1 to 10 mM (Figure 5-3). The structures
presented show an intermediate stage morphology, progressively developing from fibrous
assemblies to fibrous spherical superstructures as the variation in the concentration of the reactants
increase. The evolution of structural complexity from fibrous SPs to spherical SPs can be
represented through a new approach which utilizes graph theory (GT) method to calculate the
complexity index (CI) of NPs??°. GT models are based on a modified augmented valence sum
calculation and highlights the progression of complexity in structures through a comparable base
value. Proposed graphs are presented in the first row of Figure 5-3, followed by the complexity
index (row two) and both TEM (third row) and SEM (forth row) imaging to produce a 1-
dimensional phase diagram. Simple fibrous assemblies are represented as two nodes, connected
by an edge, with a Cl of 1.5. As these fibers continue to assemble into more complex assemblies,
the Cl increases to 15.75 for fibrous bundles and 18.0 for the final spherical SPs. With an increase
in the ionic strength of the solution, corresponding changes can be noted in the overall complexity
of the particle structure.

A key transition point in the assembly occurs at 8-9 mM when the flexible fibrous bundles
begin to bend inward and transition to ‘pac-man’-like assemblies, closing in on one side.
Eventually, ‘pac-man’ assemblies bend inward on the open side to close and form the final
spherical assembly. A closer look indicates similarities to the radial arrangements of the flexible

fiber arrays of the dandelion pappi®?.
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To further investigate the role of the ionic strength, assemblies with 6S/Fe ratio, known to
form fibers, was prepared in NaCl solutions with concentrations ranging from 0.06 to 1 M (Figure
5-10). When no NaCl is present, fibers form as expected. As the concentration of NaCl is increased
to 0.06 M, intermediate fibrous bundles can be seen, turning into spherical SPs at NaCl
concentrations of 0.13 and 0.25 M. At concentrations > 0.5 M, neither fibers or SPs are present.
At such high concentrations, irregular flakes and fibers are produced.

Dispersion stability of SPs were evaluated in a range of solutions, from polar to non-polar,
and monitored through the absorbance changes on a UV-Vis spectrometer. As expected,
dispersions were more stable in polar solvents. After 20 minutes of observation, approximately 40
% of particles remained suspended in more polar solvents (water, methanol, and ethanol). For
non-polar solvents, apart for hexane, 25 % of particles remained in suspension (Figure 5-11). It is
important to emphasize that after simple manual agitation it is possible to disperse the particles
again. Similar results of maintaining particles suspension in solution was found by Bahng et al.

with particles of similar size and morphology?®°

. They showed that the corrugated surface of spiky
particles contributed to the colloidal stability in both polar and non-polar solutions. Dispersion
stability in solution is beneficial as efficient distribution of particles can support prolonged

catalytic activity.

SP photo-Fenton catalysis

To evaluate the photocatalytic ability of erdite SPs, a proof of concept photo-Fenton reaction was
explored using organic dye, methylene blue (MB). Photodegradation kinetics was evaluated by
observing the decrease in the absorption spectra of MB at 664 nm (Figure 5-4a). Control

experiments with SPs in the absence of H20. and vice versa, show low removal activity, the SPs
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alone removed 32 % of MB in 100 min. The results obtained indicate that SPs and/or H.O- alone
are inadequate catalysts for the reaction. The removal efficiency of MB was greatly increased in
the presence of both SPs and H2O2, with MB being completely removed in less than 5 min, 13
times faster than photolysis reaction of H.O> (Figure 5-4b). These results suggest a synergist
interaction between SPs and H.Oy, resulting in excellent catalytic performance for the degradation
of MB. When compared to H>O> activity, less than 15% of MB is removed in 5 min and 100 %
degradation occurs after 70 min. A control experiment in the dark environment with SPs and in
the absence of H.O> show a rapid degradation of 80% MB in 3 minutes due to the adsorption of
the dye on the particle surface, but after three minutes the surface of the particle begins to be
oxidized and release the dye molecules causing the increase of colorization (Figure 5-4c). This
process stabilizes at 40% degradation after 60 min. However, even in the dark environment, the
SPs exhibits catalytic activity with the help of H20. because the hydroxyl radicals are produced
from the reaction between the SPs and H20> via Fenton-thermic reaction in dark condition. The
photocatalytic efficiency of MB in dark condition with SP- H,O> system is a is 2.5 higher than SPs
(without H202) under irradiation 302 nm, indicating the hydroxyl radicals generated from SPs and

H>0> plays a key role in the degradation of the MB in the presence or absence of UV-light.

Reusability of erdite SP catalyst

Recyclability and stability of a catalyst is as paramount as its performance. Therefore, reusability
of SPs was performed in the presence of H20. and MB (Figure 5-5). For each cycle, the
concentration of MB was adjusted to an initial value of 25 pug/mL. For 14 complete cycles, no
significant decrease in activity was observed. However, at the 15" cycle, the activity began to

decrease and at the 16™, there appears to be complete loss of activity (Figure 5-5b). The addition
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of 6.0 mg/mL of H.O prior to the 17" cycle quickly restored photodegradation activity, suggesting
that loss of activity was due to the complete consumption of H20, and not SP performance. This
trend is repeated, between the 17" to 30" cycle and no significant decrease in photodegradation
activity was observed, the SPs were stable for another 14 consecutives cycles. The SPs showed
excellent activity and recyclability for more than 55 cycles, it is the first time an iron sulfide-based
catalyst exhibited such high recyclability.

To further demonstrate the stability of SPs, SEM images of the catalyst was captured after
55 cycles of photocatalytic activity (Figure 5-5¢). While there is a noticeable change to the surface
of SPs after extensive cycles and the tips of spikes were reduced, the overall integrity of the
primary SP structure was maintained. The morphology of the catalyst can strongly affect key
features such as substrate adsorption, desorption, mass transfer and recombination of photo-
generated electron/holes. Therefore, it is promising that reduction in SP spikes did not appear to
have a large impact on the catalytic activity.

A common problem encountered in catalysis is the decrease in activity due to poisoning of
the catalyst surface by the substrate or by-products. However, in the 55 cycles tested for the erdite
SPs, this was not observed. This may be due to the co-catalyst, H.O2, preventing permanent
adsorption to the SP surface. Comparing the degradation curves of MB with SPs and SPs + H20;
in the dark condition shown in Figure 4d, we observe that the dye does not adsorb on the surface
of the particles in the presence of H202 and peroxide is readily accessible to generate hydroxyl

radicals.

Lignin model: Guaiacylglycerol-beta-guaiacyl ether (GG)
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Promising photoactivity and recyclability of erdite SPs make them a good candidate for more
extensive studies. Lignin is a highly aromatic plant polymer, rich in B-O-4 linkages that has
extreme potential to serve as a renewable raw material for a tremendous wealth of products, from
high value aromatics to biofuels. However, due to the sheer size and complexity of this naturally
occurring polymer, evaluation of its degradation potential was explored using a model compound
that contains B-O-4 linkages and represent a fragment of lignin. Typically, catalytic reactions of
lignin or model compounds are carried out in organic solvents. However, to utilize the photo-
Fenton reaction, the model compound, guaiacylglycerol-beta-guaiacyl ether (GG), which was
soluble in water up to 5 mg/mL, was targeted for further assessment.

The degradation of GG was monitored through fluorescence emission at 330 nm after being
excited at 280 nm (Figure 5-6b). Within 3 h, GG in the presence of SPs and H202 under 302 nm
UV light showed more than 80 % degradation. Control experiments, including GG alone and GG
with SPs showed no change over the 3 h period. While GG with H202 (under 302 nm), and GG
with both SPs and H2O: in the dark showed minimal degradation, about 15-20 % after 3 h. Again,
there is a synergistic interaction between the photo reaction and the Fenton reaction to yield the
most efficient degradation of GG. High pressure liquid chromatography (HPLC) shows a strong
signal at 6.36 min retention time which corresponds to the pure GG compound (Figure 5-12).
Monitoring the GG peak area at 6.36 min, a steady decrease is observed over the reaction period,
while the appearance of a new peak at 1.8 min retention time begins to emerge and increases with
time (Figure 5-6¢). After 120 min the original GG peak is no longer visible, suggesting that all
the substrate is converted.

One major benefit of SPs is their ability to be assembled from several different NPs in

order to enhance or combine photocatalytic functionality’"2. To capture the full benefit of self-
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assembled supraparticles, 35 nm gold (Au) NPs was added to the synthesis solution to generate
Au-erdite SPs. TEM and SEM imaging show that Au NPs are randomly clustered throughout the
SPs, specifically for the spike region, as the core is very electron dense and NP components are
indistinguishable (Figure 5-13). The reaction time is significantly improved with Au-erdite SPs
and complete degradation of GG is observed in 40 minutes when SPs are used in combination with
peroxide and UV-light. Control studies for Au-Erdite were performed in the dark with and without
H20> (Figure 5-14). Au-SPs with H20. showed about 30 % decrease, while particles without
peroxide showed no change, following the same trend from MB system presented above. The
combination of plasmonic and semiconductor constituents in the SPs shows improved catalytic
performance as electron-hole pairs are easily generated through improved light adsorption,
however, recombination is reduced as the photogenerated electrons prefer the Au surface, while
the holes remain on the erdite!’.

The increased rate observed from the SP-H.O. pair under UV-light is due to the iron redox
cycling in the NaFeS;-2H>O /H.O» system, where the oxidation of (Fe(ll) into Fe(lll)) is
accelerated, thereby promoting the rate of decomposition of H2O; into HOe. Hence, the
decomposition of H>O; significantly accelerates in the presence of SPs, leading to more efficient
degradation by the SP- H>O> system and demonstrating that the hydroxyl radicals generated are
the main oxidative species in the Fenton reaction. Concurrently, photogenerated electrons in the
SPs transfer from the valence band to the conduction band, generating an electron-hole pair. The
photogenerated hydroxyl radicals can be produced by the reaction between the photogenerated
hole and H2O. Additionally, when erdite is hydrolyzed, Fe oxyhydroxide species are generated,
lending to an increase source of radical species while providing a large number of surface

coordination site for substrate adsorption 203-206.208,
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5.5 Conclusions

We have presented a facile synthesis and self-assembly method for a wide spectrum of hierarchical
erdite superstructures. SPs are self-assembled from erdite NPs by controlling the ionic strength of
the synthesis solution through the sulfur/iron (S/Fe) ratio to produce fibrous assemblies that
eventually agglomerate into spiky spherical SPs. Erdite SPs were successfully utilized as a photo-
Fenton catalyst for the reduction of MB and lignin model compound, GG, in an aqueous dispersion.
The results show that SPs + H>O- catalyst have a high photocatalytic activity towards degradation
of both substrates under UV light, suggesting a synergistic photo-Fenton reaction is ideal for this
system. While the addition of gold NPs immensely improves the reaction time to 40 minutes from
120 minutes. SPs catalyst showed excellent activity and recyclability for more than 55 cycles, a
value that is high for a Fenton catalyst.

SPs exhibits high specific surface area, high adsorption capacity, long-term colloidal
stability in hydrophilic media, excellent and low recombination of the photo-generated electrons
and holes due to the shape of nanostructure and erdite phase property. Therefore, our findings have
opened a new approach for improving the photocatalytic activity, meanwhile put forth a green and

feasible photocatalyst, which may build a bridge for environment and energy in the future.
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5.6 Figures
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Figure 5-1. (a) Synthesis and assembly schematic of erdite SPs; (b) reaction flasks with 1
to 20 S/Fe synthesis solutions; (c) Reactant stoichiometry versus sedimentation time profile
of particles; (d) SEM of SPs for different S/Fe stoichiometry; (e) pH versus varying
stoichiometry of the reaction.
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Figure 5-2. (a) Scanning electron microscopy of SPs, with focus on an individual SP; (b)
Transmission electron microscopy of SP, with close up on individual spike; (c) The ring
diffraction pattern from a polycrystalline erdite particles; Crystal planes and interplanar
spacing are shown by Miller indices; (d) Particle size histogram fitted with a log-normal
distribution of SPs in (a); () XRD pattern of the SP.
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Figure 5-3. Phase diagram to showcase the complexity and diversity of assemblies as the
ionic strength is increased in the reaction media. The first row interprets the respective
graph theory models for the corresponding assemblies imaged by TEM (third row) and
SEM (forth row). The change in structure from individual NPs, to spherical assemblies
composed of fibrous SPs, is represented in the second row by the complexity index
gradient.
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reaction carried out in the dark.
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image of catalyst after 55 cycles photocatalytic test
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Figure 5-7. Transmission electron images of fibers produced immediately following the
mixing of reactant species (15S:1Fe)
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The primary focus of this dissertation was to fabricate biomimetic suprastructures and explore
their potential as photocatalysts. By taking advantage of the fundamental electrostatic interactions
within the system, NP properties were tuned to conveniently fabricate hierarchical structures that
mimic the structural complexity and functionality of materials found in nature. Thereby, a variety
of semiconductor synthesis and assembly methods were established, offering immense tunability
in the overall shape and size of SPs. Due to the general nature of supraparticles, which can be
defined as complexes composed of two or more subunits or constituents, the composition of NPs
within the SP was controllable, offering an additional level of design flexibility. Several key
components were considered necessary when engineering SPs for catalytic application, including,
facile and cost-effective synthesis method, absorption range, dispersion stability, and structural

tunability.
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Figure 6-1. Diagram summarizing SPs formed throughout this work and some of their
associated properties

In chapter 2, it was proposed that any combination of enzymes, nature’s catalyst, and NPs
would result in terminal SP assembly considering there was a balance between the electrostatic
repulsion and attractive van der Waals interactions in the system. Thereby, five hybrid assemblies
were fabricated from CdTe, ZnO, and FeS, NPs with protease, CytC, and FAHD proteins. Hybrid
SPs exhibited the ability to encapsulate and protect the protein within the assembly while

displaying similar catalytic activity in conditions deemed unfavorable to the protein. This worked
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inspired the remaining assemblies by showcasing the design flexibility available within SPs. Thus,
the remaining chapters focused on tuning assemblies for a range of photocatalytic reactions.

In Chapters 3 — 5, SPs were constructed from a range of semiconductors, all displaying
different properties and catalytic potentials, across multiple length scales. In Chapter 3, chiral ZnS
SPs were synthesized and used for the enantioselective degradation of tyrosine at considerably
higher rates than any other inorganic particle. Addition of chiral Au NPs to the SP resulted in better
photocatalytic performance as plasmonic contributions were employed. In Chapter 4, CdS SPs
with tunable spike length and density were synthesized and self-assembled through an oriented
attachment method. Spiky particles demonstrated up- and down-conversion PL emission, which
was utilized for the degradation of an organic contaminant, RhB, with notable activity under
infrared light. Lastly, in Chapter 5, the synthesis and self-assembly of erdite SPs was demonstrated.
The assembly of erdite into complex hierarchical structures was reported for the first time and
described using a recently developed technique (applying graph theory) to evaluate the complexity
of NP assemblies. Taking advantage of iron in erdite, the SPs were employed as a photo-Fenton
catalyst for the degradation of methylene blue and a lignin model compound. The particles
displayed excellent recyclability for a Fenton catalyst (55 cycles) and improved performance with
the addition of Au NPs.

Overall, the versatility and flexibility that can be introduced into the design of SP assemblies
was demonstrated. From the unexpected combination of NPs and proteins to the self-assembly of
multi-component systems that display improved and collective properties when compared to their
constituents. The combinations become endless once the right conditions are established, which

this thesis showcases to be a facile process. Thus, SPs can be a convenient platform for engineering
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catalysts using different NPs as functional modules, leading to the development of more specific

and sophisticated SP assemblies that can replicate multiple functions of biological nanoassemblies.

6.2 Future Directions

Expansion of Chiral SPs for enantiomeric selectivity

The results for the chiral ZnS system were exciting and novel, leading to immense interest in
similar chiral systems and other targeted substrates. It is expected that similar chiral SPs can be
assembled and exhibit enantiomeric selectivity of chiral substrates. To examine the design
flexibility of these systems, NPs can be synthesized with different chiral ligands of similar sizes,
for example, other amino acids. This will further examine the creation of interstitial gaps between
NPs in SPs, which are assumed to be critical for forming chiral centers similar to enzymes, leading
to enantiomeric selectivity. One example is demonstrated for the spiky CdS SPs, composed of L/D
— cysteine capped NPs, which also exhibit chirality for the assembled SP. Further studies may
consider the selectivity of the catalytic reaction when the ligands and composition of the NPs are
varied. It would also be interesting to explore how the length of chiral ligand may affect catalytic

potential of SPs, and how varying the gap size may allow for versality in the size of substrates.

Mass Transport Implications

Mass transport of substrates, intermediates, or products is critical in catalytic reactions. The
proximity of NPs in SPs and interstitial gaps that are created is expected to facilitate the diffusion
of reactants and intermediate products in these systems. While it is known that NPs in SPs exhibit

collective and synergistic properties that are different from individual NPs or bulk components,
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leading to exceptional activity, gaining information on the contribution of mass transport in the
system would be insightful. Understanding the role of reactant and intermediate species may help

in the design of new, optimized SPs.

Translation from Computational Design Predictions

The degree of flexibility presented by SPs allows for a range of interesting and sophisticated
assemblies that display improved functionality. One may consider the impact of combining
constituents based on predictions proposed by a computational study. For instance, Sabatier’s
principle predicts the optimal catalysis of a reaction based on the interactions between the catalyst
and substrate. These results are generally presented on ‘volcano’ plots, with increasing potential
of a material. Smart combinations of multi-components from these plots have the potential to
increase the activity, along with the selectivity.??> While computational design can help narrow a
range of efficient catalyst, SP’s design flexibility, not only allows for a facile combination of those
components but it offers the benefit of synergistic and collective properties that are widely

recognized in these assemblies.” 34

Thermal Catalysts

Another area of catalysis that may be considered for the implementation of SPs is thermal systems.
Current catalysts are hindered by their lack of thermal stability, which leads to aggregation during
reactions.” The most common catalyst used in industrial applications are noble metal particles on
oxide supports,® however, they are also plagued by thermal instability. This instability causes
particles to sinter and form large irreversible aggregates during reactions. Aggregation of particles

results in the reduction of overall surface area and partial deactivation, leading to a decrease in
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catalytic activity. To alleviate this problem, the development of SPs can be implemented as
catalyst to address the issue of aggregation by separating metal particles from each other while

keeping them immobilized.’
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