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A Mechanism Underpinning the Bioenergetic
Metabolism-Regulating Function of Gold Nanocatalysts

Zixin Wang, Alexandre Henriques, Laura Rouviére, Noélle Callizot, Lin Tan,
Michael T. Hotchkin, Rodrigue Rossignol, Mark G. Mortenson, Adam R. Dorfman,

Karen S. Ho,* and Hui Wang*

Bioenergetic deficits are known to be significant contributors to
neurodegenerative diseases. Nevertheless, identifying safe and effective
means to address intracellular bioenergetic deficits remains a significant
challenge. This work provides mechanistic insights into the energy
metabolism-regulating function of colloidal Au nanocrystals, referred to as
CNM-Aus8, that are synthesized electrochemically in the absence of
surface-capping organic ligands. When neurons are subjected to excitotoxic
stressors or toxic peptides, treatment of neurons with CNM-Aus8 results in
dose-dependent neuronal survival and neurite network preservation across
multiple neuronal subtypes. CNM-Aus8 efficiently catalyzes the conversion of
an energetic cofactor, nicotinamide adenine dinucleotide hydride (NADH),
into its oxidized counterpart (NAD*), which promotes bioenergy production
by regulating the intracellular level of adenosine triphosphate. Detailed kinetic
measurements reveal that CNM-Au8-catalyzed NADH oxidation obeys
Michaelis—Menten kinetics and exhibits pH-dependent kinetic profiles.
Photoexcited charge carriers and photothermal effect, which result from
optical excitations and decay of the plasmonic electron oscillations or the
interband electronic transitions in CNM-Au8, are further harnessed as unique
leverages to modulate reaction kinetics. As exemplified by this work, Au
nanocrystals with deliberately tailored structures and surfactant-free clean
surfaces hold great promise for developing next-generation therapeutic
agents for neurodegenerative diseases.

1. Introduction

The high energy demands of the brain
make this organ inherently vulnerable to
metabolic perturbations that impact adeno-
sine triphosphate (ATP) synthesis and
utilization.l'l As humans age, metabolic
inefficiencies increase in number and de-
gree, putting vulnerable neurons at risk of
bioenergetic failure.[?! Several independent
lines of evidence indicate that neurode-
generative diseases, such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), and
many others, may result as a manifestation
of brain bioenergetic failure associated
with aging.'3] Improving cellular bioen-
ergetics may therefore be a promising
target for developing novel neurode-
generative disease-modifying therapies.

Nicotinamide adenine dinucleotide
(NAD) is a coenzyme that plays crucial
roles in energy metabolism in all living
cells. NAD exists in two forms: a re-
duced form, NADH, and an oxidized form,
NAD*. NADH is used as a fuel for oxidative
phosphorylation while NAD* is used for
glycolysis to produce ATP. Accordingly, the
NADH/NAD*" ratio is tightly regulated and
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controls energy metabolism in the cells. A deficient level of
NAD* has been considered a hallmark of bioenergetic deficit as
well as a potential therapeutic target for many mitochondrial and
neurodegenerative diseases. For example, boosting NAD* levels
using genetic or dietary means significantly improves neuronal
function, cognition, and survival in AD model organisms.[*”!
Therapeutic benefits of NAD" have also been documented in
models of PD,[®% amyotrophic lateral sclerosis (ALS),1'%!! and
multiple sclerosis (MS).'213] A study of prion disease demon-
strated that highly toxic, misfolded prion proteins induced se-
vere, neuron-specific NAD* depletion, followed by decreased in-
tracellular ATP levels.'¥ Replenishment of NAD* to media of
prion-treated neuroblastoma cells and intracerebellar injection
of NAD* into prion-protein infected mice resulted in significant
rescue of neuroblastoma and hippocampal neurons, respectively,
from apoptosis.['* In contrast, attempts to reduce prion protein
levels by activating proteolytic or autophagic pathways had negli-
gible effect on neuronal survival.l'*]

Nanoparticles made of noble metal elements, such as Au, Pt,
and Ru, exhibit remarkable catalytic activities toward various bi-
ologically relevant chemical reactions, acting as potent, stable
enzyme mimetics.!'>2! Colloidal Au nanoparticles can catalyze
the aerobic oxidation of NADH to produce NAD* under phys-
iologic reaction conditions in an aqueous environment,!??] po-
tentially endowing them with direct therapeutic relevance for a
number of neurodegenerative diseases. When harnessing the in-
trinsic catalytic activity of Au nanoparticles for therapeutic ap-
plications, clean nanoparticle surfaces with abundant, fully ex-
posed, and easily accessible active sites but free of any toxic or-
ganic capping ligands are highly desired. However, traditional
chemical synthesis of colloidal Au nanoparticles relies critically
on the use of surface-capping organic ligands, such as am-
phiphilic surfactant molecules, to guide the nanocrystal growth
and stabilize the colloidal suspensions.[?>»! These organic lig-
ands residing on nanoparticle surfaces, which remain difficult
and costly to remove in numerous cases,[?*¥] may not only
cause cytotoxicity issues(?®-3!l but also lead to compromised cat-
alytic activities.[?’3234 CNM-Au8, a federally-registered trade-
mark of Clene Nanomedicine, Inc., is a pharmaceutical grade
suspension of Au nanocrystals synthesized using a patented elec-
trochemical method in the absence of any surface-capping or-
ganic ligands.353¢) CNM-Au8 is the first Au nanocrystal sus-
pension being developed as a therapeutic drug with evidence
of remyelinating and neuroprotective activities.’’] In a preclin-
ical publication,?”] we showed that orally administered CNM-
Au8 penetrated the blood brain barrier and therapeutic levels
of CNM-Au8 reached the central nervous system to exert its re-
myelination activities as well as improve some behavior pheno-
types. CNM-Au8 has a clean safety, tolerability, and toxicology
profile as demonstrated by multiple, recently completed Phase
2 clinical trials, a first-in-human study, and standard ICH M3
(R2) animal chronic toxicity studies. Phase 2 proof-of-concept
studies of CNM-Au8 for the treatment of MS, ALS, and PD are
registered in Clinicaltrials.gov (REPAIR-MS: NCT03993171 and
VISIONARY-MS: NCT03536559 and NCT04626921; RESCUE-
ALS: NCT04098406, HEALEY-ALS Platform trial: NCT04414345,
and REPAIR-PD: NCT03815916). The results of Phase 2 brain
imaging studies conducted on participants diagnosed with either
PD or relapsing MS suggested that orally administered CNM-
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Au8 could penetrate the blood brain barrier, consistent with the
animal bioavailability results.!

Our previous preclinical studies characterizing CNM-Au8'’s
remyelination activities revealed that CNM-Au8 exhibited in-
trinsic capabilities to promote NADH oxidation, to induce the
differentiation of oligodendrocyte precursor cells into myeli-
nating oligodendrocytes, and to improve remyelination in two
independent demyelinating animal models.*”] These promis-
ing preclinical results motivated us to further investigate the
neuroprotective properties of CNM-Au8, as detailed below. The
neuroprotective function of CNM-Au8 arises from the aero-
bic oxidation of NADH catalyzed by colloidal Au nanocrystals,
which is found to obey the Michaelis—Menten kinetic model.
The kinetic results reported in this work indicate that each
CNM-Au8 nanocrystal behaves as a NADH dehydrogenase-
mimicking nanozyme that regulates the energy homeostasis in
living cells. We further demonstrate that photoexcited charge car-
riers and photothermal transduction resulting from optical ex-
citations and decay of the electronic interband transitions and
the localized plasmon resonances in CNM-Au8 nanocrystals
can be deliberately harnessed as unique leverages to modulate
the kinetic enhancement of the Au-catalyzed NADH oxidation
reactions.

2. Results and Discussion

2.1. Neuroprotective Function of CNM-Au8

Neural sensitivity to glutamate excitotoxicity has been consid-
ered a significant contributory factor to neurodegeneration.!*!
We used validated in vitro neuroprotection assays to assess the
neuroprotective efficacies of CNM-Au8 treatment against a range
of different primary neural-glial co-cultures. The neuron sur-
vival counts, neurite network lengths, and aggregation of trans-
active response DNA binding protein 43 kDa (TDP-43) in pri-
mary motor neurons treated with glutamate and CNM-Au8 were
analyzed on the basis of fluorescence microscopy imaging re-
sults (representative images are given in Figure S1, Supporting
Information). To increase the efficiency of scoring thousands
of cell bodies and neurite networks, an automated script made
by Neuro-Sys was implemented using the custom module ed-
itor (molecular devices). As shown in Figure 1A,B, treatment
of rat primary motor neurons with CNM-Au8 resulted in dose-
responsive, statistically significant improvement of neuron sur-
vival and preservation of neurite lengths following glutamate ex-
citotoxicity in comparison to the treatment with the vehicle con-
trol (6.5 mm NaHCO, without CNM-Au8). We chose riluzole
as a benchmark for comparison because this medicine is capa-
ble of blocking glutamate neurotransmission!*’! and is one of
three Food and Drug Administration-approved drugs for the mo-
tor neuron degenerative disease, ALS. CNM-Aus8 treatment out-
performed riluzole in protecting motor neurons from exogenous
glutamate. In addition to primary motor neuron cultures, CNM-
Aus8 also effectively protected primary hippocampal and cortical
neurons from glutamate excitotoxicity in a dose-dependent man-
ner (Figure S2, Supporting Information). Improvements in both
neuron survival counts, preservation of synapses, and neurite
network lengths were achieved upon CNM-Aus8 treatment. These
experimental results clearly demonstrated that CNM-Au8 exerted
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Figure 1. CNM-Au8 treatment increases neuronal survival and protects neurite networks from glutamate challenge and from amyloid-beta oligomer
toxicity in vitro. Primary rat E15 spinal motor neurons (MN) were cultured for 11 days then treated with vehicle, CNM-Au8, or riluzole (1 um, 1 h).
Glutamate (5 um) (Panels A-C) or amyloid-beta (1-42) oligomers (20 um) (Panels D—F) were added to the cultures to induce neuronal death. Cells
were fixed and stained with anti-neurofilament to quantitate neuron survival (A,D) and neurite length (B,E), and co-stained with anti-TDP-43 and DAPI
to quantitate cytoplasmic (non DAPI- overlappmg) TDP-43 signal (C F). Six replicates were performed per condition. Values were expressed as mean

+ standard error (SEM). * p < 0.05; ** p < 0.01; *** p < 0.001; *
comparisons.

neuroprotective activity over the central nervous system cells in
a manner agnostic to neuronal subtype.

We have previously shown that CNM-Au8 elevates NAD™ lev-
els in primary mesencephalic co-cultures that include dopamin-
ergic neurons.’”] Treatment of primary rat mesencephalic
cultures with 6-hydroxydopamine (6-OHDA) causes accumu-
lation of a-syn aggregates, which can be quantified using
immunohistochemistry.[*!l We used this assay as a means of in-
vestigating the effect of CNM-Au8 on aggregation of a-syn in ty-
rosine hydroxylase-expressing (TH+) dopaminergic cells. We ob-
served a dose-dependent reduction in the fraction of TH+ neu-
rons containing a-syn aggregates upon treatment with CNM-Au8
(Figure S3, Supporting Information). Similarly, we also studied
whether CNM-Au8 affects the mislocalization and aggregation
of TDP-43, a protein involved in ALS and also found in a de-
mentia that presents similarly to AD called limbic-predominant
age-related TDP-43 encephalopathy.[*>*3] As shown in Figure 1C,
CNM-Au8 treatment led to significant reduction of mislocalized,
cytoplasmic TDP-43 aggregates in motor neurons exposed to glu-
tamate.
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* p < 0.0001; treatment versus vehicle, one way ANOVA corrected for multiple

The accumulation of amyloid plaques, which consist primar-
ily of extracellular brain deposits of amyloid-beta (Af) peptide,
is not only a hallmark of AD but also thought to be intimately
involved in its pathology. Application of Ap peptide (1-42 pep-
tide oligomers) to rat primary motor neurons causes motor
neuron death, a retraction of neurite processes of the surviv-
ing motor neurons, and accumulation of mislocalized TDP-43
in the cytoplasm.[*l We utilized this assay to investigate the
neuroprotective properties of CNM-Au8 when sensitive neurons
were exposed to Af peptide (see representative microscopy im-
ages in Figure S4, Supporting Information). Treatment with
CNM-Au8 effectively protected the motor neurons against the
effects of Af peptide on neuron viability (Figure 1D), neurite
process lengths (Figure 1E), and aberrant TDP-43 localization
(Figure 1F). Based on these results, we conclude that CNM-Au8
exerts pan-protective effects against a toxic protein of direct rel-
evance to neurodegenerative disease pathophysiology. The re-
sults shown in Figure 1 and Figure S3, Supporting Informa-
tion, also indicated that CNM-Au8 exerted its neuroprotective ef-
fects in a manner independent of the initial insult. CNM-Au8

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. CNM-Au8 treatment increases intracellular levels of NAD* and
ATP. A) Primary rat E15 mesencephalic co-cultures were grown for 4 days
and then treated with vehicle or CNM-Au8 for 48 h. Cells were then lysed
and intracellular levels of NAD™ were quantitated. Six replicates were per-
formed per condition. B) Human glial M03.13 cells were cultured with ve-
hicle or CNM-Au8 for 72 h. Total intracellular ATP was quantitated in cell
lysates by luciferase assay. Three replicates were performed per condition.
Values were expressed as mean + standard error (SEM). * p < 0.05; ** p <
0.01; *** p < 0.001; **** p < 0.0007; treatment versus vehicle, two-tailed
t-test.

could effectively protect neurons against different types of tox-
ins primarily by enhancing neuronal fitness and survival rather
than selectively blocking a specific toxin from intoxicating the
cells.

The neuroprotective function of CNM-Au8 is believed to be
intimately tied to Au-catalyzed conversion of NADH to NAD*
in the intracellular environment, which could form a critical
part of the mechanism underpinning the therapeutic effects
of CNM-Au8.*”I Because of the role of NAD* in bioenergetic
metabolism regulation, an increase in the intracellular NAD*
pool promoted by CNM-Au8 would be expected to result in
higher intracellular levels of ATP, which was confirmed by the
results shown in Figure 2. The results of recently completed
Phase 2 clinical studies revealed that oral dosing of CNM-Au8
effectively modulated the levels of brain energy metabolites,
such as NAD*, NADH, and ATP, in favorable manners, con-
sistent with a target engagement and potential therapeutic ef-
fect in the treated patients.*¥] CNM-Au8 nanocrystals essen-
tially served as an efficient nanocatalyst that kinetically boosted
the aerobic oxidation of NADH to produce NAD®, effectively
regulating the bioenergetic metabolism and protecting neurons
from degeneration. Here we studied the detailed kinetic fea-
tures of the CNM-Au8-catalyzed NADH oxidation reactions,
which enabled us to gain mechanistic insights into the ori-
gin of the bioenergetic metabolism-regulating function of Au
nanocatalysts.
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2.2. Michaelis—Menten Kinetics of CNM-Au8-Catalyzed NADH
Oxidation

As schematically illustrated in Figure 3A, the complete redox
reaction catalyzed by CNM-Au8 involved the participation of
NADH, H*, and the molecular O, dissolved in water, with NAD*
and H, O serving as the products of the oxidation and reduction
half reactions, respectively. The CNM-Au8 nanocrystals exhib-
ited a quasi-spherical morphology and a multiply twinned crys-
talline structure (Figure 3B), with particle diameters narrowly dis-
tributed around 11.3 nm (Figure 3C). Although synthesized in a
unique reaction environment free of any organic capping ligands,
the CNM-Au8 nanocrystals exhibited excellent colloidal stability
in aqueous reaction environments over a broad range of pHs be-
cause their surfaces were protected by physiosorbed bicarbonate
anions. Within the pH range of 3-9, the zeta-potentials of col-
loidal CNM-Au8 remained negative and became more negative
as pH increased, while the hydrodynamic sizes of CNM-Au8 ap-
peared almost pH-independent (Figure S5, Supporting Informa-
tion). The crystallographic and surface structures of CNM-Au8
were characterized in greater detail in a previously published
work.[’”] Here we further characterized the surface atomic coor-
dinations and measured the specific surface areas of CNM-Au8
nanocrystals using a cyclic voltammetry-based electrochemical
oxide stripping assay.*~° During the anodic potential sweep,
the Au surface atoms were oxidized to form an oxide adlayer on
the nanocrystal surfaces as the applied potential exceeded certain
threshold values. Because the undercoordinated surface atoms at
the surface defects, domain boundaries, and locally curved sur-
face sites were oxidized more easily than their counterparts on
the atomically flat terraces, the oxidation potential downshifted
as the surface atomic coordination number decreased.[*>% As
shown in Figure 3D, two characteristic oxidation peaks during
the anodic potential sweep were centered at 1.00 and 1.18 V
versus saturated calomel electrode (SCE), signifying the electro-
chemical oxidation of undercoordinated Au surface atoms. In
contrast, the close-packed surface atoms on the terraces or crys-
tallographic facets, typically the {111} and {100} facets, were ox-
idized in a more positive potential range above ~1.3 V (vs SCE).
The cyclic voltammetry results clearly revealed that the surfaces
of CNM-Au8 had a high abundance of undercoordinated sur-
face atoms. During the cathodic potential sweep, a sharp reduc-
tion peak emerged within the potential window from ~1.00 to
~0.85 V (vs SCE), which was the electrochemical signature
of the oxide adlayer stripping. Assuming a specific charge of
450 pC cm~2,°! the mass-specific electrochemically active sur-
face area (ECSA) of CNM-Au8 nanocrystals was estimated to be
~23.1 + 1.1 m? g7}, in fairly good agreement with the theoret-
ically predicted mass-specific surface area of an Au nanosphere
with a diameter of 11.3 nm (27.6 m? g™!).

We used UV-vis absorption spectroscopy as an in situ spec-
troscopic tool to monitor the progress of Au-catalyzed NADH
oxidation in real time. NADH has two characteristic absorption
peaks centered at the wavelengths of 340 and 260 nm, respec-
tively. The peak at 340 nm is the spectral signature of the n—-z*
transition of the dihydronicotinamide unit, while the absorption
peak at 260 nm corresponds to the z—z* transition of the ade-
nine ring.’?) The molar absorption coefficients of NADH at 340
and 260 nm are 6220 and 14100 M~'cm™, respectively.[*! The

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. A) Schematic illustration of Au-catalyzed NADH oxidation. B) Transmission electron microscopy (TEM) image and C) particle size distribution
of CNM-Au8. D) Cyclic voltammetry curve collected from a CNM-Au8-loaded working electrode in an N,-purged aqueous electrolyte containing 0.5 m
H,SO, at room temperature. The potential sweep rate was 5.0 mV s~ and the arrows showed the direction of potential sweep. E) Temporal evolution of
UV-vis absorption spectra and F) snapshot UV-vis spectra at various reaction times during the CNM-Au8-catalyzed NADH oxidation at room tempera-
ture in a neutral environment (pH of 7). The mass concentration of Au catalysts was 37.7 mg L= and the initial concentration of NADH was 0.10 mwm.
G) Temporal evolution of NADH concentration, NAD* concentration, and the total concentration of NADH and NAD™ during the CNM-Au8-catalyzed
NADH oxidation reaction at a pH of 7. H) Relationship between the initial reaction velocity and the initial concentrations of NADH. The Lineweaver—Burk
plot is shown in the inset. The curve fitting result is shown as a solid red line in the inset of panel H.

oxidized product, NAD*, also strongly absorbs light at 260 nm,
with a molar absorption coefficient (16900 M~'cm™) even higher
than that of NADH. Figure 3E shows the temporal evolution of
UV-vis absorption spectra during CNM-Au8—catalyzed aerobic
oxidation of NADH in a neutral aqueous medium (pH of 7) at
room temperature (22 °C). Several snapshot spectra captured at
various reaction times are highlighted in Figure 3F. The initial
molarity of NADH was 0.10 mwm and the mass concentration of
CNM-Au8 nanocatalysts was kept at 37.7 mg L' (0.191 mm Au
atoms). The light extinction peak centered at 528 nm, which was
spectral feature of the localized plasmon resonances sustained by
CNM-Au8 nanocrystals, remained essentially unshifted with neg-
ligible intensity changes (Figure 3E,F), indicating that colloidal
Au nanocatalysts remained well-dispersed without forming ag-
gregates during the reaction. As the catalytic reaction proceeded,
the absorption intensity at 340 nm progressively decreased while
the absorption peak at 260 nm became increasingly more in-
tense. Based on the Lambert-Beer’s law and the molar absorp-
tion coefficients of NADH and NAD*, we were able to further
convert the experimentally measured absorbance to the molar
concentrations of NADH and NAD*. As shown in Figure 3G, the
decrease in NADH concentration, C(NADH), was accompanied
by the increase in NAD" concentration, C(NAD*), with the sum
of C(NADH) + C(NAD) kept almost unchanged throughout the
entire reaction process, indicating that neither long-lived inter-
mediates nor side products were observed in the UV-vis absorp-
tion spectroscopic results. One of the key parameters for kinetic
analysis was the initial reaction velocity, v,, whose value could be
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extracted by fitting the temporal evolution of C(NADH) at the ini-
tial stage of the reactions with a linear function. When keeping
the mass concentration of the CNM-Au8 nanocatalysts fixed at
37.7 mg L' and the pH fixed at 7, the relationship between v,
and the initial NADH concentration, C,, could be well-described
by the steady-state Michaelis—Menten kinetic model (Figure 3H),
indicating that CNM-Au8 essentially functioned as a nanozyme
(enzyme-mimicking nanocatalyst) while NADH served as a sub-
strate to the nanozyme. A linear relationship between the recip-
rocal of v, and the reciprocal of C, was clearly observed (inset of
Figure 3H), which allowed us to obtain the values of the Michaelis
constant, K, and the maximal velocity, v,,,,,, by fitting the exper-
imental results with the Lineweaver-Burk equation

1_ K 11 n
Vo oV C v

max max

At a fixed mass concentration of CNM-Au8 and initial con-
centration of NADH, the reaction rate increased significantly as
the reaction medium became more acidic (Figure 4A) because
the catalytic NADH oxidation reactions involved protons and
the affinity of reactants to the Au nanozyme surfaces was pH-
dependent. Although the reaction rates changed significantly
upon variation of pH, the kinetic features of the reactions
could always be well-described using the Michaelis—Menten
model over a broad range of pHs from 3 to 9 (Figure 4B,C).
As the pH progressively increased, the values of v, extracted
from least-squares curve fitting decreased monotonically until

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. A) Temporal evolutions of NADH concentration during CNM-Au8-catalyzed NADH oxidation reactions at various pHs at room temperature.
The mass concentration of Au catalysts was 37.7 mg L™' and the initial concentration of NADH was 0.10 mm. B) Relationships between v, and C,
at various pHs for the reactions occurring at room temperature. C) Lineweaver-Burk plots at various pHs. pH-dependence of D) v, E) K, and

F) kcat/Km'

reaching a plateaued value around 0.015 mm min~! at pHs

above 7 (Figure 4D). The values of K, remained close to 0.1 mm
in acidic environments at pHs below 7, whereas a significant
increase of K, was observed upon further elevation of pH in
the alkaline environment (Figure 4E). The pH-dependence of
Vax and K, shown in Figure 4D,E indicated that increase of
pH values not only led to decrease of the turnover number, k_,,
which was defined as v,,, normalized against the nanozyme
concentration, C,;no,ume, Dut also weakened the interactions
between the NADH substrate and the Au nanozyme. We further
calculated the catalytic efficiency, k_,,/K,,, at various pHs using

the following equation

k

I<n’1 B chnanozyme B I<n'1

cat Vmax _ Vmax

xd*pN,
6C,,

(2)

in which d is the average diameter of CNM-Au8 nanocrystals
(11.3nm), p is the mass density of Au (19.3 gcm™3), N, is the Avo-
gadro’s number (6.02 x 10% mol™!), and C,, is the mass concen-
tration of Au in the reactant mixtures (37.7 mg L™'). CNM-Au8
appeared catalytically more efficient in acidic environments than
in alkaline environments, reaching the maximal catalytic efficien-
cies around pH of 5 (Figure 4F). While there is typically one active
site on each natural enzyme molecule, each CNM-Au8 nanocrys-
tal may have multiple active sites on its surface. To assess the
intrinsic catalytic efficiency at a single active site, the calculated
values of k_,,/ K, need to be further normalized against the num-
ber of active sites on each CNM-Aus8 particle, which remains un-
known at this point.

The pH-dependent catalytic behaviors of CNM-Au8 were fur-
ther studied through electrochemical measurements. Figure S6,
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Supporting Information, shows the CV curves collected from
glassy carbon electrodes (GCEs) and GCEs loaded with CNM-Au8
in electrolytes containing 1 mm NADH at various pHs. In acidic
electrolytes, both the onset potential, E_ .., and the peak poten-
tial, E,, for the NADH oxidation were shifted negatively when
CNM-Au8 was loaded onto the working electrodes, suggesting
that CNM-Au8 was capable of catalyzing the NADH oxidation.
Because of the involvement of protons, E, became more posi-
tive as pH increased. In acidic electrolytes, E, exhibited lower
values on CNM-Au8-loaded GCEs than on GCEs, whereas such
differences in E, values diminished in alkaline environments at
pHs above 7. The results of the electrochemical measurements
further confirmed that the nanocrystals in CNM-Au8 were cat-
alytically more active toward NADH oxidation in acidic envi-
ronments than in alkaline environments. Regardless of pH, the
electrochemical oxidation of NADH on GCEs and CNM-Au8 ex-
hibited diffusion-controlled kinetic features, as the anodic peak
current, i,, appeared proportional to the square-root of the po-
tential sweep rate, v!/2, in the linear sweep voltammetry results
(Figure S7, Supporting Information).

The CNM-Au8—catalyzed NADH oxidation reactions could be
kinetically modulated not only by adjusting pH but also by vary-
ing the concentration of dissolved molecular O, in the aqueous
medium (Figure S8, Supporting Information). When purging the
catalyst-reactants mixtures with O,, the reactions became kineti-
cally faster than those occurring under ambient air. In contrast,
purging the catalyst-reactants mixtures with N, led to slower reac-
tion rates due to decreased concentrations of dissolved O,. These
observations strongly indicated that both NADH and O, were
substrate molecules to the Au nanozymes. An enzymatic reaction
involving two different substrate molecules may occur through

© 2023 The Authors. Small published by Wiley-VCH GmbH
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either a ping-pong mechanism, in which the reaction proceeds
with the release of one product prior to the association of the
other substrate, or a sequential mechanism, which requires the
co-adsorption of both substrates to the enzyme before the product
molecules are generated and released from the enzyme. These
two fundamentally distinct mechanisms could be distinguished
from each other by inspecting the Lineweaver—Burk plots at vari-
ous concentrations of dissolved O,. For a ping-pong mechanism,
such a plot will yield a series of straight lines that are parallel
to each other because the slopes are independent of O, concen-
trations. However, the Lineweaver—Burk plots for the sequential
mechanism yield a family of unparallel straight lines that inter-
sect to the negative side of the (1/v,) axis. The kinetic results
shown in Figure S8, Supporting Information, revealed that the
CNM-Au8-catalyzed NADH oxidation involved the formation of
a nanozyme-NADH-O, ternary complex, following the sequen-
tial mechanism rather than the ping-pong mechanism.

The overall catalytic activities of CNM-Au8 were intimately tied
to the atomic level surface structures of the nanocrystals. We
observed a gradual decay in the catalytic activities of CNM-Au8
over multiple cycles of reactions at a pH of 3 (Figure S9, Sup-
porting Information). In each reaction cycle, we monitored the
temporal evolution of NADH at a fixed mass concentration of
CNM-Au8 of 37.7 mg L7! and initial NADH concentration of
0.10 mm. After NADH was completely converted into NAD*, a
new cycle of catalytic reaction was initiated upon introduction
of additional NADH, which brought the NADH concentration
back to 0.10 mm. The activity decay over multiple reaction cycles
was a ubiquitous phenomenon observed over a broad range of
pHs (Figure S10, Supporting Information), which was found to
be related to the atomic level surface restructuring of CNM-Au8
nanocrystals during the catalytic reactions. Although the CNM-
Au8 nanocrystals recycled after five cycles of reactions at pH of 3
exhibited no observable changes in particle sizes or morpholo-
gies in the TEM images in comparison to the as-synthesized
CNM-Aus8, the results of CV-based surface oxide stripping mea-
surements showed that the fraction of undercoordinated Au sur-
face atoms decreased considerably after five reaction cycles, while
the mass-specific ECSA was well-preserved (Figure S11, Support-
ing Information). The above-mentioned observations strongly
suggested that the undercoordinated surface atoms served as
the primary active sites for the catalytic NADH oxidation re-
actions. Due to the absence of organic capping ligands on the
CNM-Au8 nanocrystal surfaces, these active sites were easily ac-
cessible to reactant molecules. In Figure S12, Supporting In-
formation, we further compared the catalytic performances of
CNM-Au8 to those of Au quasi-spherical nanoparticles (QSNPs,
11.1 + 0.4 nm in diameter) and surface-roughened nanoparticles
(SRNPs, 152 + 4.8 nm in diameter), whose surfaces were coated
with a bilayer of capping surfactants, cetyltrimethylammonium
chloride (CTAC). Although CNM-Au8 and the CTAC-capped Au
QSNPs exhibited similar particle sizes and morphologies, the
surface capping of CTAC led to remarkably decreased catalytic
activity. As shown in detail in our previous publications,>7]
Au SRNPs had high abundance of undercoordinated surface
atoms, well-mimicking the locally curved surface structures of
sub-10 nm nanoparticles. However, due to presence of surface-
capping CTAC molecules and significantly larger particle sizes,
the Au SRNPs exhibited a mass-specific catalytic activity drasti-
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cally lower than that of CNM-Au8. Therefore, highly abundant
undercoordinated surface atoms and organic ligand-free clean
surfaces were both key contributory factors leading to the remark-
able catalytic activities of CNM-Au8 toward NADH oxidation.

When CNM-Aus8 is used for biocatalysis in vivo, its intrinsic
catalytic activity may be influenced by protein coronas formed
on its surfaces. We conducted some preliminary in vitro studies
to investigate how the formation of protein coronas on CNM-Au8
surfaces influenced the catalytic activity of the materials. We in-
cubated human serum albumin (HSA), which constitutes more
than 50% of serum proteins, at concentrations ranging from 0 to
10 uyg mL~!, with a fixed concentration of CNM-Au8 (5 ug mL™)
to form the coronas. The colloidal stability of CNM-Au8 was well-
preserved, and no nanoparticle aggregation was observed at HSA
concentrations up to 10 ug mL~! (Figure S13, Supporting Infor-
mation). We then carried out the standard UV-vis absorption
spectroscopy-based NADH catalysis assay to evaluate the activ-
ities of CNM-Au8 nanocrystals with various surface coverages of
HSA. We observed that higher coverage of HSA on CNM-Au8
surfaces led to lower apparent catalytic activity (Figure S14, Sup-
porting Information). The effects of surface-capping by protein
coronas in living systems, however, are expected to be signifi-
cantly more complicated than what we observed in the in vitro
studies because when the nanocrystals traverse inter- and intra-
cellular milieus, they interact with a huge library of different
biomolecules in drastically varying local environments, which
causes the corona structures and compositions to change dynam-
ically. The results of our Phase 2 clinical studies!*®! provide the
best evidence to date indicating that CNM-Au8 remains catalyti-
cally effective in the human brain.

We further compared the in vitro neuroprotective efficacy (ca-
pability to improve motor neuron survival in response to gluta-
mate challenge) and catalytic activity (oxidation of NADH at room
temperature and at a pH of 7) of CNM-Au8 to those of three
commercial Au nanoparticle samples, including laser-ablated,
monodisperse 20 nm Au nanoparticles (IMRA, Cat. No. AU20-5-
50), tannic acid-capped, monodisperse 10 nm Au nanoparticles
(Sigma-Aldrich, Cat. No. 752 584), and citrate-capped, monodis-
perse 10 nm Au nanoparticles (MK Nano, Cat. No. MKN-Au-
S010). The TEM images of these commercial Au nanoparti-
cles are shown in Figure S15, Supporting Information. While
both laser-ablated Au nanoparticles (LA-Au) and citrate-capped
Au nanoparticles (CC-Au) did not significantly improve or de-
crease neuron survival compared to glutamate alone, tannic acid-
capped Au nanoparticles (TC-Au) treatment decreased neuron
survival (Figure S16, Supporting Information). The catalytic ac-
tivities decreased in the order of CNM-Au8 > TC-Au > CC-Au
> LA-Au (Figure S17, Supporting Information). Both CNM-Au8
nanocrystals and LA-Au particles had surfaces that were free
from organic stabilizing agents. However, laser ablation may fa-
vor the formation of thermodynamically stable surfaces, giving
rise to atomic-level surface structures remarkably different from
those of the electrochemically synthesized CNM-Au8 nanocrys-
tals. Therefore, LA-Au exhibited substantially lower neuroprotec-
tive and catalytic efficacies in comparison to CNM-Au8. Although
both TC-Au and CC-Au had similar particle sizes as CNM-Au8,
the surface capping by tannic acid and citrate led to diminished
neuroprotective efficacy and significantly decreased catalytic
activities.
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Figure 5. A) Light extinction spectrum of colloidal CNM-Au8. The vertical dash lines indicate the wavelengths of the excitation lasers used in this work.
The inset schematically illustrates the photoexcitation of hot electrons and holes upon excitations of the interband transitions and the intraband plasmon
resonances. Temporal evolutions of NADH concentration during CNM-Au8-catalyzed NADH oxidation reactions under photo-illumination at A.,s of
B) 445, C) 520, and D) 785 nm and various P,,s. The reactions occurred at a pH of 8 under isothermal conditions with temperature controlled at 22 +
0.5 °C. The mass concentration of Au catalysts was 37.7 mg L1 and the initial concentration of NADH was 0.10 mm. P,,-dependence of E) v, and F) 5
at Ag,s of 445 and 520 nm. The experimentally measured P,,-dependence of v, was fitted with Equation (3) and the curve fitting results were shown as

dash curves in panel E.

2.3. Kinetic Enhancements under Light Illumination

Au nanoparticles exhibit intriguing optical properties that are
dominated by the collective oscillation of free electrons, also
known as plasmons. The photoexcitation and decay of plasmons
give rise to a cascade of photophysical processes, including en-
hancements of local fields on nanoparticle surfaces, generation
of non-equilibrium hot charge carriers, and photothermal trans-
duction, all of which may play crucial roles in driving or enhanc-
ing photocatalytic transformations of molecular adsorbates on
the metal nanocrystal surfaces.[*>72] Because the particle size of
CNM-Au8 (below 20 nm) is well within the quasi-static limit,
CNM-Au8 nanocrystals behave as strong visible light-absorbers
upon resonant excitation of their plasmons with negligibly small
contribution of scattering to the overall light extinction. Although
limited local-field enhancements are achievable on the surfaces
of small Au nanoparticles, CNM-Au8 is expected to be more ef-
ficient in producing hot charge carriers than their counterparts
with larger particle sizes, which is beneficial for hot carrier-driven
plasmonic photocatalysis. Au nanoparticles also strongly absorb
light on the higher-energy side of their plasmon resonances due
to interband electronic transitions from the valence band (5d)
to the conduction band (6sp).”>”°! When the excitation photon
energy exceeds the interband energy threshold of Au (energy
above ~2.4 eV, wavelength below ~516 nm), hot electrons and
holes can also be generated upon excitation of d-to-sp interband
transitions. While the interband hot carriers are typically con-
sidered to have lower kinetic energies as those of the intraband
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plasmonic hot carriers, they can also be effectively harnessed
to drive photocatalytic reactions, achieving even higher photo-
catalytic efficiencies than those of plasmon-driven reactions in
certain cases.l”>”#l Internal decay of the plasmonic and inter-
band hot carriers within a metallic nanoparticle results in local
heating of the nanoparticle itself, followed by heat dissipation
to its surrounding medium. Such photothermal effects can also
be harnessed to accelerate chemical transformations of molecu-
lar adsorbates on the nanoparticulate photocatalyst surfaces.[27¢]
In this work, we used both the hot carriers and photothermal
heating resulting from interband and plasmonic excitations as
unique leverages to kinetically maneuver the CNM-Au8-catalyzed
NADH oxidation reactions at a remarkable level of precision.
We chose continuous wave (CW) lasers with emission lines
at 445 and 520 nm as the light sources to excite the interband
transitions and plasmon resonances of colloidal CNM-Au8,
respectively, while a CW excitation laser with an emission
line at 785 nm was used for the control experiments under
off-resonance conditions (Figure 5A). The mass concentration of
CNM-Aus catalysts was fixed at 37.7 mg L~! with a total volume
of the catalyst-reactant mixtures kept at 2.0 mL. The excitation
lasers were collimated with a 4 mm X 4 mm, square-shaped
illumination cross-section and incident vertically from the top
surface into the catalyst-reactants mixtures in a 1.0 cm X 1.0 cm
X 4.5 cm quartz cuvette. The catalyst-reactants mixtures were
kept under constant magnetic stir (800 rpm) to facilitate heat
dissipation such that thermal equilibria were rapidly estab-
lished between the nanoparticles and the bulk solution. To
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eliminate the temperature elevation caused by photothermal
transduction, a circulating water bath was used to maintain an
isothermal reaction condition by controlling the bulk solution-
phase temperature at 22 + 0.5 °C. As shown in Figure 5B,C, the
CNM-Au8-catalyzed reactions were significantly accelerated un-
der illuminations by the 445 and 520 nm lasers, and increasing
the illumination power led to increased reaction rates. However,
at an excitation wavelength (4.,) of 785 nm, the reaction rates
under photo-illumination and in dark were observed to be al-
most the same (Figure 5D) because the excitation photons were
off-resonant with the plasmons and energetically insufficient for
the excitations of the interband transitions. We fitted the experi-
mentally measured P, -dependence of reaction rates at the initial
stage of the reactions with following power function (Figure 5E)

P n
Vo light = 0‘( 1 i;/) *+ Vo, dark 3)

in which vy, and vy 4, refer to the initial reaction velocities un-
der photo-illumination and in dark, respectively. a is a fractional
coefficient and n is an exponent. Vo light Was observed to increase
almost linearly with P, when the plasmon resonances were ex-
cited at A, of 520 nm, and the n value obtained from least squares
curve fitting (1.09 + 0.04) was very close to 1. In contrast, a sublin-
ear P, -dependence of reaction rates was clearly observed with an
n value of 0.75 + 0.05 at A, of 445 nm when the interband tran-
sitions were optically excited. Such sublinear P, -dependence of
reaction rates is also a common kinetic feature of exciton-driven
photocatalysis on semiconductors.[®+77]

We further compared the apparent quantum efficiencies, 7,
for the reaction kinetic enhancements under the intraband plas-
monic (4., = 520 nm) and interband (4., = 445 nm) excitations
(Figure 5F). Here, # was defined as the ratio between the number
of electrons harnessed for the reactions and the number of pho-
tons absorbed by the CNM-Au8 particles over a reaction time of
360 s. n was calculated using the following equation

2hcVN, (C3605,dark -
’7 —

CSGOS,]ight)

)
360 X Pody [1 = 1074)

where h is the Planck’s constant (6.626 X 1073* m? kg s71), ¢ is
the speed of light (3.0 x 108 m s7!), V is the total volume of the
catalyst-reactants mixtures (2.0 x 1073 L), and N, is Avogadro’s
number (6.022 X 10%* mol™). Cygp, jigne and Csgpq g0 are the con-
centrations of NADH at a reaction time of 360 s under light illu-
mination and in dark, respectively. E(A.,) is the optical extinction
at the excitation wavelength, A.,, with an optical path length of
2 cm. When P, was varied within the sub-mW range, # decreased
as P, increased at 4., of 445 nm, whereas n appeared almost inde-
pendent of P, at A,, of 520 nm. The linear power-dependence of
reaction rates and power-independent quantum efficiencies have
been considered as kinetic signatures of plasmonic hot carrier-
driven reactions under isothermal conditions.[**””78] For photo-
catalytic reactions driven by interband excitations, the thermal-
ization or recombination of the interband hot carriers becomes
prevalent in the high-power regime, leading to sublinear power
dependence of reaction rates and decreased quantum efficiencies
at higher excitation powers.!”3]
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In addition to the plasmonic and interband hot carriers, the
photothermal heating effects could also be harnessed to kineti-
cally boost the CNM-Au8-catalyzed NADH oxidation reactions.
We systematically studied the kinetics of the reactions taking
place in ambient air under continuous laser illuminations with-
out using the temperature-controlled circulating water bath. We
consistently observed that the reactions became faster at A.s
of both 445 and 520 nm when the circulating water bath was
removed (Figure 6A,B and Figure S18, Supporting Informa-
tion). Because the thermal conductivity of air was substantially
lower than that of water, the dissipation of the heat generated
from photothermal transduction became significantly slower,
which resulted in elevation of the temperatures in the catalyst-
reactants system. We monitored the temperature evolutions of
colloidal CNM-Au8 (37.7 mg L™!) and pure water under contin-
uous laser illuminations at various P.s until the temperature
reached plateaued values, T, at the thermal equilibria, followed
by natural cooling of the samples down to room temperature
in dark (Figure 6C,D). Considerably higher temperatures were
reached at the thermal equilibria in colloidal CNM-Au8 than in
water because of photothermal transduction resulting from the
interband and plasmonic excitations of the colloidal Au nanopar-
ticles. The temperature elevation caused by photothermal trans-
duction of CNM-Au8 (T, of colloidal suspensions of CNM-Au8
subtracted by T, of pure water, T, 11,0) was found to be linearly
dependent on P, for both the interband and plasmonic excita-
tions (Figure GE).

We calculated the photothermal transduction efficiency, ¢,
based on a widely used thermophysical model.”>-8!] The values
of the thermal equilibrium time constant, 7, were obtained by
fitting the temporal evolution of —In(¢) during natural cooling in
dark with a linear function (Figure S19, Supporting Information)

_In(g) =~ (5)

Ts

where 6 refers to the driving force toward thermal equilibrium,
which is defined as
T - T,

0= —— 6
T, -1, (©)

Here, T, is the ambient temperature (22 °C in our case). At the
thermal equilibrium, the heat generation and dissipation occur at
the same rate, and ¢ can be calculated using the following equa-
tion

¢ = x 100% (7)
P, [1 - 10*5(%)]

1 1
My,0 Con,o <ZATeq - _ATeq,HZO)

in which my,, and C, 5,0 are the mass and constant-pressure
heat capacity of water (my,, = 2.0 g and C, ;0 = 4.184 |
K1 g™1), respectively. AT,, and AT, ;o represent tempera-
ture elevation of colloidal suspensions of CNM-Au8 and pure
water, respectively, at the thermal equilibrium. 7, refers to
the 7, of water in the absence of CNM-Au8 nanocrystals. As
shown in Figure 6F, ¢ values of plasmonic excitations at 4., of
520 nm were slightly higher (within 10%) than those of interband
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Figure 6. Temporal evolutions of NADH concentration during CNM-Aug-

Pex/W T/K

catalyzed NADH oxidation reactions under photo-illumination at a P,, of

1.0 W and A,s of A) 445 and B) 520 nm with and without temperature control. Temporal evolutions of the bulk temperatures of colloidal CNM-Au8
(37.7 mg L™") and water under multiple cycles of photo-illumination by the C) 445 and D) 520 nm lasers at various P,,s and natural cooling in dark under
ambient air. P,,-dependence of E) Tq~Teq 120 and F) ¢. G) Temporal evolutions of NADH concentration during CNM-Au8-catalyzed NADH oxidation
reactions in dark at various reaction temperatures. H) Relationship between vy and reaction temperature at a pH of 8. The experimental results were
fitted with the Arrhenius equation. In all reactions, the mass concentration of Au catalysts was kept at 37.7 mg L™" and the initial concentration of NADH

was 0.10 mm.

excitations at 4, of 445 nm at identical P, s, with higher ¢ val-
ues observed at lower P_s at each A,,. Comparison of the reac-
tion rates under photo-illuminations with and without tempera-
ture control, together with the photothermal results, strongly in-
dicated that photothermal heating kinetically boosted the CNM-
Au8-catalyzed NADH oxidation reactions.

To further confirm the effects of temperature elevation on
the kinetic enhancements, we studied the kinetics of dark reac-
tions without laser illumination at various constant temperatures
by immersing the catalyst-reactants mixtures in a temperature-
controlled water bath. As shown in Figure 6G, increase of the re-
action temperature led to significant acceleration of the reactions
atthe pH of 8. At a fixed initial concentration of NADH and a fixed
catalyst mass concentration, v, becomes directly proportional to
the rate constant of the rate-limiting step, which is the k., of a
Michaelis—-Menten enzymatic reaction. Therefore, the relation-
ship between v, and the temperature, T, could be well-described
by the Arrhenius equation

vy = Aexp (—%) )

in which E, is the apparent activation energy of the rate-limiting
step, R is the molar gas constant (8.314 ] mol™ K'), and A is a
pre-exponential factor. By fitting the experimental results with the
Arrhenius equation, the value of E, at pH of 8 was determined to
be 62.3 + 3.34 K] mol~!. At pH of 5, the Arrhenius relationship
between v, and T'was still held (Figure S20, Supporting Informa-

Small 2023, 2304082

2304082 (10 of 13)

tion). Switching the pH from 8 to 5 resulted in a decrease of E,
by ~12.1 K] mol, fully in line with the pH-dependent catalytic
behaviors of CNM-Au8 observed in this work.

3. Conclusions

We have found that a pharmaceutical grade suspension of electro-
chemically synthesized Au nanocrystals, referred to as CNM-Aus8,
may function as a NADH dehydrogenase-mimicking nanozyme
that regulates energy metabolism and thereby effectively protects
the central nervous system cells in a manner agnostic to the
neuron types. The neuroprotective function of CNM-Au8 arises
from Au-catalyzed aerobic oxidation of NADH, which obeys the
Michaelis—Menten kinetic model. The high abundance of under-
coordinated surface atoms and the organic ligand-free clean sur-
faces of CNM-Au8 nanocrystals have been found to be two critical
factors leading to the remarkable catalytic activities of CNM-Au8
toward NADH oxidation. To the best of our knowledge, CNM-
Aus8 is so far the only Au nanocrystal with clean, faceted surfaces
in development as a catalytically active therapeutic agent for neu-
rodegenerative disease and thus, represents a candidate for first-
in-class pharmacotherapy. Other Au nanoparticles with bioactive
molecular ligands covalently bound to their surfaces have also
been utilized to treat various diseases; however, they differ funda-
mentally from CNM-Au8 because the execution of their therapeu-
tic functions relies critically on their surface ligands.[¥-34 The
insights gained from this work provide important guiding prin-
ciples for rational design of noble metal-based nanozymes with

© 2023 The Authors. Small published by Wiley-VCH GmbH
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energy metabolism-regulating and neuroprotective functions.
We have further demonstrated that photoexcited charge carriers
and photothermal transduction, which are derived from optical
excitations of either the plasmonic electron oscillations or the in-
terband electronic transitions in CNM-Au8, can be judiciously
harnessed to further enhance the reaction kinetics under visible
light illumination in a highly controllable manner. By deliberately
tailoring the sizes and shapes of Au nanocrystals, it becomes pos-
sible to tune the plasmon resonance frequencies over a broad
spectral range across the visible spectral region into the near-
infrared water window, in which tissues and blood become trans-
parent. Using the deep-penetrating near-infrared light to fine-
regulate the bioenergetic metabolism in living cells opens up a
new avenue for further improving the efficacy of Au nanoparticle-
based therapeutic agents for neurodegenerative diseases.

4. Experimental Section

Materials Syntheses and Characterizations: The chemicals and reagents
were used as received without further purification (see a detailed list
in the Supporting Information). Ultrapure water with a resistivity of
18.2 MQ (Barnstead EasyPure Il 7138) was used for all experiments.
CNM-Au8 was synthesized using a previously published and patented
electrochemical method.[3%37] The CNM-Au8 nanocrystals were character-
ized by TEM, light extinction spectroscopy, cyclic voltammetry, and elec-
trophoretic and dynamic light scattering measurements, as detailed in the
Supporting Information. CTAC-capped Au QSNPs[®] and SRNPs[>-7]
were synthesized following previously published protocols (see details in
the Supporting Information).

Kinetic Measurements of Catalytic Reactions: The reaction progress of
NADH oxidation under various conditions was tracked in real time based
on the temporal evolution of NADH concentrations using an Agilent 8453
UV-vis—NIR spectrophotometer. The catalytic reactions were carried out
ina 1cm X 1cm X 4.5 cm quartz cuvette containing various initial concen-
trations of NADH in citrate buffers at various pHs. The total volume of the
catalyst-reactants mixtures was kept at 2.0 mL. The mass concentration of
CNM-Au8 was 37.7 mg L™". The reactions occurred under an isothermal
condition using a temperature-controlled water bath. CW lasers purchased
from Lasever Inc. (Ningbo, Zhejiang, China) with the tunable power out-
put in the range of 0-3.0 W and emission wavelengths at 445 (model
no. LSR445SD), 520 (model no. LSR520CPD), and 785 nm (model no.
LSR785NL) were used as the light sources for the photo-illuminated re-
actions. The excitation lasers were collimated with a 4 mm x 4 mm,
square-shaped illumination cross-section and incident vertically from the
top surface into 2 mL of catalyst-reactants mixtures. The catalyst-reactants
mixtures were kept under constant magnetic stir (800 rpm) to facilitate
heat dissipation. For photo-illuminated reactions under isothermal condi-
tions, a circulating water bath was used to control the bulk solution-phase
temperature at 22 + 0.5 °C. The temperature evolution during photo-
illumination and natural cooling was monitored using a digital thermocou-
ple (Therma Waterproof Thermometer for Type K Thermocouples, Priggen
Special Electronic).

Statistical Analysis of the Results of In Vitro Neuroprotection Assays:  Pro-
tocols for the in vitro neuroprotection assays are described in detail in
the Supporting Information. For in vitro neuroprotection assays, the mea-
surements under each condition were performed in six replicates. Values
were expressed as mean + standard error (SEM). Statistical analyses were
performed by one-way ANOVA followed by Dunnett’s or Fisher’s least sig-
nificant difference test to correct for multiple comparisons. p < 0.05 (des-
ignated, “*” or as specified in Figure legend) was considered significant.
Excel (Microsoftv.16.73) and Prism 10.0 (GraphPad v.10.0.0) were used for
statistical analyses and chart generation. Photoshop 2023 (Adobe v.24.5.0)
was used to assemble micrographs and images.
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Supporting Information is available from the Wiley Online Library or from
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