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Abstract

Since their initial development, semiconductor nanocrystals (NCs) and metal nanoparticles (NPs)
have become widely utilized in a variety of applications including solar energy harvesting,
lighting, catalysis, biomedical imaging, and targeted cancer treatments. Due to their reduced
dimensionality, NCs and NPs exhibit vastly different optical and electronic properties than their
bulk counterparts, and the properties observed often depend heavily on the NC or NP surface.
Surface defects and ligands alter the optoelectronic properties of NCs and NPs and impact their
interaction with the environment, allowing for tailoring of their properties without changing the
overall chemical composition. In this review, we discuss the research progress focusing on
optoelectronic properties of NPs and NCs and their respective applications. Further, we highlight
how different surface treatments and ligand functionalization of the particles can influence these

applications.
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Progress and Potential

The properties of semiconductor nanocrystals (NCs) and metallic nanoparticles (NPs) can be
manipulated via surface treatments and ligand functionalization. This enables use in a variety of
applications, including solar energy, lighting, displays, catalysis, biological imaging, and targeted
cancer treatment. The seminal discoveries discussed in this review are the development of less
toxic luminescent NCs, applications of NCs in photon upconversion and the use of NCs as
photosensitizers for catalytic applications. Further, we discuss the development of functionalized
NPs for biological imaging and as cancer treatments in recent preliminary clinical trials. The
potential impact of NCs and NPs is wide reaching and has the potential to improve existing

technologies ranging from solar cells and fuel cells to biological imaging and cancer treatments.



1. Introduction

Reducing the dimensionality of materials can result in new optical, electronic, or catalytic
properties which make them prime candidates for emerging energy and biomedical applications.
In particular, the properties of nanomaterials can be tuned by size, chemical composition, or
surface modifications such as ligand functionality and coverage.!"® For example, the bandgap of
semiconductor nanocrystals (NCs) is largely impacted by their size and dimension of quantum
confinement.”® This allows the absorption and photoluminescence (PL) properties of NCs to be
altered without changing their underlying chemical composition.”” While conventional spherical
NCs, also known as quantum dots (QDs), are confined in all three dimensions, the quantum
confinement is relaxed in one direction in elongated nanorods (NRs). Relaxation of the quantum
confinement in two dimensions yields nanoplatelets (NPLs), which exhibit quantized bandgaps
due to their optical properties being directly dependent on the NPL thickness.®!%!! These unique
dimensionality-based properties enables the modification of the exciton properties without
changing the chemical composition of the NCs. This ease of modification makes NCs appealing

for a variety of applications in different fields.!?

Another important parameter that makes NCs attractive material systems for widespread
applications is related to their surface which has the potential to significantly impact the
optoelectronic properties. While defects and trap states can decrease the overall PL intensity,'?
targeted surface treatment methods such as shelling can be used to overcome this hurdle.!!%!°
Additionally, surface ligands of NCs can be easily exchanged to obtain the desired properties, such
as end-group functionalization, selective reactivity or increase in stability.!¢2 Particularly,
ligand binding to the surface can change the electronic properties of a NC, as well as act as a

method to prime the NC properties for specific applications.?!-*



Besides their promising optical properties, NCs are also of interest for catalytic applications.?*~2

The high surface-to-volume ratio of nanoscale catalysts commonly results in higher activity than
their bulk counterparts, yielding more cost-effective and sustainable catalytic approaches.® The
ability to tune the surface ligands of NCs also allows them to be highly versatile, as these can
impact the reactivity or modify charge transfer conditions.® By further taking advantage of the
optical properties of NCs, they can be used to specifically photosensitize catalytic reactions

depending on their size.?

Similarly, the small size and tunable ligand and surface chemistry of metallic nanoparticles (NPs)
enables targeted strategies for biomedical applications.?’2° For example, NPs can be tuned to
absorb in the near infrared (NIR) spectral region which can penetrate deeper into tissue than higher
energy light, making them promising contrast agents for biological imaging purposes. By using
ligand tailoring, NPs can be used to target individual cells by tuning their affinity to specific
biomolecules.**3! Moreover, ligands can also be chosen to enable the use of NPs in catalysis. The
shape of metallic NPs can be adjusted in order to tune their localized surface plasmon resonances

(LSPRs), enabling e.g., field enhancement effects.??33

In this review, we will focus on these tailorable properties of NCs and NPs and discuss the effects
of surface-modifications and ligand chemistry on the widespread applications including photon
generation and conversion, catalysis, and biomedical applications such as cancer treatment,
immunotargeting and biological imaging. An overview of the effects of the surface chemistry is
shown in Figure 1. To highlight the breadth of commercial possibilities enabled by NCs and NPs
we give several examples for possible applications, rather than an in-depth comprehensive review

of each field. For further in-depth reading on the covered topics, we direct the readers to recent



16,34,35

reviews on the surface chemistry of semiconductor NCs, and the use of NPs for catalysis,>¢

38 biological imaging and medicinal applications such as cancer treatments.>

2. Optoelectronic Applications of NCs: Effect of Surface Treatments

Due to their unique luminescent properties, an application of great interest for semiconductor NCs
is in displays, light-emitting diodes (LEDs), and other optoelectronic technologies.!*#4 NC
LEDs were first developed over 20 years ago,’ and currently many QD-based displays are
commercially available, which show high color purity. The bandgap of NCs, and therefore the
emission wavelength, is dependent on the degree of quantum confinement, which can be adjusted
by altering the size of the NC relative to the Bohr exciton diameter. Additionally, varying the
dimensionality of quantum confinement will affect the absorption properties of the NCs.*
However, one of the major challenges of NCs and their successful use in optoelectronic
applications is related to surface defects. Here, the figure of merit is the PL quantum yield (QY)

¢: the number of photons emitted by the material with respect to the number of absorbed photons.

NC PL is highly dependent on the surface chemistry of the NCs where surface defects, such as
dangling bonds, can act as traps for charge carriers, thus resulting in a decrease of the PLQY.! A
popular method to increase the PLQY of NCs is the addition of an inorganic semiconductor shell
with a wider bandgap than the core NC.*”*® The inorganic shell serves to passivate the surface trap
states, and thus, reduce nonradiative recombination.! This process is illustrated in Figure 2A-C.
However, depending on the nature of the shell, the addition of an inorganic shell can result in a
significant redshift of the absorption and emission wavelengths that increases with shell thickness

due to carrier delocalization into the shell material.



Beyond inorganic shells, ligands are required for the colloidal stability of the NCs, as well as
provide surface passivation.*” The surface chemistry of NCs, and therefore the PLQY, can be
impacted by ligand electronegativity, vibronic coupling to surface ligands, and compositional
changes such as alloying NCs.! Another root cause for a decrease in the PLQY in III-V NCs

specifically is surface oxidation.!#’

Several approaches have been used to overcome the limitations of surface defects based on ligand
chemistry, shelling and surface ion addition. In the following, we will discuss the effect of NC
surface modifications on their resulting optical properties. For further reading, the reader is
directed towards recent reviews on the optoelectronic properties and the relationship to surface

chemistry, 15916

2.1. Impact of Ligand Chemistry

Semiconductor NCs require organic ligands for colloidal stability and passivation of surface
defects.* The chemical nature of the NC ligands directly impacts the resulting optoelectronic
properties. For instance, the ligand length, charge, and binding strength to the surface of the NC
all influence how a ligand will interact with a NC and impact its stability, optical properties, and
capability of undergoing electron transfer processes.*’ In addition, ligand binding to the NC surface
is a highly dynamic process which can be tuned by the ligand binding strength: e.g., carboxylic
acids are generally loosely bound X-type ligands, while phosphonic acids are strongly bound X-

2,50

type ligands.

In LED applications, obtaining white light emission from luminescent NCs has been an ongoing
challenge.® The Rosenthal group has been developing and improving white light emitting CdSe

NCs since 2005.4°1-53 In these particles, white light emission is generated by tailoring the



emissive states to cover a broad range of the visible spectrum using methods such as trap
emission.”! Recent work by the Rosenthal group reported record PLQYs of 61.3% for single
component white light emitting CdSe NCs after ligand exchange from the native phosphonic acid

ligand to citric acid (CA) in a post synthetic treatment.>*

The absorption and emission spectra of
these NCs are shown in Figure 3A; the inset demonstrates the visible white light emission of
untreated, formic acid treated, and CA-treated NCs.>* CA treatment was shown to eliminate the
size-independent trap state that results from surface passivation by phosphonic acid, allowing size-
dependent bandgap emission to take its place. Combining this bandgap emission with selenium
surface and deep trap emission features maintained white light emission in CA-treated samples.
The stability of the CA-treated NCs was significantly improved compared to previously studied

formic acid treated NCs,* leading to the conclusion that CA-treated CdSe NCs are a practical

option for integration into white light LEDs.

Beyond their application in LEDs, another area of interest for utilizing emissive NCs is as triplet
sensitizers in photon upconversion (UC).%3%%% UC describes any process where low energy
photons are converted into high energy photons, and has potential applications in solar cells,
infrared sensing, biological imaging, and photocatalysis.’”-*!-% Here, UC is achieved via triplet-
triplet annihilation (TTA), and the unique wavefunction of NCs allows for direct coupling of the

excited state to a spin-triplet state in an organic molecule.

However, the long aliphatic ligands required for colloidal stability and high PLQY's of NCs hinder
the triplet sensitization performance of the NCs, as they prevent efficient triplet energy transfer
from occurring via a Dexter-like process, thus leading to low UC QYs.% To efficiently funnel the
exciton through the ligand shell to the triplet annihilator, the Tang group has pioneered the field

of transmitter ligand-enhanced NC-sensitized TTA-UC.%%7 Overall, improving triplet energy



transfer for CdSe NC sensitizer systems has been achieved to various extents by optimizing the
number of bound transmitter ligands, NC size, NC PLQY,’%® and by utilizing thin, sub-monolayer
shells.!>*? In 2020, the Tang group achieved near unity efficiency of sensitizer to transmitter ligand
TET by using a strongly binding bidentate anthracene diphosphate transmitter ligand, rather than

a typical monodentate transmitter ligand, on an unshelled CdSe QD."°

In addition to CdSe, PbS and PbSe NCs have been used by the Tang group as triplet sensitizers for
NIR-to-visible UC, and addition of transmitter ligands to the NCs is crucial to obtaining efficient
UC.”! Similar to their results using CdSe NCs, it was determined that more quantum confined NCs

with well passivated surfaces make better triplet sensitizers, thereby enhancing the UC QY."?

The Tang group has recently developed UC systems using silicon NC sensitizers, which would be
particularly useful for biological applications due to the relatively nontoxic nature of silicon.®
They utilized Si NCs that were stabilized via a thermal hydrosilylation process as the sensitizer,
9-ethylanthracene (9EA) as the transmitter ligand, and DPA as the emitter. One of the main
difficulties in TTA-UC is triplet-scavenging molecular oxygen, which is known to quench the UC
yield. However, the thermal hydrosilylation process utilized in this system produced a polymeric
barrier to oxygen on the surface of the NC, increasing their oxygen tolerance.®® The maximum UC
QY obtained was reported to be 7.5% out of a maximum of 50% due to the nature of TTA-UC.
The Tang group also demonstrated the possibility of UC in water by incorporating this system into
micelles with two day air stability and an UC QY of 5.5%, pushing the system towards real-world

applications such as biological imaging and photocatalysis.®*

In addition to semiconducting NCs, metal NPs are a promising materials class for photocatalytic
applications and biological imaging due to their lower toxicity and tunable optical properties (vide

infra). Work by Millstone and coworkers focused on the impact of surface ligands on the PL



properties of Au NPs where NIR emission was induced by exchanging phosphine terminated
ligands for sulfur terminated ligands, including thiols and sulfides.!” The group found that the
PLQY varied depending on the identity of the thiol- or sulfide-containing ligand used, with the
ligands of the shortest chain-length leading to the greatest PLQY enhancement. They speculated
that the substituent group of the ligand could affect both the binding motif of the S-Au bond, as
well as the ligand orientation around the gold NPs. Such changes are thought to alter the number
of bound ligands, PLQY, and radiative lifetimes depending on which ligands are used on the NP.
This work demonstrates the effect of surface chemistry and ligand interaction on PL properties in

metal NPs.
2.2.  Surface Modification: Surface Ion Addition and Inorganic Shells

In addition to ligand functionalization, applying inorganic shells to the surface of NCs is a common

4748 The inorganic shell serves to passivate the

method for controlling surface chemistry of NCs.
surface trap states, and thus, reduce nonradiative recombination.! In a type I core/shell structure
(Figure 2A), the core NC is surrounded by a wider bandgap material that has both a deeper valence
band (VB) and shallower conduction band (CB)."*¥73 In this configuration, both charges are
confined to the core and the exciton bandgap is not drastically influenced. Due to the reduction in
quantum confinement caused by shell addition, a small PL redshift is observed, which is dependent
on the effective shell thickness.*® However, in type II or quasi-type II structures, one charge is
delocalized into the shell while the other charge remains confined to the core, leading to more

significant changes in the PL.!4%73

A reverse type I band structure can also be used in order to confine the electron and hole in the
shell of the NC. Dennis and coworkers have reported on a ZnSe/InP/ZnS core/shell/shell with a

reverse type I band structure such that the PL properties were dictated by the InP shell thickness,
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rather than the ZnSe core diameter.”* Using this structure, they were able to produce InP-based
QDs of various shell thicknesses emitting in the red to NIR regions that are relevant for biological

tissue imaging.

While NCs are of great interest for lighting and display technologies, the commonly used CdSe
NCs are not encouraged for use in commercial optoelectronic devices due to their toxicity.” As a
result, less toxic I1I-V NCs have been developed based on InP for visible light emission. However,
as-synthesized InP NCs generally have a PLQY less than 1%, rendering them ineffective for
optoelectronic devices. Therefore, the enhancement of the optical properties of InP NCs is of
interest to develop viable, nontoxic replacements for Cd- and Pb-based NCs. Electron and hole
trapping, as well as surface oxidation are among the most common reasons that InP NCs exhibit
such poor optical properties. Surface modification via surface addition of ions, shelling, and

etching are popular methods for improvement of InP NC PLQY s, !447:48.75-77

One of the common issues found in InP NCs is a natural oxide phase at the NC surface when using
traditional fatty acid passivating ligands. This observation has been linked to thermal degradation
of the ligands, which in turn results in surface oxidation.”® To overcome this issue, Jeong and
coworkers synthesized tetrahedrally-shaped colloidal InP NCs — the first of their kind — and
developed a co-passivation method with chloride ions and primary amines.’® Importantly, due to
the lack of fatty acids used, the authors did not find an oxide signature in their as-synthesized NCs.
Following co-passivation, a ZnS shell was added to the NCs and a PLQY of 47% was obtained.
Interestingly, the authors found that an oxygen-free environment was required to successfully grow
a thick ZnS shell, and that the tetrahedral shape of the InP cores was only maintained in an air-free
environment. For many applications, a phase transfer to an aqueous solution is required. The thick

shell obtained by this synthetic method yielded very robust particles, as demonstrated by a phase
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transfer to basic, aqueous conditions with thioglycolic acid (TGA) as a phase-transferring agent.
After a two-hour treatment, the TGA treated core-shell NCs maintained a PLQY of 28%, which

amounts to a retention of 60% of the as-synthesized core/shell structure PLQY.

Another option to increase the PLQY of InP NCs is based on the addition of the Lewis acid metals
Zn*" and Cd** to the InP NC surface as demonstrated by Cossairt and coworkers.” Surface
passivation of dangling bonds by the Lewis acids results in increases in the PLQY from <1% up
to 19% and 49% for Zn** and Cd**, respectively, without the requirement of a core/shell
structure.” In addition to the increase in PLQY, redshifts in the emission wavelengths were found,
where a higher concentration of Lewis acid yielded a larger shift. This shift is shown in Figure 3B
which displays the absorbance spectra of the native InP NCs and Cd*" treated InP NCs.” The cause
of shifts in optical spectra could not be precisely determined but were hypothesized to result from
altering the lowest unoccupied molecular orbital (LUMO) energy level of the NC by the addition

of a surface-bound Lewis acid metal cation.

While these described methods serve to improve the PLQY of NCs, color pure NCs are required
for commercial applications. While single InP NCs exhibit the required narrow linewidths,
obtaining a narrow size distribution is difficult.®? One of the greatest difficulties in developing a
synthesis of more monodisperse InP NCs stems from the generally highly reactive precursors
required, e.g., P(SiMe3)s. Due to the high reactivity, the precursors are generally rapidly depleted
in the nucleation phase of NC growth by hot injection. After nucleation, size-narrowing of the NC
size distribution is required, which includes unreacted monomers. Side-reactions with the
carboxylic acid are also a common occurrence in InP synthesis.®! As a result, the growth conditions
for industrial scale-up of high quality InP NCs have been difficult to obtain. To overcome these

limitations, Cossairt and coworkers developed a two-step nucleation mechanism for InP NC

12



formation with a magic-sized cluster (MSC) intermediate.®” The MSC intermediates generated at
a relatively low injection temperature of 120°C could be isolated and used as a single-source
precursor for subsequent InP NC formation.?? In a follow-up study, the group investigated the
effect of using doped MSCs as precursors for InP NC formation. Zn?* and Ga*" doping, followed

by addition of a gradient ZnSeS shell allowed for PLQY up to 85%.76

MSCs were also used as precursors in the synthesis of nearly trap free green-
emitting InP/ZnSe/ZnS core/shell/shell NCs with 95% PLQY by Jang and coworkers.”” To
demonstrate that this core/shell/shell structure was able to suppress deep trap state emission the
authors investigated the temperature-dependence of the InP cores, as well as InP/ZnSe core/shell
and InP/ZnSe/ZnS core/shell/shell NCs. Only for the ZnS-terminated core/shell/shell structure, no
trap emission is observed at low temperatures, indicative of an effective surface passivation, as

shown in Figure 3C."”’

By combining the described methods of shelling and size control, near-unity PLQY InP NCs
can be reliably obtained using methods such as that of Jang and coworkers.®> The group
synthesized InP/ZnSe/ZnS core/shell/shell NCs and performed HF etching to remove the oxide

layer on the InP core surface, simultaneous to the start of shell growth.

Since InP NCs with high PLQY's are now routinely attainable, research has progressed into other
areas of InP NC improvement in an effort to push towards integration into technology. In most
current QD display technologies, the NCs are not utilized in form of true LEDs, but instead
function as wavelength downshifters by absorbing blue light and emitting green or red light.
However, the change in size of the particles to tune the emission wavelength also influences the
absorption cross section of the NCs: larger NCs absorb a higher fraction of the incident blue light.

Hence, for display applications, the brightness B, defined as the product of the PLQY and

13



extinction coefficient, must be considered, rather than just the PLQY % Therefore, efforts have
been placed on fabricating brightness-matched NCs. The first report of brightness-matched
InP/ZnSe/ZnS core/shell/shell NCs was by the Dennis group in 2021.34 The inherent brightness
disparity between different colors of InP NCs was reduced by adjusting the thickness of the
intermediate ZnSe shell and InP core such that the total diameter of the InP/ZnSe component was
equal among four different emitting colors of NCs. This resulted in brightness matched green and

red emitting NCs of the same chemical composition, but different core and inner shell thickness.

In addition to InP NCs, ternary I-III-VI semiconductor NCs such as copper or silver indium
selenide have been proposed as non-toxic alternatives to Pb- or Cd-based luminescent NCs in
lighting applications.®>8¢ In 2013, the Wood group developed a silylamide promoted synthesis
with various reaction times and temperatures to control the size and shape of copper indium
selenide NCs.3¢ Since the native NCs had PLQY around only 15%, the authors added ZnSe shells
to increase PLQY to up to 60%. The shells here function similarly to those coating InP NCs as
they protect the NC core from degradation induced by oxidation and light exposure and passivate
dangling bonds at the surface which can act as nonradiative recombination centers. However, in
contrast to the shells discussed previously, where an additional shell is added onto the existing InP
core effectively increasing the NC size, the shell growth for the ternary NCs is based on a cation
exchange process in which Zn?* replaces the Cu®, Ag* or In*". Therefore, the shell growth results
in slightly smaller overall particle sizes due to the smaller size of Zn?*. In this cation exchange-
based shell growth, the shell thickness does not only influence the PLQY, but also shifts the
bandgap to higher energies due to increased quantum confinement of the core, as the core is

consumed during shell growth, 8336
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In summary, different methods have been developed to improve the optoelectronic properties of
semiconductor NCs to support a transition towards more environmentally or biologically benign
materials, which typically exhibit low PLQY without aid. Shelling with different bandgap
semiconductors and surface ion addition have been used to improve PLQY,"!>* and a variety of
less-toxic NC compositions have been developed to emit at different wavelengths based on their

size, surface treatment, and composition.®3-8%-83

3. Catalysis

In addition to their size-dependent optoelectronic properties discussed previously, NCs and NPs
also exhibit unique physical properties not found in bulk materials which can make them appealing
for applications in catalysis. For instance, as a result of their high surface area to volume ratio,
nanoscale catalysts often exhibit higher activity than their bulk counterparts.’ Due to their optical
absorption in the visible range, semiconductor NCs have the additional benefit of being able to
engage in photocatalysis, and pose advantages over traditional photocatalysts by acting as both
photosensitizer and catalyst in certain reactions.?® They are also highly stable, and in some cases
able to function under conditions unsuitable for traditional bulk catalysts. NCs are also very
customizable as the composition, size, and surface modifications of the particle can be altered.
Metal NPs are similarly customizable, and bimetallic NPs can pose advantages over traditional
catalysis.’® However, much like in optoelectronic applications control over the surface of NCs and
NPs is crucial for effective catalysis.’3” The reader is directed to recent reviews on the following

reviews on catalysis for further reading.?-6-38

3.1. Nanocrystals in Catalysis: Advantages and Limitations
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Despite advances in research, NC-based catalysts have drawbacks that must be addressed prior to
their successful integration into catalytical schemes. In the case of photocatalysis, the radiative
recombination rate is often too fast and the lifetimes too short to properly engage in photocatalysis.
For photoredox chemistry, the rates of electron and hole extraction must be balanced to ensure
long-term NC stability.? As discussed above, ligands pose possibly the largest area of optimization
as they can be readily varied, but each change impacts critical properties of the NC such as stability
and solubility. While surface ligands are generally considered detrimental to catalysis, if properly
designed, they can help increase catalyst selectivity or improve the yield of the desired product.?
Understanding the interactions between the NC and the surface-bound ligands is crucial for
designing NC-based catalysts as ligands can have both steric and electronic effects. As such, the
review by Wu and Shevchenko suggests that designing the ligands for surface modification of NCs
can improve their performance as photoredox catalysts.’ Additional work by Weiss and coworkers
focusing on PbS NCs adds that the charge density in the ligand shell can be tuned by varying the
composition of the ligand shell.}” This is relevant as the probability of electron exchange is directly

related to how permeable the ligand shell is, and thus defines the redox activity of the NC.

Semiconductor NCs have already been implemented as catalysts for multiple reactions such as
carbon dioxide reduction, hydrogen evolution reaction (HER), and oxygen reduction reaction
(ORR).28889 CO, reduction has applications in several different reactions such as CO and 2-

24,26

oxoglutarate formation,***° and integrating photocatalysis offers an opportunity to use it for storing

solar fuels.
3.2. CO; Reduction

Focusing on CO> reduction, photocatalytic approaches are particularly appealing to maintain the

green nature of this reaction. A system described by Dukovic and coworkers combines CdS NRs
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with the enzyme 2-oxoglutarate:ferredoxin oxidoreductase (OGOR) to photochemically produce
2-oxoglutarate by carbon-carbon bond formation via CO» reduction.?é Photoexcited electrons from
the CdS NRs are transferred to the [4Fe-4S] active site cluster in OGOR where the catalytic process
to generate 2-oxoglutarate occurs.. The authors found that the electron transfer efficiency
decreases between the CdS NR and enzyme due to the conformational change of OGOR from
enzyme-coenzyme coupling.. Nevertheless, their work demonstrates a viable path in which

semiconductor NCs, or NRs, can be used as redox partners and electron donors for redox enzymes.

As different semiconductor NCs can be tailored to have similar properties, or even more desirable
properties, for different systems, catalyzing COx reduction is not limited to just CdS NCs. For
instance, Weiss and coworkers utilized CulnS2/ZnS NCs as a photosensitizer for a molecular
catalyst, meso-tetraphenylporphyrin iron(Ill) chloride (FeTPP), for photocatalytic CO»
reduction.?* The proposed photocatalytic mechanism is illustrated in Figure 4A.2* Light generates
photoexcited electrons in the NC which in turn transfer to FeTPP reducing the Fe(IIl) to Fe(0)
instigating the reduction of CO2 to CO. In general, the limitations of molecular sensitization is
related to the slow and inefficient electron transfer from the sensitizer to the catalyst. The authors
found that the CulnS2/ZnS NC-sensitized system had an 18-fold higher sensitization efficiency
than a corresponding system with an Ir-organometallic sensitizer, and exhibited 84% selectivity
for CO. This increase in the sensitization efficiency was attributed to an ultrafast electron transfer
process between CulnS; and FeTTP. While still in need of optimization, this system outperformed

conventional organometallic-sensitized systems, indicating its high promise.

Further work by Weiss and coworkers investigated the use of an electrostatic assembled
superstructure of CulnS2/ZnS NC sensitizers and positively charged trimethylamine-

functionalized Fe-porphyrin (FeETMA) catalysts for CO; reduction, represented schematically in
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Figure 4B.%° The effect of FeTMA on the optical properties of the NCs is shown in Figure 4C.%°
Reducing CO; to CO, their system achieved a turnover number (TON) of 450 and a selectivity of
99%. This was attributed to more efficient funneling of electrons in the charged aggregated
superstructure due to the closer proximity of the catalyst and the NCs compared to the uncharged
one. This process has been recently improved in another system developed by Weiss and
coworkers. Using the same CulnS»/ZnS NCs as photosensitizers and a [{meso-tetra(4-
sulfonatophenyl)porphyrinato } cobalt(III)] (CoTPPS) catalyst in pure water, a maximum TON of
84,101 was achieved.”! This system also illuminated the importance of ligands on catalysis, as the
identity of the ligands on CulnS»/ZnS NCs surface had a dramatic impact on catalysis,
approximately doubling the TON simply by exchanging the terminal trimethylamine of the

aminoethanethiol ligands..
3.3. Hydrogen Evolution Reaction

Research into HER has been similarly successful as CO: reduction studies. Many optimizations to
NCs have led to achieving successful HER systems. One method of achieving hydrogen evolution
is through NC deposition on carbon fiber electrodes. CoP NCs coated electrodes in a system
studied by Cossairt and coworkers showed that the impacts of surface ligands change the
overpotential of HER.* In this study, two ligands motifs that are commonly used in NC synthesis
were chosen: carboxylates and amines. A higher ligand density was observed using long
carboxylate ligands compared to the amine ones, which was attributed to the stronger binding
carboxylate moiety which resulted in an increase in overpotential. This study suggests that the
binding strength, e.g., for carboxylates vs. amines, influences the ligand density due to
stronger/weaker coordination of the moieties which in turn impacts the accessibility to active

surface sites for HER.
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In a similar method to ligand exchange, NCs themselves can be functionalized to improve their
performance. Li and coworkers used a single layer of a metal chalcogenide complex based on
tetrathiometallate (MoS4? or WS42") which was absorbed onto Au NCs adsorbed onto an activated
carbon electrode for the HER.”? The authors used these self-limiting single monolayer complexes
directly as a ligand for the Au NCs which have undergone a colloidal ligand-exchange reaction
which is shown schematically in Figure 4D.°? By comparing two different sizes of Au NCs (9 and
3 nm), the authors found that the Au NC surface had a strong impact on how well the
tetrathiometallate, particularly MoSs, absorbs, packs and oligomerized on the surface.” It was
shown, that the MoSy orbitals are strongly hybridized which result in a hydrogen atom bond energy
weakening which in turn influences the HER catalytic turnover. Figure 4E-G display the reactivity

for HER for the 9 and 3 nm Au@MoS4 NCs (Figure 4H,I).”

As previously discussed, photocatalysis is also possible utilizing NCs, and is also of interest in the
HER as it is with CO; reduction. A different system described by Weiss and coworkers utilized
two NCs rather than one, with one dedicated as a photosensitizer and another as the active catalyst.
CdSe/ZnS sensitizer NCs funnel energy into catalytic CdSe/CdS NCs resulting in a photocatalytic
reaction and the generation hydrogen from ascorbic acid.”® The exciton delivery from the sensitizer
NC to the catalyst accelerated the sensitization of the catalyst, improving its catalytic activity for

the HER.
3.4. Oxygen Reduction Reaction

The oxygen reduction reaction is of interest, as it has been utilized in proton exchange membrane
fuel cells.”* Zhao and coworkers synthesized oxygen-assisted acid etched hollow bimetallic Pt-Ag
NPs for use as the catalyst in the ORR.®® The researchers found that the size and composition can

be well controlled for a Pt thickness less than 6 nm which resulted in the desired hollow Pt-Ag
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NPs. An overall increase in the ORR activity was observed for these hollow structures compared
to the commercial Pt/C, however slight variations were seen for varying NP sizes. The authors
speculated that the overall increase in the ORR activity can be attributed to the change in
morphology and the addition of Ag into the NPs compared to Pt/C. This work demonstrates a
simple design based on hollow bimetallic NPs, which has the potential to be extended to other

bimetallic catalysts.

In addition to ligand functionalization and morphology, shelling metal NPs can also be utilized to
improve catalytic performance. Research performed by Li and coworkers investigated the
influence and thickness of a Pd shell on Au NPs on the ORR. The Au@Pd NPs were synthesized
with high control over the number of (sub-)monolayers of the Pd shell utilizing a ligand exchange
assisted method. The authors found that the oxide reduction features of PdO shifted depending on
the shell thickness.” This shift can be directly correlated to Pd surface coverage and the oxygen
reduction reactivity. The researchers also predicted that this ligand exchange synthesis would
allow other core-shell NPs to tune the electronic properties of the surface, hence improving

catalytic activity.

In addition to this study on the impact of size on catalytic performance, Shao-horn and coworkers
have also investigated the performance of Pt3Co NPs for ORR, determining how the addition of
Co impacts catalysis.”®*” One challenge they faced was determining why the performance of these
catalytic NPs in cathodes worsened after voltage cycling, as would be seen in a fuel cell.** They
found that as a result of cycling, the Pt-enriched shell on the NP surface grew thicker, resulting in
poorer specific activity as the benefits of Co doping diminished at the surface where catalysis
occurs.’ Pt alloys have improved ORR activity compared to bulk,’® and by increasing the amount

of Pt at the surface relative to Co, this effect would be reduced.
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3.5. Photocatalysis and Associated Challenges

In addition to the specific reactions discussed above, semiconducting NCs can also be used to
photocatalyze a variety of organic reactions. For instance, McClelland and Weiss utilized CdS
NCs as a photocatalyst for the benzyl alcohol oxidation.”® By tuning the amount of low-valent Cd
atoms photodeposited on the NCs, a high selectivity could be achieved for the desired products,
e.g. benzaldehyde or hydrobenzoin. This system was also able to function without a co-catalyst,
simplifying the catalytic process. Further work by Weiss and coworkers showed that CdS NCs can
be employed as photosensitizers with a Pd catalyst for the Heck coupling of styrene and
iodocyclohexane.” This combination indicated that CdS NCs could controllably generate
photoexcited states for the Pd catalyst due to an overlap of the CdS emission with the absorption

of a Pd(II) intermediate.

NCs can also be used for photoinduced electron transfer reversible addition—fragmentation chain
transfer (PET-RAFT) polymerization as demonstrated by Weiss and coworkers.!” CdSe NCs
treated with mercaptopropionic acid (MPA) were used to photocatalyze aqueous acrylamides and
acrylates via PET-RAFT. The authors showed a fast polymerization with ultralow catalyst
loadings. Further emphasis was placed on recycling all the components in the reaction mixture

by using a novel purification technique based on protein concentrators.

Despite the promise and versatility of NCs and NPs in catalysis, there are still substantial barriers
to practical implementation. The primary challenges facing NC and NP catalysts are the excited
state lifetimes, hole extraction, ligand optimization, active sites definition, and reaction conditions
optimization.?> Unfortunately, the excited state lifetimes of NCs can be too short to be useful in
photocatalysis. Developing morphological and surface treatments to extend lifetimes and increase

PLQYs are then crucial to address this issue.?>-® Since redox catalysis involves a charge transfer
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step, it is important to balance hole and electron extraction to prevent charge buildup which
accelerates chemical degradation of the NCs.?*> While the hole extraction rate can be improved by
introducing scavenger molecules, there are limits to what can be achieved with this method. More
investigation into the active sites is needed to optimize the desired reaction while reducing side
reactions, as substrates can bind to the NC surface in multiple modes and geometries. Finally,
functionalized NCs are typically soluble in nonpolar solvents, while redox reactions tend to occur
in polar solvents. To ensure NC stability, these reactions need to take place in a buffer which
maintains pH but does not otherwise interact with the reaction or bind to the NC, causing

aggregation or degradation.

Generally, colloidal NCs are promising candidates as photocatalysts due to 1) their high absorption
range throughout the visible spectrum, ii) tunable absorption and emission, iii) size, which enables
ready access to targeted surfaces, and iv) ligand-dependent solubility and functionality which can
be changed by the moieties of the ligand.*® Additionally, semiconductor NCs are desirable as
photocatalysts as they are able combine the photosensitizer and catalyst components, thus reducing

energy losses in the catalytic process.?

4. Cancer Treatments

Another well-studied application of metal NPs is use in targeted cancer treatments,?7-30:41,101.102

Much like semiconductor NCs, the optical properties of plasmonic metal NPs can be controlled by
their size, morphology, and surface chemistry.?* Of particular interest for this application are
surface-functionalized gold NPs (AuNPs), due to the biocompatibility and low biotoxicity of
gold, 42103 a5 well as the ability of AuNPs to combine imaging and treatment.!* For nearly 20
years, these systems have been investigated for targeted tumor therapies.’®#%195 Light-driven

therapies involving NPs pose many advantages over traditional treatments, as they absorb a broad
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range of light and emit a narrow spectrum that can be tailored by changing the particle size,
composition or by plasmonic tuning of the shell.3%101105.196 T particular, a major benefit of
plasmonic AuNPs is their optical tunability throughout the NIR spectrum by synthetic methods,'"”
enabling deep tissue imaging due to the transparency of water and the transmissivity of biological

101,108

tissue to these wavelengths. By combining these properties, NPs have been implemented in

photothermal laser therapies, where a laser is applied to cells treated with NPs which produce heat

upon irradiation, resulting in cell death of the cells containing NPs,27-30:41.109

The effectiveness of such NP treatments can be seen in vitro in Figure 5A, which compares the
effect of laser therapy on untreated HER2 positive SKBr3 breast cancer cells, cells treated with
NPs without targeting, and cells treated with targeted NPs.*° The images demonstrate the
selectivity and effectiveness of the laser treatment as only the cells with the targeted NPs were
destroyed. Figure 5B compares the absorption and scattering efficiency in the NIR spectral region
of the NPs used in this study.’® This early work from 2005 demonstrated the viability of
photothermal therapies utilizing NPs, which has been further supported and expanded on by more
recent studies. For additional information, the reader is encouraged to read recent reviews on the

subject. 24041
4.1. Progress in Cancer Treatments

Much like in other applications, the unique properties of NPs due to their size and quantum
confinement is a part of their appeal in medical applications. The resulting absorption and emission
properties of NPs enables their use in both imaging and treatment, as the fluorescence or scattering
can be measured via different forms of microscopy, while their photothermal properties can be
used as a cancer therapy.!! This specific therapy has the added benefit of being able to target

hypoxic regions inside of a tumor which are difficult to access via conventional treatment.!! By
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targeting monocytes with NPs which are later recruited into the tumor, these NPs can reach the

difficult to target interior of a tumor, increasing the chances of total tumor destruction.?®

Just as the surface chemistry can impact properties in PL and catalysis, NPs can be functionalized
to improve their therapeutic and imaging performance. NPs can be functionalized to interact with
specific biomolecules such as proteins or antibodies present in tumors, therefore allowing for
highly specific targeting of tumors where these biomolecules are found in abundance. Due to their
combined diagnostic and therapeutic applications, functionalized metal NPs are often classified as
theragnostic materials.!'® A review by Murphy and coworkers focusing on nanotechnology based
treatments of breast cancer examined a variety of organic and inorganic NPs for different
applications within cancer therapeutics.*! They found that despite the promise of these materials
for cancer treatments, unresolved concerns over toxicity, biocompatibility and molecular display
need to be addressed prior to implementation. With proper surface functionalization NPs can
engage in active targeting of tumor cells, while current treatments primarily use passive targeting.
Beyond cancer treatment, functionalized NPs show promise in the areas of gene therapy, targeted

drug delivery, and imaging (vide infra).*!

Functionalized AuNPs have been successfully used to treat different forms of cancer, such as
breast cancer, in both in vitro and in vivo animal studies.*>!%!!! Functionalized NPs are of
particular interest for difficult to treat forms of cancer, as their active targeting and ability to reach
areas inaccessible via conventional therapies provide routes to address some of the shortfalls of
traditional therapies.?® Targeting these areas not only allows for better treatment of the tumor itself,

but could also prevent metastatic spread by treating the tumor more comprehensively.

Having proven effective in vitro and in vivo, NP-based cancer treatments are beginning to move

beyond the stage of animal studies. A recent clinical study using NP accumulation in tumors
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combined with infrared (IR) irradiation to treat prostate cancer had very promising results, with a
94% success rate of laser ablation.?” This treatment was shown to both reduce side effects and be
less invasive than other treatment options for this form of cancer. These promising results pave a
pathway towards larger clinical trials, and possibly show potential for widespread cancer

treatments in the near future.
4.2. Challenges in Advancing NP-based Cancer Therapy

Despite their incredible promise for cancer treatments, there are still some unresolved concerns
about the impact of NPs on the human body that must be addressed prior to widespread medical
applications.*> While AuNPs are generally considered to be nontoxic,'® this does not preclude
them from having a negative impact on the cells they contact. In particular, the NR morphology

has been shown to damage the collagen extracellular matrix.!%®

Grzincic and Murphy found that
this damage can result in lower adhesion of the cells to the collagen matrix, which can in turn
promote cell spread. This is particularly dangerous when dealing with cancerous cells, as the
spread of cancerous cells could worsen the illness rather than treat it. While this effect, examined
mostly in in vitro studies, varies depending on the morphology of the AuNP and their surface
functionalization, it is an important concern to have addressed prior to clinical application.!%%!12
This is not the only impact NPs can have on cells without being directly toxic. Murphy and
coworkers reported that functionalized NPs interfere with chemotaxis, cell movement in response
to a chemical.!'> AuNPs were found to impact the bioavailability of a chemoattractant biomolecule
MCP-1, since this molecule adsorbs to the NP surface. Higher quantities of MCP-1 absorption

onto the NP surface resulted in stronger suppression of cell movement. Therefore, the NP-based

treatment could result in an unintentional impact on the movement of cancer cells, and more
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research will be required to determine the underlying causes and how to limit this effect prior to

its widespread application.
5. Biological Imaging

In addition to applications in cancer treatments, NPs have been used for other forms of biological

imaging.!9%!13:11% The same properties that make NPs beneficial for cancer treatment, e.g., IR

30,107,115 41,116

absorption and surface functionalization for targeting biomolecules, make them well

suited for biological imaging, where these properties can be used to image specific cells or even

104,117-120

cellular processes. NPs can be used as contrast agents, for light-triggered

110,121-125 29,116,126

applications, and for immunotargeted imaging.

5.1. NPs as Contrast Agents for Biological Imaging

One of the primary applications of NPs in cellular imaging is as a contrast agent. Murphy and
coworkers used relaxation imaging measurements to demonstrate how strongly absorbing gold
NRs (AuNRs) affect protein binding and protein folding accounting for inner filter effects,
including the strong quenching effect of AuNRs on fluorescent protiens.!!” The high absorbance
of NRs is desirable for sensitive detection but also makes optical experiments more difficult as it
can result in unwanted quenching of fluorescent-tagged proteins. This work demonstrated the use
of two photon photoluminescence of AuNRs to image the NRs in tissue constructs, showing the
viability of AuNRs as a contrast agent in optical coherence microscopy. By using optical coherence
microscopy (OCL) and two photon luminescence (TPL) on cells with and without NRs, the
positioning of the Au NRs inside the cell were imaged. Fluorescence imaging was also used to
measure the impact of NRs on proteins, as fluorescently tagged proteins were combined with Au

NRs and imaged using fluorescence microscopy.'!’
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Focusing on specific applications in studying cellular processes and developing intracellular
targeted therapies, Halas and coworkers demonstrated that light-triggered release of the fluorescent
dye 4',6-diamidino-2-phenylindole (DAPI) from plasmonic gold nanoshells was feasible and did
not damage cells.!?! This is a potential method of delivery for gene therapy, as the DAPI was taken
into the cell nucleus and was able to bind to genomic DNA. Other molecules which bind to DNA

could be used in such a manner.

Beyond biological cell imaging contrasts, NPs also have applications as magnetic resonance
imaging (MRI) contrast agents.!?” The Millstone group has utilized metal alloys to improve optical
properties of NIR emitting gold NPs, which could potentially be used for biological sensing and
labeling.!”-118:119 They obtained bright NIR emission via alloying gold with cobalt or copper on the
nanoscale for the first time. Notably, alloying with cobalt resulted in tunable magnetic
susceptibility of the gold NPs, opening up the possibility for gold NPs to be used as MRI contrast

agents.!!®

The emission peaks blueshift as the amount of incorporated cobalt increases to 60%,
then have a slight redshift up to 80% cobalt. The impact of Co doping on magnetic properties is
similar, as the magnetic susceptibility increases with percent Co. The Millstone group was also the
first to demonstrate NIR emission from copper and silver NPs, which could serve as a cost-efficient
alternative to gold NPs in biomedical applications.!?® The Ag and Cu NPs developed exhibited
comparable brightness and QY to AuNPs, but their applicability in biological system has been less
studied than AuNPs. Future research is necessary in order to improve QYs of NIR emitters,
especially at low excitation wavelengths, develop a better understanding of coinage metal (Cu, Ag,
Au) NP surfaces, and better understand how Ag and Cu perform in the place of Au in biological

applications. 28129

5.2. Cell Imaging
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In addition to applications as contrast agents, NPs can also be utilized as an aid in cell imaging
techniques. Early work in 2007 demonstrated that AuNRs could be used to image deformation in
collagen matrixes as a result of cell motion.!3® This work displayed the viability of this technique,
and used it to improve understanding of the collagen matrix. Baxter and coworkers expanded on
this work, describing how the light scattering properties of various morphologies of AuNPs made
it possible to track the position of individual NPs, as well as how the morphology of AuNPs can
be tailored to the desired imaging wavelength as NRs absorb more into the NIR-vis region than
nanospheres.!!> Major advantages of AuNRs are that they do not photobleach and can be nontoxic,

both of which make them a promising alternative to traditional dyes.

Even in this early work, toxicity of metal NPs was a focus of research. Baxter and coworkers
determined no direct NP cytotoxicity, but indicated that the NP precursors were toxic at very low
concentration, emphasizing the need for purification of the NPs.!!> The authors found cytotoxicity
to be cell and surface chemistry dependent as different cells interact with NPs in different ways,
and emphasized toxicity is not equivalent to cellular damage, as 13 nm citrate capped gold
nanospheres resulted in cellular damage but were not considered toxic. However, AuNPs treated
with other surface treatments were shown to be toxic to the studied cells. Figure 6A,B show the
relationship between the AuNPs and cells via dark-field optical microscopy (Figure 6A) and
fluorescent staining (Figure 6B).!!5 It was also established that the uptake of polyethylene glycol

(PEG) coated AuNRs was significantly lower than regularly functionalized counterparts.

As discussed above, another benefit of NP imaging is that they can be functionalized to target
specific cells or biomolecules.?’ The ability to track single NPs can be used to track individual

proteins in extra and intracellular regions. NP surface passivation also enables colloidally stable
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small NPs, which could be used to image regions like synapses that are difficult to image by other

means.
5.3. Immunotargeting

This surface functionalization leads to another area of particular interest in cellular imaging,
immunotargeting using NPs, which holds great potential for both diagnostic and research
purposes.'?¢ The ability to target specific biomolecules could allow for targeting of specific cellular
processes of interest. Research focused on sulfated glycosaminoglycans (sGAG) functionalized
AuNRs examined the interaction between the NR and cardiac cells and collagen, establishing that
surface modification with biological polyanions can improve their viability in biological or
therapeutic applications.!3! However, it was found that functionalizing the AuNRs increased the
amount of collagen aggregation in a collagen gel assay and created a stiffer collagen structure than
a control, although the exact mechanics were unclear. The surface functionalization appeared to
incorporate the NRs within the aggregates, suggesting a strong interaction between the sGAG and
collagen, altered by the NR binding. The functionalized NRs accelerated assembly of collagen
cells and inhibited cell mediated contraction without impacting cell viability, which could result

in reducing accumulation of scar tissue and promoting regeneration of functional tissue.

Murphy and coworkers continued to investigate immunotargeted AuNRs, specifically focusing on
how ligand-functionalized AuNRs can be used to control interactions with cancer cells.!3? A
schematic of how the AuNRs were modified is shown in Figure 6C, and the peptide arrangement
on the surface is illustrated in Figure 6D,E.!3? Comparing AuNRs functionalized to target specific
cancer cells, they demonstrated that these NRs successfully targeted the desired cells over a
control. They were also able to use homing peptides with AuNRs to quantify the uptake of NRs

inside cells, which provides a pathway to evaluate the specificity of ligands for targeted drug
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delivery systems based on functionalized AuNRs. This is demonstrated in transmission electron
microscopy images shown in Figure 6F-K, where the different ligands are shown to remain in the

cells in different quantities over time.!3?

Combining the imaging and immunotargeting aspects of NCs, research from Rosenthal and
coworkers used functionalized NCs to image a dopamine transmitter (DAT) which has been
associated with schizophrenia, bipolar disorder, Parkinson’s and attention-deficit hyperactivity
disorder.!'¢ Commercially available Streptavidin conjugated CdSe/ZnS core/shell NCs were used
for this purpose. It had been difficult to image DAT using conventional methods due to the
difficulty in finding a photostable targeted molecule. The accuracy, brightness, and resistance to
photodegradation of NCs posed a solution to these problems, enabling effective imaging. The
broad absorption of NCs paired with sharp emission also simplified molecular imaging. The results
of this experiment demonstrated the specificity of the functionalized NCs and their high sensitivity

and posed the advantages over conventional imaging approaches for this protein.
5.4. Challenges in Biological Imaging using NCs

Metal NP-based imaging faces challenges due to size, multivalent interactions with biomolecules,
and blinking.? A smaller size is generally desirable for in vivo applications, as it allows for finer
resolution and imaging with high spatial resolution, and NPs over a certain diameter are more
difficult to clear from the body. However, smaller NPs could perform better as certain therapeutics,
but can pose a particular danger as they can disrupt cell membranes and are generally more toxic
than their larger counterparts, while large NPs exhibit more efficient absorption and scattering,
which is beneficial for theranostic applications.!% In addition, small NPs can become catalytically

active and thus, induce additional cytotoxicity.!3?
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Focusing on one potential problem, multivalency could result in undesired conjugation of multiple
copies of biomolecules to the NP, which in turn could result in protein crosslinking, activation of
signaling pathways, impairment of surface protein mobility, or even an increase the cytotoxicity
of multivalent NP conjugates. However, some applications such as drug carriers or imaging agents
may benefit from using multivalent NPs. Blinking can make it harder to track individual NPs in

time lapse image sequence, but as a contrast can also help distinguish single NPs from aggregates.

While Au NPs are generally considered nontoxic, the use of certain ligands can make them toxic
and some ligands are toxic on their own, such as the commonly used cetyltrimethylammonium
bromide (CTAB), meaning any NPs using these ligands would need to be highly purified and

studied prior to use in biological applications to ensure their safety.’!4%134

Despite their classification as non-cytotoxic, exposure to NPs can result in long term changes to
human cells. Murphy and co-workers compared the effects of a variety of different AuNPs of
different sizes, morphologies, and surface coatings on human dermal fibroblasts (HDF).!3?
Comparing the effects of chronic and nonchronic low dose exposure to AuNPs, both resulted in
modification to genes over time but the nonchronic exposure resulted in more changes than the
chronic exposure, showing stress effects even 20 weeks after initial exposure. The authors suggest
that cells can respond and learn to adapt to chronic NP exposure, but even after the removal of
NPs in acute exposure, the cell stress response was not reversible. Low doses of AuNPs that
initially appeared benign were shown to destabilize cell regulatory responses over time. In general,
it was found that AuNPs are not directly cytotoxic and relative uptake is dependent slightly on the

shape and more heavily on surface coating, but over time AuNPs in some cases were shown to

cause changes to the morphology and gene expression of the cell.
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Additional work by Murphy and coworkers found that coated AuNPs can affect genes including
those implicated in cell proliferation and metabolism in HDF and prostate cancer (PC3) cells.!3
This work focused on showing the connection between surface coating and toxicity in different
cells depending on factors including ligand binding strength, electrostatic NP-protein interactions,
and uptake rate. Some surface treatments had no significant impact on the cell, while others
resulted in up-regulation of cell genes which could lead to tumor development. The effects differed
as a result of not only NP surface chemistry, but also on NP dosage and which cell type was

exposed. While still considered generally nontoxic, the changes caused by AuNPs are still a cause

concern for future medical applications.

Another concern in using metal NPs or semiconductor NCs for biological applications is the
difference in quality in the commercially available materials and those typically used for research
purposes. This could potentially have harmful effects, as some NC precursors are highly toxic, and
even nontoxic interactions between the NCs and cells could result in detrimental changes to the
cell environment. Recent work by Han and coworkers focused on establishing an understanding
of how different synthetic parameters could be altered to overcome this disparity in NC quality.!3’
Specifically, they determined that growth temperature and precursor reactivity were the most
important factors for controlling NC quality, and controlled this using a sulfur precursor with a
chemically tunable reactivity. Using this precursor, they were able to demonstrate the viability of

the described method for a variety of sizes, materials, and types of NCs.
6. Conclusion

Semiconductor NCs and (plasmonic) metal NPs are a versatile class of materials as their properties
are highly tunable via surface treatments and ligand chemistry. The properties of NCs can be

altered by changing the chemical composition or by varying the morphology of NCs within the
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same composition.”$89° The optical properties of NCs are largely controlled by their size and
shape, and as a result, large NCs will absorb and emit different wavelengths than smaller NCs. #6886
The degree of quantum confinement also plays a significant role, as NC properties differ from
those of NRs which differ from NPLs.%%8 Surface treatments such as shelling or ion exchange can
also be used to further control the properties of a NC. Utilizing shells with a different composition
than the NC core can reduce nonradiative decay for optoelectronic applications by defect
passivation and improve QY at the cost of a shift in the emission wavelength!*!34%62 and ion
exchange can further passivate surface defects.”®”® While less optically active, metal NPs can be

similarly treated via ligand functionalization or ion exchange to tailor their properties toward a

specific application or system.

Ligand chemistry potentially holds the broadest area of variability for NCs as ligand chemistry can
tailor the NC properties for specific applications.>!7:18.70:116 For catalysis, ligand chemistry can be
used to convert NCs into efficient photosensitizers, allowing conventional catalytic reactions to
become photocatalytic.?>?° For biological applications, ligand chemistry can be used to target NPs

27.304LI0L T joand chemistry is incredibly

to specific types of cells for better treatment or imaging.
important for these applications, as it will significantly alter how NPs interact with cells and how
harmful, if at all, those interactions are.3!"!3¢ However, surface ligands can also induce toxicity, as

some ligands are themselves toxic.3!:#2134

Overall, the largest challenge facing NC or NP implementation is the ongoing issue of toxicity.
Many high-performance NCs utilize heavy metals, which pose both health and environmental
concerns.%% 708799 While efforts have been made to replace these heavy metals with less toxic or
benign alternatives such as InP and silicon,®3!:83 NCs themselves are often toxic simply by the

nature of their size. The size of NPs enables them to interact with cells in unique ways, which are
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not always desirable. Even if the NPs used are not toxic, they can still cause damage to cells that

can result in long-term changes to the cell’s overall health.!3!:133

In summary, semiconductor NCs and metal NPs have the potential to dramatically alter many
aspects of our lives, from optical applications in everyday devices to catalysis which could alter
fuel production, to medical treatments that could improve how we research different diseases and
treat cancer.’ The field is now reaching the point where this potential is beginning to come to
fruition. While there is still a significant amount of research needed for most NC and NP
applications, future developments in the field are likely to realize more extensive implementation

of these nanoscale materials throughout society.
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Figure 1. Overview schematic highlighting the tunability of the NC/NP properties by ligand
tailoring enabling biological targeting, tuning of the emissive properties, or enabling or retarding
energy transfer. Alteration of the NC surface chemistry can lead to improved PLQYs, changes in
the catalytic activity and NC/NP toxicity.
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Figure 2. Illustration of the impact of shelling on the excitonic properties of the NC.

A. Schematic of the effect of surface trap states on the PLQY of a NC. Trapping into surface
trap states increases nonradiative decay of the exciton. The localization of the electron (red)
and hole (green) wavefunction for a core-only NC is shown on the right.

B. Type I core/shell NCs. The shell passivates the surface trap states, improving the PLQY
from a core-only NC and can result in a slight red shift of the PL. The band alignment in a
type I core/shell NC, shown on the right, confines both electron and hole to the core.

C. Type II core/shell NCs. The band alignment causes electron delocalization into the shell
while the hole remains localized in the core. The reduced exciton confinement results in
redshifted emission.
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Figure 3. Optical properties of semiconductor NCs based on ligand and surface treatments.

A. Absorption (dashed) and emission (solid) spectra of CdSe NCs both untreated (red) and
treated (blue) with citric acid. The inset highlights three emission features in the emission
spectra of untreated CdSe which contribute to white light emission. The photo shows the
following samples under UV excitation (from left to right) untreated NCs, formic acid
treated NCs, and citric acid treated NCs. Adapted from Chem. Mater. 2019, 31, 20, 8558

8562. Copyright 2019 American Chemical Society.

B. Absorption spectra of untreated InP NCs (top). The red dashed line indicates the
wavelength of the lowest energy absorption feature in untreated InP NCs. Absorption
(solid) and emission (dashed) of and InP NCs after post-synthetic addition of cadmium
(bottom). There is a distinct red shift in absorption after the addition of cadmium. Reprinted
with permission from J. Phys. Chem. Lett. 2016, 7, 7, 1315-1320. Copyright 2016 American

Chemical Society.

C. Temperature-dependent emission of InP/ZnSe/ZnS core/shell/shell NCs. A small red shift
in emission wavelength is observed with increasing temperature. A schematic of the
structure of the InP/ZnSe/ZnS core/shell/shell NC is shown as an inset. On the right is a
photo of the green emitting InP/ZnSe/ZnS core/shell/shell NCs under 430 nm illumination.
Adapted from ACS Appl. Nano Mater. 2019, 2, 3, 1496-1504. Copyright 2019 American

Chemical Society.
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Figure 4. Catalytic behavior of NC-based systems.

A. Mechanism of CulnS; sensitized CO: reduction using a FeTPP catalyst. Adapted with

permission from J. Am. Chem. Soc. 2017, 139, 26, 8931-8938. Copyright 2017 American
Chemical Society.

Diagram of electron sensitization of FeTMA using a QD, illustrating photosensitization.
The quantum dot absorbs incident light, and the resulting excited electron undergoes an
electron transfer to FeTMA which can then catalytically reduce CO» to CO. Adapted with
permission from ACS Nano 2018, 12, 1, 568-575. Copyright 2018 American Chemical Society.
Transient absorption kinetics probed at 480 nm (top) and PL decays probed at 600 nm under 450
nm excitation (bottom) of MPA-capped QDs plain(black) and with FeTMA added (red; adjusted
by 1.2 to account for FeETMA absorption). Adapted with permission from ACS Nano 2018, 12,
1, 568-575. Copyright 2018 American Chemical Society.
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. Colloidal ligand-exchange reaction scheme between AuNP coated with oleylamine and
metallic chalcogenide complexes. The AuNP undergoes a ligand exchange resulting in
MS, complexed to its surface, in the place of the native oleylamine ligands. Reprinted with
permission from ACS Catal. 2020, 10, 22, 13305-13313. Copyright 2020 American Chemical
Society.

. Activity of MoS4 treated AuNPs with 3 nm diameter (red) and 9nm diameter (blue), as well
as a 6% (NH4)2MoS4 adsorbed to glassy carbon as a control (black). This figure displays
the geometric activity of each, demonstrating that the 3 nm AuNP has the highest geometric
activity. Adapted with permission from ACS Catal. 2020, 10, 22, 13305-13313. Copyright
2020 American Chemical Society.

. Mass Activity of MoS4 treated AuNPs with 3 nm diameter (red) and 9nm diameter (blue),
as well as a 6% (NH4)>MoS4 adsorbed to glassy carbon as a control (black). To find mass
activity, the geometric activity was normalized to the mass of the appropriate sample. The
two AuNPs exhibit comparable mass activity, making the 3 nm AuNPs a superior option
as they require less material. Adapted with permission from ACS Catal. 2020, 10, 22,
13305-13313. Copyright 2020 American Chemical Society.

. TOF of MoS4 treated AuNPs with 3 nm diameter (red) and 9 nm diameter (blue), as well
as a 6% (NH4)>MoS4 adsorbed to glassy carbon as a control (black). While these samples
exhibit TOF below the recorded record value, the increased performance of AuNPs over
the carbon control indicate the importance of functionalization on the performance of MoS4
as a catalyst. Adapted with permission from ACS Catal. 2020, 10, 22, 13305-13313.
Copyright 2020 American Chemical Society.

. TEM image of 9 nm AuNP after MoSs exchange. Reprinted with permission from ACS
Catal. 2020, 10, 22, 13305-13313. Copyright 2020 American Chemical Society.

TEM image of 3 nm AuNP after MoS4 exchange. Reprinted with permission from ACS
Catal. 2020, 10, 22, 13305-13313. Copyright 2020 American Chemical Society.

50



Non-specific i
A No nanoshells ::J":o“d;“ Anti-HER2 B
30
20

Scatter-based
imaging

Therapy

il
R

Efficiency

10

Silver stain g8

¢!

400 500 600 700 800 900 1000 1100 1200 1300
Wavelength ( nm )

Figure 5. Use of NIR absorbing NP in cancer treatment.

A. Effects of laser therapy on HER2 positive SKBr3 breast cancer cells treated with no NPs
(left), NPs treated with a non-specific antibody that would not target the cells shown
(middle), and NPs with Anti-HER2 antibodies (right). Images collected using scatter-based
darkfield imaging (top) display the expression of HER2, as the targeted NPs display
increased scattering visible as a lighter image compared to a control and non-specific NPs.
Calcein fluorescent staining after irradiation with 820 nm laser (middle) displays cell death,
visible in the black region, only where the laser hit the cells treated with the Anti-HER
NPs. Imaging using a silver stain (bottom) indicates that only the Anti-HER NPs
significantly bind to cells, where the NP are indicated by dark spots in the image. Reprinted
with permission from Nano Lett. 2005, 5, 4, 709-711. Copyright 2005 American Chemical
Society.

B. NIR scattering (grey), and absorption (black) efficiencies of NPs used for SKBr3 breast
cancer treatment. The inset is an SEM image of a NP with a 140nm diameter, scale bar:
200nm. The NP structure is a 120nm silica NP with a 10nm thick shell of gold colloid.
Reprinted with permission from Nano Lett. 2005, 5, 4, 709-711. Copyright 2005 American
Chemical Society.
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Figure 6. Biological uses of NIR/IR absorbing NPs.

A. Dark field optical spectroscopy of neonatal cardiac fibroblasts treated with AuNPs. The
AuNPs are visible as the yellow spots due to scattering. Reprinted with permission from
Acc. Chem. Res. 2008, 41, 12, 1721-1730. Copyright 2008 American Chemical Society.

B. Fluorescent imaging of neonatal cardiac fibroblasts treated with AuNPs and stained with a
fluorescent dye. Reprinted with permission from Acc. Chem. Res. 2008, 41, 12, 1721-1730.
Copyright 2008 American Chemical Society.

C. Schematic illustrating the modification of the CTAB coated gold nanorods (GNRs) with
YSA-PEG-poly(Asp) ligand. The ligand is attached via a layer-by-layer procedure.
Reprinted with permission from Bioconjugate Chem. 2014, 25, 6, 1162—1171. Copyright
2014 American Chemical Society.

D. Peptide arrangement of a EphA2 homing peptide, YSA-peptide on the AuNR surface.
Reprinted with permission from Bioconjugate Chem. 2014, 25, 6, 1162—1171. Copyright
2014 American Chemical Society.

E. Peptide arrangement of the reverse YSA-peptide (Rev-YSA) on the AuNR surface.
Reprinted with permission from Bioconjugate Chem. 2014, 25, 6, 1162—1171. Copyright
2014 American Chemical Society.
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. TEM image of PC3 cells incubated with YSA AuNRs for two hours. The black spots
indicate AuNR in the cells. YSA AuNR exhibit higher concentrations of AuNRs than Rev-
YSA AuNRs. The higher amount of AuNR (visible as black spots) in these cells compared
to those treated with Rev-YSA AuNRs indicates the YSA AuNRs are better taken up by
cells. Scale bar: 1 uM. Reprinted with permission from Bioconjugate Chem. 2014, 25, 6,
1162-1171. Copyright 2014 American Chemical Society.

. TEM image of PC3 cells incubated with YSA AuNRs for 24 hours. Scale bar: 0.5 pM. The
higher amount of AuNR (visible as black spots) in these cells compared to those treated
with Rev-YSA AuNRs indicates the YSA AuNRs are better taken up by cells. Reprinted
with permission from Bioconjugate Chem. 2014, 25, 6, 1162—1171. Copyright 2014
American Chemical Society.

. TEM image of PC3 cells incubated with YSA AuNRs for 24 hours. Scale bar: 5 uM. The
higher amount of AuNR (visible as black spots) in these cells compared to those treated
with Rev-YSA AuNRs indicates the YSA AuNRs are better taken up by cells. Reprinted
with permission from Bioconjugate Chem. 2014, 25, 6, 1162—1171. Copyright 2014
American Chemical Society.

TEM image of PC3 cells incubated with 0.1 nM Rev-YSA AuNRs for 2 hours. Scale bar:
0.5 uM. Reprinted with permission from Bioconjugate Chem. 2014, 25, 6, 1162—-1171.
Copyright 2014 American Chemical Society.

TEM image of PC3 cells incubated with Rev-YSA AuNRs for 24 hours. Scale bar: 0.5 pM.
Reprinted with permission from Bioconjugate Chem. 2014, 25, 6, 1162—1171. Copyright
2014 American Chemical Society.

. TEM image of PC3 cells incubated with Rev-YSA AuNRs for 24 hours. Scale bar: 5 uM.
Reprinted with permission from Bioconjugate Chem. 2014, 25, 6, 1162—1171. Copyright
2014 American Chemical Society.
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