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Abstract

Nanoparticles (NPs) are ultrasmall objects with profound applications in research, industry, and
medicine. Next-generation nanomedicines, such as gold, hafnium, iron, and copper nanoparticles, are
particularly interesting due to their excellent physical, chemical, and quantum properties that can be
exploited for cancer diagnosis and therapy. However, despite their demonstrated preclinical effectiveness,
the potential of these inorganic nanomedicines, both in oncology and the broader medical field, is hampered
by mechanistic uncertainty and a lack of detailed regulatory guidance. Together, these factors have resulted
in many failed clinical trials and unexpected and sometimes severe side effects for approved formulations.
The therapeutic efficacy and toxicity of nanomedicines are controlled by an extremely complex interplay
of nanoparticle physicochemical properties and individual patient biology, where many confounding factors
exist. This makes designing and evaluating nanomedicines a challenging task. To progress metal-based
nanomedicines to the clinic and for them to be considered safe, even in the life-or-death circumstances of
cancer, a deep understanding of nano-bio interactions is necessary across different stakeholders. This
includes physicians, academia, industry, and government. By understanding and utilizing these in vivo

behaviors, powerful nanomedicines and novel treatments can be applied to oncology.

This thesis begins with a summary of the fundamental concepts relating to nanotechnology and the
origins, properties, and treatment of cancer. Chapter 2 expands this discussion for a comprehensive analysis
of cancer nanomedicines and their structure-activity relationships (SARS) in the body, which are central to
both treatment efficacy and safety. Fundamentally, SARs describe the interactions between NP properties
and the biological systems that ultimately produce their effects. To assist in the communication of this
information, identified SARs were integrated into a simple, adaptable, and guiding framework composed
of a parameter space, a pathway model, and various evaluation metrics. By resolving the complexity of
nanomedicine into three parts, representing the interactions of NPs with 1) whole organs, 2) individual
cells, and 3) fundamental biochemical pathways, this framework provides a clear illustration of how to fine-
tune nanomedicines via pathway analysis. This framework and SARs were then used to guide the design,

application, and evaluation of next-generation nanomedicines containing gold and copper.

Gold nanoparticles (GNPs) have long been proposed as promising agents for cancer phototherapy
and image-guided radiation therapy (IGRT) due to their strong absorption of near-infrared (NIR) light and
X-rays. GNPs are also among the most studied NPs owing to their general biocompatibility and easy
synthesis. Despite this, only one GNP has been approved for clinical use owing to long-term safety
concerns. Among various SARs, those related to size are often the most critical parameters for both efficacy
and safety. This stems from both the nanoparticles themselves and the size-restrictive nature of kidney,

liver, and tumor filtration of blood. To optimize the use of GNPs for enhanced IGRT, drug delivery, and
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photothermal therapy (PTT), drug-loadable lipid NPs were utilized as a scaffold for GNP assembly, forming
a versatile nanocomposite (Lipogold). Overall, this allows small NPs to function collectively as one larger
nanoshell with plasmonic properties. Over time, this shell will degrade as the soft liposome core is stressed
and deformed, resulting in renal-clearable NPs that can be cleared by the body following treatment. This
thin shell of gold also optimizes the Auger process for RT and enables PTT, while the hollow core allows
for encapsulation and delivery of drugs and molecular contrast agents. Thus, Lipogold nanocomposites
demonstrate the advantages of both large and small NPs while adding multifunctionality. In this work
(Chapter 3), medical radiation sources and cellular models were used to test their ability to sensitize cancer
cells to megavoltage X-ray radiation therapy, provide contrast for computed tomographic (CT) imaging,

deliver drugs, and engage in NIR-based PTT.

In addition to GNPs, plasmonic copper sulfide (Cu2.xS or just CuS) NPs are also emerging as
increasingly popular nanomedicine candidates due to their photothermal properties, biodegradability, an
ability to convert less-toxic H.O into more potent reactive oxygen species (ROS) for chemodynamic
therapy (CDT). However, this approach in cancer therapy is fundamentally limited by several factors,
principally the low concentration of H>O: in the body. To overcome this issue, the properties of the tumor
microenvironment (TME) were exploited for nanomedicine design, where CuS NPs were combined with
the enzyme glucose oxidase (Gox) for a synergistic combination of starvation therapy, CDT, and PTT. Gox
was used to convert glucose, which is upregulated in the TME, into H2O; and acid, starving the cancerous
cells and activating the Fenton-like reactivity of the CuS NPs. Deep-penetrating NIR could then be used
for PTT and to enhance reaction kinetics specifically at the tumor site. The fundamental reaction mechanism
was also investigated, highlighting the accelerative effect of chloride ions on the copper-Fenton reaction,
which are present at high concentrations within skin and individual cells. In Chapter 4, the therapeutic
efficacy and biocompatibility of the Gox@CuS nanocomposite were demonstrated using in vitro and in

vivo melanoma models.

To further improve the safety profile of the Gox@CuS nanocomposite, the emerging technology
of microneedle patches were explored as a transdermal drug delivery approach. Since conventional
injections can lead to off-target uptake and toxicity, transdermal delivery may improve both efficacy and
safety by maximizing local delivery and limiting blood exposure. This approach was extensively reviewed
(Chapter 5) to determine the viability, design considerations, and fabrication methods of MNs containing
light-responsive NPs such as Gox@CuS. Applications outside oncology were also reviewed to fully
understand the advantages and limitations of this delivery system. Gox@CuS were then integrated into
dissolvable polymeric microneedle (DPMN) patches and compared to hypodermic injection using another

mouse melanoma model. In this study (Chapter 6), the microneedle patches were demonstrated to deliver
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a higher amount of Gox@Cus to the tumor site and reduce the risk of systemic toxicity. Further mechanistic
insight into the catalytic behavior of CuS NPs was also collected, specifically identifying the effect of
chloride ions on the generation of both hydroxyl radicals and singlet oxygen.

Overall, this thesis contributes to our overall understanding of cancer nanomedicine and
demonstrates several novel next-generation treatment strategies using metal-containing NPs. The
framework proposed in this work is an adaptable and potentially valuable resource for researchers and
regulators to understand SARs. Additionally, the pathway modelling used by this framework can assist in
the development and integration of machine learning models that will increasingly play a role in the

regulatory and industrial development of nanomedicine formulations.
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catalytically generated in situ whereas phototherapies use non-ionizing light and radio-waves to generate
heat and ROS. As these applications stem from overlapping physicochemical properties, they can be
combined for synergistic treatments. NP-enabled drug delivery can be combined with many treatments,
such as radiation therapy to enhance immunogenic cell death, or CDT to produce more ROS by cascade
reactions. CDT can synergize phototherapy to accelerate ROS production via heat and photocatalysis. High
resolution medical imaging, such as photoacoustic, X-ray, and magnetic-resonance imaging, can be
facilitated by NPs with different optical Properties. .........cooveviiiiic i 11
Figure 2: Organic nanoparticles (NPs) used in anticancer treatment strategies. A) Liposomes are the most
widely used NPs and are categorized into four distinct generations based on incremental developments.
These include (1) conventional liposomes made of phospholipids encapsulating hydrophobic and/or
hydrophobic drugs, (1) PEGylated/stealth liposomes containing a surface polyethylene glycol (PEG) layer
for reduced clearance, (111) targeted liposomes containing specific ligands to target the tumor site, and (IV)
multifunctional liposomes, such as hybrid organic-inorganic composites, which can be used for both the
diagnosis and treatment of solid tumors. Adapted with permission under a Creative Commons CC BY
License (https://creativecommons.org/licenses/by/4.0/) from ref 49, Copyright 2015 The Authors. B)
Examples of clinically approved non-liposomal organic nanoparticles............c.ccoceveviveieniesiienesnese e 15
Figure 3: A schematic of an adverse outcome pathway (AOP) network in toxicology. In the AOP
framework, a molecular initiating event (MIE) is linked to adverse outcomes (Aos) through a series of
downstream biochemical key eVENtS (KES). .......ouiiiiieii e 21
Figure 4: The structure of the Nanomedicine Structure-Activity Framework (NSAF). Nanomedicine and
patient characteristics are first entered into a Parameter Space (PS), which represents the in vivo conditions
and reactivity of the nanoparticles at different levels of biological complexity. Based on these properties,

one or more Intrinsic Initiating Events (I1Es) occur at various rates that result in a series of physiological
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responses leading to measurable or predictable outcomes. The links between different events and outcomes
are classified into three types: casual, influential, and characteristiC............ccovovrvere i nienir s 23
Figure 5: Phase | (Biodistribution) of the NSAF for anticancer strategies, representing the highest level of
biological complexity. The Parameter Space includes intrinsic parameters relating to the pristine
nanoformulation (Critical Quality Attributes (CQAS)), extrinsic parameters such as blood pressure and
tumor definition, and finally feedback parameters, e.g., the identity of the protein corona or the specific NP
dissolution rate. Phase I focuses on the behavior and fate of the nanomedicine in the patient’s blood, tumor,
and organs, including both the beginning of the treatment (injection of the nanomedicine) and its final
assessment (endpoints representing the overall biocompatibility and efficacy of the nanomedicine). ...... 26
Figure 6: The formation and composition of the NP biocorona. The biocorona is commonly composed of
two layers: the hard and soft coronae composed of tightly bound and rapidly exchanging proteins,
respectively. The biocorona formation depends on intrinsic and extrinsic parameters and is subject to layer

instabilities because of the Vroman effect. Adapted with permission from ref 2%, Copyright 2019 Springer

Figure 7: A) The structure of a representative solid tumor and the barriers present for efficient NP
penetration via the EPR effect. Adapted with permission under a Creative Commons CC BY License
(https://creativecommons.org/licenses/by/4.0/) from ref 44, Copyright 2019 The Authors. B) Active and
passive mechanisms involved in NP tumor PENELIatioN. .........ccccooeieieirinirise e 36
Figure 8: Phase Il (Internalization) of the NSAF for anticancer strategies. Herein, the extrinsic parameters
focus on cell type-dependent parameters such as the expression level of specific cellular receptors.
Feedback parameters include factors relating to the NPs location and biological identity (Phase 1), and
organelle damage (Phase I11). Phase 11 focuses on the mechanisms of NP uptake, transport, and subcellular
Lo Tr= L2 LA o] o TSR 39
Figure 9: The endocytotic uptake routes for various NP types. Phagocytosis is preferred for larger and
aggregated NPs, while ultrasmall NPs can directly diffuse through lipid membranes. Most NPs, however,
will be internalized through one or more of the main endocytotic routes depending on the interplay of their
various properties. Adapted with permission from ref 5%, Copyright 2013 American Chemical Society..40
Figure 10: Endocytic pathways for internalized NPs. Following internalization, NPs are mostly trafficked
into endosomes before merging with lysosomes for degradation or release. Depending on the uptake and
endosome processing factors involved, NPs can be trafficked to different organelles or escape into the
(0377 00] 0] - 1] o PSS 44
Figure 11: Phase I11 (Dysregulation) of the NSAF for anticancer strategies. Herein, the extrinsic parameters
include those related to the internal conditions of the cell, such as native ROS and protein levels, as well as

external stimuli such as X-Rays. Both treatment efficacy and toxicity are primarily determined by ROS,
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which can be generated or scavenged by the NP surface, by released drugs or other therapeutic compounds,
or by the cell upon the initiation of damage. ROS pathways associated with major cellular
enzymes/antioXidants are NOTEA IN TEA. .........oiviiiiiiii s 48
Figure 12: A) The catalytic reactions prevalent on inorganic NPs surfaces because of their crystal
structures, surface defects, and photoexcitation. B) pH dependence of one-electron redox of H.O, H.0,,
and O.. Black lines show two-electron (2e) processes that correspond to the average of the redox potentials
at each step. The redox potential of O, (—0.33 V) is for the standard gas state of 1 atm. For 1 M in water,
the redox potential is estimated to be —0.16 V. Adapted with permission from ref "%, Copyright 2017
American Chemical Society. C) Calculated reaction energy profiles (eV) for H.O, decomposition on an
Au(111) surface in (1) neutral, (1) acidic, and (111) basic conditions. Adapted with permission from ref 7%,
(@00 o)V g T | oL 2O = FT- Y =Y SO PP 50
Figure 13: A) X-ray mass attenuation coefficients for several elements relevant to radiation therapy (with
carbon acting as a representative element of biological tissue) over an energy range of 1-1000 kV."! The
diagnostic range for clinically relevant X-ray tubes is highlighted in blue with an overlay of a representative
120 kVp photon spectra produced from a tungsten anode. B) A schematic visualization of the Auger effect.
When an X-ray is absorbed by a K-shell electron in a metal such as gold (@), both an ejected photoelectron
and an electron-hole are generated (@). This hole is then be filled by electrons from the metal’s L or M
shells (@), releasing excess energy that can be emitted as a photon or secondary Auger electron (@). If the
electron vacancy is filled by an electron from a higher subshell (&), then the effect is known as a Coster-
Kronig transition (@). If the emitted secondary electron also originates from the same shell, then this
becomes a Super Coster-Kronig transition (@) .........cciuiiiiiiieieeeese e 56
Figure 14: Photoexcitation of inorganic NPs. In semiconductor and plasmonic nanomaterials, photon
absorption can occur via (A) inter- or (B) intraband excitations, which produce reactive electron-hole pairs.
Adapted with permission from ref &2, Copyright 2017 American Chemical Society. (C) More specifically,
excitations are produced because of Landau damping adding kinetic energy to electrons from the excited
plasmon, which then relax via scattering and recombination and generate heat. Adapted with permission
from ref 853, Copyright 2015 SPringer NAUIE. ..........c.eevevivevieieeeieteee ettt st es et r e sens 60
Figure 15: (A) Representation of typical hysteresis loops of ferromagnetic/ferrimagnetic and
superparamagnetic nanomaterials and the dependence of coercivity on particle size. Adapted with
permission under a Creative Commons CC BY License (https://creativecommons.org/licenses/by/4.0/)
from ref %2 Copyright 2020 The Authors. (B) Néel and Brownian relaxation mechanisms for
SUPEIPAIAMAGNETLIC NPS. ...ttt ettt ettt s e st este e e steese e besaeeneesbeemeeseeseeeneeseeeneeeennean 63
Figure 16: Gold nanoparticle-coated liposomes (i.e., Lipogold) as an all-in-one platform for cancer
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XVii



Figure 17: Characterization of Lipogold. A) UV-vis spectra of Lipogold prepared with different ratios of
tetrachloroauric acid (Au) to a fixed concentration of ascorbic acid (AA). B) Visual depiction of the
Lipogold samples (from left to right; 1:1, 2:1, 4:1, 8:1, and 16:1 AA:Au ratio) following synthesis. C) TEM
images of Lipogold prepared at an AA:AU ratio OF 2:1. ... 78
Figure 18: In vitro toxicity of Lipogold to PC-3 cells. A) MTT assay performed after 24 and 48 h of
incubation. B) Comparison of toxicity markers (cell membrane integrity, metabolism, and reproductive
capacity) using different assays. n = 3 with errors bars representing the standard deviation. n > 3 with errors
bars representing the standard deviation. *p < 0.05. Visual appearance of PC-3 cells before (C) or after (D)
incubation with 125 pg Au/mL Lipogold fOr 24 h......cooeiiiiiiiiie e 79
Figure 19: Photothermal performance of Lipogold. A) Temperature increase under NIR irradiation. B)
Degradation of Lipogold as measured via the loss of the LSPR during continuous exposure to an 808 nm
laser. C) TEM image of irradiated Lipogold, showing an intact nanoshell, a degraded/burst nanoshell, and
the individual GNPs making up the nanoshell. The small GNPs are highlighted at a higher resolution. D)
Clonogenic survival of PC-3 cells following PTT. E) Comparison of DOX release efficiency. n = 3 with
errors bars representing the standard deVIatioN. ............cooiiiieiiieie s 81
Figure 20: Performance of Lipogold as a platform for radiology. A) X-ray spectrum produced at 70 and
120 kVp with the mass attenuation coefficients of iodine (33.2 kV) and gold (80.7 kV) plotted separately
for reference. B) Scan of the X-ray phantom showing the physical setup for irradiation, with chloroauric
acid, iohexol@L.ipogold, Lipogold, and iohexol in the center wells from left to right. The outer wells contain
water. The image was taken at a tube voltage of 120 kVp. C) Measured CT contrast of iodine (iohexol) and
gold (HAuCI,) at 70 and 120 kVp. D) Representative images of contrast provided by iodine and gold. E)
CT contrast provided by Lipogold, and iohexol@Lipogold at 70-140 kVp. n > 8 slices. F) The in vitro

release profile for iohexol from Lipogold at 4C and 37C. n = 3. Errors bars represent standard deviation.

Figure 21: Dose survival curve under different doses of 6 MV X-ray irradiation. n > 5 with errors bars
representing the standard deviation. *P < 0.05. .....cciiiiiiiiiiec e 84
Figure 22: Characterization of CuS and Gox@CusS nanoparticles (NPs). (A) UV-Vis spectra of CuS and
Gox@CuS NPs. Inset: a photograph of the NP solutions. (B) Transmission electron micrograph of
Gox@CuS NPs showing ultrasmall particle size (scale bar = 20 nm). Inset: Energy dispersive X-ray
Spectrum Of the GOX@ CUS NPS......ccui ettt te et e be et se e besseestesaeeneesaeeneenaennean 98
Figure 23: The catalytic activity of Gox@CuS nanoparticles (NPs). ABTS oxidation catalyzed by CuS NPs
(10 pg/mL) (A) in the presence and absence of NaCl, and (B) with or without NIR irradiation (A = 808 nm,

1.5 W/cm?). (C) The decrease in pH over 2 h as a function of glucose concentration. (D) The temperature
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change of the CuS NP solutions under NIR irradiation over 10 min. Error bars indicate standard deviation

Figure 24: The toxicity of Gox@CuS nanoparticlrs (NPs) with different (A) glucose and (B) Gox@CuS
NPs concentrations, towards B16F10 melanoma cells. (C) H20: produced by different Gox concentrations
in the cell medium. Error bars indicate standard deviation (N= 3)......ccccoviiiinininiiieceee e 101
Figure 25: In vivo mouse model for efficacy evaluation of the Gox@CuS nanocomposite. (A) Schematic
representation of in vivo antitumor experiments. (B) Tumor volume during the treatment. (C) Extracted
tumor images after 9 d of treatment from sacrificed mice. (D) The mouse body weight during treatment.

(E) Observed changes in blood glucose level 1 h after treatment. Error bars indicate standard deviation (n

Figure 26: The (A) AST and (B) ALT concentrations of healthy nude mice after 10 d of treatment to
evaluate liver function. (C) H&E staining of different organs of B16F10 tumor bearing mice after 10 d of
treatment. Scale bar = 100 um. Error bars indicate standard deviation (N = 6). ........c.cccceevvvevieveieernennnnn, 103
Figure 27: Photoresponsive mechanisms. A) Excitation and relaxation of organic photoresponsive
materials: generating heat, luminescence, or reactive oxygen species. Reprinted with permission from Ref
1054 (Copyright John Wiley & Sons, 2018). B) Excitation and relaxation of inorganic photoresponsive
materials. C) Synthesis of upconverting mesoporous silica microrods with controlled release via
azobenzene isomerization. Reprinted with permission from Ref 17! (Copyright Elsevier, 2022). .......... 107
Figure 28: A) Heat-induced drug release using lauric acid as a thermosensitive trigger. Reprinted with
permission from Ref 1% (Copyright American Chemical Society, 2018). B) Proposed mechanisms for
persistent luminescence-induced photocatalysis in Zn,GeO4:Cu? nanorods. Reprinted with permission
from Ref 1978 (Copyright American Chemical Society, 2022). .........cccovurvirerereriiiiiseeieessesee e 109
Figure 29: Microneedle types and delivery methods. A) Conventional MN designs. Reprinted with
permission from Ref 122 (Copyright Elsevier, 2021). B) Infrared camera images of meltable PRMNs over
5 cycles. Reprinted with permission from Ref 198 (Copyright American Chemical Society, 2016). C)
Chemotherapy drug release via synergistic photothermal therapy using dissolvable MNs. Reprinted with
permission from Ref 124 (Copyright Elsevier, 2022). B) Cumulative drug release over several irradiation
cycles using meltable PRMNs. Reprinted with permission from Ref 1125 (Copyright Elsevier, 2015).....113
Figure 30: A) Synergistic anti-cancer therapy using starvation therapy, PTT, and PDT. Reprinted with
permission from Ref 113! (Copyright Elsevier, 2021). B) Unfolding of PVA PRMN patches containing GO.
Reprinted with permission from Ref 1132 (Copyright American Chemical Society, 2021)..........ccccco....... 114
Figure 31: Cancer immunotherapy using PRMNs. (A) A schematic of a photoresponsive microneedle
(PRMN)-based vaccination. Reprinted with permission from Ref /2 (Copyright American Association for

the Advancement of Science, 2017) (B) A schematic of MN-based photodynamic and immunotherapy and
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a possible mechanism for antitumor immune response. Reprinted with permission from Ref 27 (Copyright
oY =) o 0 TSRS PRPRSSN 119
Figure 32: PRMNSs for in vivo wound healing. (A) Bacterial wound healing using a metal-center porphyrin
PRMN: (i) PRMN wound healing schematic, (ii) thermal images of PRMN-treated mice, and (iii)
Staphylococcus-aureus-infected wounds on different days. Reprinted with permission from Ref 1108
(Copyright Wiley-VCH, 2021). (B) PRMNSs using black phosphorus (BP) and hemoglobin (Hb) to facilitate
wound healing: (i) Representative photos of the skin wounds of different groups. Scale bars = 0.5 cm. (ii)
Corresponding H&E staining of the wound beds. Scale bars = 500 um. (ii) Quantitative analysis of the
granulation tissue width. (d) Quantitative analysis of epithelial thickness. Reprinted with permission from
Ref 1192 (Copyright American Chemical Society, 2020). .........ccceevrveveeeeriereeiesieieeee e 121
Figure 33: PRMNs for diabetes treatments. (A) Insulin loading and releasing using photothermal MoS;
PRMNSs: (i) Insulin loading at 4 °C over 8 h; (ii) passive drug release profile from the patch into PBS; (iii)
in vitro release using different laser power densities at 980 nm for 10 min; and (iv) an SEM image of the
patch after photothermal release experiments. Reprinted with permission from Ref 1% (Copyright Royal
Society of Chemistry, 2022). (B) In vivo antidiabetic study: (i) thermal imaging after PRMN insertion
during NIR irradiation; (ii) dorsal skin photograph after MNs application; (iii) blood glucose level of
diabetic mice undergoing different treatments; (iv) blood glucose level changes during treatment; and (v) a
magnified view of daytime blood glucose changes. Reprinted with permission from Ref 12%° (Copyright
WIIEY-VCH, 2021)......cuovereeeeeeeeeseeeeesiees s stes s enses st ss s an s es s an s en s 124
Figure 34: Diagnostic PRMNs. A) Fluorescent PRMs delivered via MNs for the monitoring of lymphatic
drainage in mice, showing a decline over time. B) Comparison of fluorescence time for mice with
functioning and impaired lymphatic drainage. Reprinted with permission from Ref 212 (Copyright Elsevier,
2020). C) Representative microscopy images of a MN patch tattoo. Top: (i) PDMN mold with a “4” pattern;
(i) PRMN loaded with Cy7.5; (iii) porcine skin tattooed by the MN patch ex vivo. Bottom: UV PRMN
tattoos in (i) daylight, (ii) in the dark with UV, and (iii) in the day with UV. Reprinted with permission from
Ref 1223 (Copyright Cell Press, 2022). ........ccveveveveeeeeeeieieeeeseeteseesstetessesssesesessssssessssssasessssssssessesssssesesssnns 125
Figure 35: Measurements of generated ROS by (A) TMB, (B) ABTS, and (C) coumarin in the presence of

different reactants and the *OH scavenger IPA. D) Measurements of singlet oxygen generation using SOSG.

Figure 36: Effect of NIR irradiation time on the oxidation of ABTS (A) and SOSG (B) in the presence of
different reactants. *p < 0.05. Error bars indicate the mean standard deviation (N = 3). ...c..ccoocvvveirnene. 139
Figure 37: Cell viability assays of (A) A375 cells and (B) MDA-MB-231 cells after exposure to CuS NPs
and Gox-CuS NCs. *p < 0.05. Error bars indicate the mean standard deviation (N = 3). .......cccccecevvrenns 139
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Figure 38: (A) Simplified schematic of the PVP/PVA-based DPMN patch fabrication. (B) DPMN patch
morphology and (C) @ SINGIE MIN. ..o 140
Figure 39:Skin insertion of CuS-Gox-MNs in a nude mouse. Photographs of MNs (A) before and (B) after
insertion into the mouse skin, and the mouse (C) during and (D) after application, showing that MNs can
puncture and then dissolve completely with little trauma. Inset: A representative histological image of
mouse sKin FOlloWING IMIN INSEITION. ........ccviiiie e st sreenes 141
Figure 40: Photothermal efficiency of CuS-Gox DPMNSs in comparison with control blank DPMNSs.
Thermal camera images of (A and B) control DPMNs and (C and D) Gox-CuS DPMNs before and after
laser irradiation (A = 850 nm, 10 min). (E) The temperature change of DPMNs as a function of irradiation
time. Thermal camera images of (F) CuS NPs and (G) Gox-CuS NCs delivered in vivo within DPMNs after
laser irradiation (10 MIN). ..cciieiece e r e re e st e te et e sbeese e besaeestesteeseestesreenbenres 142
Figure 41: Antitumor efficacies of DPMNSs for cancer therapies. (A) Digital photographs of representative
tumor replicates treated with DPMNSs. (B) Final tumor weights. (C) Changes to tumor volume during the
treatment period. Error bars indicate the mean standard deviation (N = 3)......cccccceviviieivenieciiene e, 143
Figure 42: In vivo biodistribution of Gox-CuS NCs delivered via traditional injection or using DPMNSs.
(A) Blood plasma and tumor Cu concentration 2 h after administration. (B) Distribution of Cu in the liver,
kidney, lungs, spleen, and heart. *p < 0.05. Error bars indicate the mean standard deviation (n = 3)...... 144
Figure 43: Toxicity of the Gox-CuS DPMNSs. (A) Mouse body weight during treatment. (B) Changes to
blood glucose throughout the treatment period in comparison to injection. (C) Changes in aspartate
transaminase (AST) and alanine transaminase (ALT) levels (liver toxicity). (D) H&E histological staining
of heart, liver, lungs, kidney, and spleen tissue slices from tumor-bearing mice after an 11-d treatment
period with Gox-CuS DPMNs with (right) and without (left) NIR irradiation (scale bar = 100 pm). *p <
0.05. Error bars indicate the mean standard deviation (N = 3). ....ooeiiiiiiiiniieee e 146
Figure 44: Updated NSAF Phase Ill (Dysregulation) diagram, including the action of glucose oxidase
(Gox). Adapted with permission from Ref 1° (American Chemical Society, 2022). ........c.ccccevvevrvrvennnes. 149
Figure 45: Updated NSAF Phase | (Biodistribution) diagram, including intramuscular delivery and

nanoparticle diffusion in healthy tissue. Adapted with permission from Ref 2% (American Chemical Society,

2022). R R R e R R R e R R R Rt e et r e n e n e 150
Figure S1: UV-Vis spectrum of different Lipogold plasmons LSPRs following storage at 4°C for 48 h.
.................................................................................................................................................................. 247

Figure S2: Representative dynamic light scattering (DLS) size distributions for uncoated DPPC liposomes
and Lipogold using intensity-weighted (A) and number-weighted (B) measurements. C) Number-weighted

measurements of Lipogold immediately after synthesis, after 48 h at 4°C, and after multiple centrifugations.
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Figure S3: In vitro toxicity of Lipogold to DU-145 cells. A) MTT assay performed after 24 h of incubation.
B) Comparison of MTT assay (24 h) to clonogenic assay (10 d). n = 3 with errors bars representing the
standard deviation. *P < 0.05. ..o 249
Figure S4: Degradation of Lipogold as measured via the loss of the LSPR during exposure to an 808 nm
12SEr IN 2 MIN ON/OTT CYCIES. ...t 249
Figure S5: Leakage of DOX from Lipogold over 72 hat 4°C and 37°C.......ccccceviviiiiieieceice e 250
Figure S6: Representative phantom noise produced at 70 kV (A) and 120 kV (B). Data collection for
Lipogold at 70 and 120 kV (C and D, respectively). The HU per slice was measured along the red line, with
the circles representing the ends and center of the measured area (10 cm). The red, blue, and green lines
indicate the centering of the image in the analysis SOFtWAre............cccveve i 250
Figure S7: Calibration curve of iohexol measured via HPLC method. n = 3 with errors bars representing
the StANAArd AEVIALION. ........civiiiiieiieiee ettt sttt e ettt see b e neneas 251
Figure S8: Diffusion of free iohexol across the dialysis membrane. ..........ccccccooeviiiiii e 251
Figure S9: UV-Vis-NIR absorption spectra of Lipogold or GNPs (without a liposome template) prepared
in the presence or abSeNCe OF I0NEXOL. .........cviiiiiie s 252
Figure S10: A transmission electron micrograph of the CuS nanoparticles. ..........ccccoevviiinenencnenenn 253
Figure S11: Zeta potentials of the CuS and Gox@CuS nanoparticles (NPs). Error bars indicate standard
AEVIALION (1N = 3). ettt bbbt h bbbt bbbttt ettt b bt e n e n e 254
Figure S12: The hydrodynamic sizes of the CuS and Gox@CusS nanoparticles (NPs) measured by dynamic
light scattering. Error bars indicate standard deviation (N'= 3).......ccccccriiiiiiniiiiii e 254
Figure S13: Fourier transform-infrared spectra of the CuS and Gox@CuS nanoparticles. The peak at 1450
cm* was assigned to C-O stretching and OH bending of Gox in the nanoparticles. ............c.c.cccoevrrrnnen. 255
Figure S14: Quantification of copper and CuS. A) Standard addition curve for Cu?* detection, and B)
calibration curve for CuS detection following cellular uptake using the chloride-accelerated copper Fenton
reaction with H,O; and 3,3°,5,5’-tetramethylbenzidine. Error bars represent standard deviation (n = 3).255

Figure S15: Standard bovine serum albumin (BSA) protein calibration curve used to quantify Gox during

the Bradford assay. Error bars represent standard deviation (N = 3)....ccccccevveviiiiiiiiiecic e, 256
Figure S16: Infrared thermal imaging of Gox, CuS nanoparticles (NPs) and Gox@CuS NPs ([NP] = 10
pg/mL) with near infrared irradiation (980 nm, 5 W/cm?) for 300 S. .......ccoveviveveverererereeecreeeee e 257

Figure S17: The Fenton catalytic activity of Gox@CuS nanoparticles (NPs). 2,2’-Azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS, 250 pM) oxidation catalyzed by Gox@CuS NPs (10 pg/mL)
and H>0; (200 mM) in the presence and absence of NaCl (100 MM). ......ccooiiiiieiiriiieiene e 258
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Figure S18: 2,2’-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS, 250 uM) oxidation catalyzed
by CuS nanoparticles (10 pg/mL), NaCl (100 mM), and H,O, (100 mM) at different pHs with or without
near infrared (NIR) irradiation (1.5 W/cm?). Error bars represent standard deviation (n = 3). ................ 258
Figure S19: 2,2°-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) oxidation catalyzed by Cu?
leached from Gox@CusS nanoparticles (NPs) and the parent NPs with and without near infrared (NIR)
irradiation. Error bars represent standard deviation (N= 3). ....cccccviiiiiie i 259
Figure S20: In vitro catalytic H.O, production by Gox and Gox@CusS nanoparticles (NPs) with different
initial glucose concentrations after 5 min. Error bars represent standard deviation (n = 3). .........ccccue.ee. 259
Figure S21: In vitro H,O, generation by Gox and Gox@CuS nanoparticles (NPs) over time. CuS NPs
decompose the H,O, generated by glucose oxidation, producing reactive oxygen species. Error bars
represent standard deViation (N = 3. e e rs 260
Figure S22: In vitro toxicity of Gox@CusS nanoparticles (NPs) in MDA-MB-231 cells. Error bars represent
StANAard deVIAtION (N = 3). .o.uiii it st e et e e e s teere e besae e st e sbeentesreeRe e besreeneenreans 260
Figure S23: The intracellular reactive oxygen species (ROS) level shown by confocal laser scanning
microscopy images of B16F10 cells incubated for 4 h with Gox@CuS nanoparticles (NPs) with or without
a brief near infrared (NIR) irradiation (5 s). [CuS NPs] = 2 nM. Scale bars: 50 Pm...........ccocvvvrvieiennas 261
Figure S24: Cell viability of PC-3 prostate cancer cells after treatment with 30 pg/mL CuS nanoparticles
(NPs) and 5 min of near infrared (NIR) irradiation (808 nm). Error bars represent standard deviation (n =
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Figure S25: In vivo infrared thermal imaging of mice from control, CuS nanoparticle (NP), and Gox@CuS
NP groups with near infrared (NIR) irradiation after drug administration ([NPs] = 200 nM, 980 nm, 5 W/cm?
TOT 300 S). vttt bbb bR h b e e R R R bttt R et b b b n e 262
Figure S26: Therapeutic effect of Gox@CuS nanoparticles (NPs) after 10 d of treatment with almost
complete eradication Of the TUMOLS. .......cooiiiiii e e be e b ens 263
Figure S27: Images of mice after 10 d of treatment using Gox@CusS nanoparticles (NPs) with near infrared
(NIR) irradiation, showing all mice were cured with a dark black scar............cccccoeeviiiiiiiiicvccece e 263

Figure S28: TEM images of the Gox-CuS NCs, showing ultra-small nanoparticles (8 = 2 nm) with roughly

SPNEIICAL SNAPES. ...ttt ettt ettt ettt e re et ereeneennens 267
Figure S29: Effect of pH on the oxidation rate of ABTS (500 uM) by CuS NPs (200 uM). Arbitrary H,O;
and NaCl concentrations (200 and 100 mM, respectively) Were USEd..........cccocvreereiieeieneniene e 268

Figure S30: Effect of [CI] on the oxidation of ABTS (500 pM) by CuS NPs (200 pM) and H0O- (200
mM). All measurements were taken 10 min after the addition of H.O,. Error bars indicate the mean standard
AEVIALION (1N = 3). ittt bbbt bbb s bbb bbbttt b e h bbb e b n e 268

XXii



Figure S31: Overoxidation of ABTS into a yellow species. A) Effects of Cl- (200 mM) and/or NIR
irradiation (808 nm, 1.0 W/cm2) on ABTS overoxidation. B) Visual appearance of oxidized ABTS" product
(top) and overoxidized ABTS?* product (bottom) in aqueous solutions. Error bars indicate the mean
standard deVIATION (N = 3). c.oiiieii bbb 269
Figure S32: Photothermal deactivation of Gox on CuS surfaces. Each cycle of irradiation consisted of 5
minutes of laser irradiation (808 nm) at 1.0 W/cm?. Samples were prepared in 0.1X PBS (pH 7.4) containing
5 mM glucose. Control is the Gox-CuS NCs without NIR irradiation. Here, the pH decrease over time
indicates the activity of Gox on glucose oxidation; after NIR irradiation, Gox was deactivated and unable
to catalyze glucose oxidation. Therefore, in in vivo experiments (Section 6.3.6), NIR laser irradiation was
applied 10 min after MN application so that Gox could enable glucose oxidation, H-O build-up, and pH
drop within the tumor tissue (Equation 3). Error bars indicate the mean standard deviation (n = 3)....... 269
Figure S33: Cell viability assay of HEK293 cells after exposure to CuS NPs and Gox-CuS NCs. *p < 0.05.
Error bars indicate the mean standard deviation (N=3). .....ccccciiieiiiiiiie i 270
Figure S34: Blood glucose levels following A) DPMN patch application or B) injection. *p < 0.05. Error
bars indicate the mean standard deviation (N = 3). ... 270
Figure S35: Histological analysis of various body organs of mice after the 10-d treatment using DPMNSs.
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~ Chapter 1 ~

Cancer & Nanomedicine: Foundational Concepts

Chapter Summary

Cancer is a broad category of diseases involving abnormal and rapid cell growth with the potential to invade
and damage healthy organs. Cancer is also among the top medical concerns globally owing to its variability
and aggression. To manage this disease, significant efforts are put into the research of new drugs and
treatments with improved efficacy and safety. Among these, nanotechnology has emerged as a powerful
approach to improve the diagnosis and treatment of tumors, both as drug delivery vehicles and active
pharmaceutical ingredients (APIs). This thesis serves to examine this field, particularly as it relates to the
emerging next-generation of metal-based nanoparticles. This Chapter introduces the foundational concepts
necessary for understanding cancer biology and the application of nanomedicine, and outlines the specific
objectives of this thesis.

1.1 Cancer as a Disease: Properties & Pathogenesis

Cancer is a group of diseases involving abnormal cell growth that afflicts almost all living species.
It is a progressive and potentially fatal condition that stems from the accumulation of genetic and epigenetic
mutations in genes regulating metabolism and replication.! Once an individual cell becomes cancerous
(oncogenesis), it will rapidly replicate into a mass, i.e., a tumor, that will excessively consume nutrients,
manipulate surrounding tissue and the immune system,? and grow into and damage healthy organs.® At later
stages, cancerous tumors can also release cells into the blood or lymph wherein they can spread the disease
to secondary sites (metastasis).*®> By comparison, benign tumors, e.g., moles and fibroids, are cellular
masses with a slow replication rate and without the capacity to invade; however, benign tumors can
occasionally progress into cancerous tumors or cause health effects on their own.® Currently, various
cancers are estimated to cause up to 10 million deaths each year and 16% of deaths overall,”® with

approximately 26.3% of men and 24.0% of women being expected to develop cancer in their lifetimes.®

Cancer can develop in any tissue type, although the most common forms are those affecting the
lungs, colorectal tissue, stomach, prostate, and breasts.® Cancers can also be classified according to the cell
type from which the disease originated, such as carcinoma (epithelial cells), sarcoma (connective tissue),
melanoma (pigment cells), lymphoma (lymphocytes), leukemia (hematopoietic (blood-forming) cells),
glioma (brain/glial cells), or blastoma (immature "precursor” cells or embryonic tissue). Despite occurring
in widely different tissue types, cancerous cells and tumors can be generally defined by 8 hallmarks: 1)

enhanced proliferative signaling, 2) evasion of growth suppressors, 3) resistance cell death mechanism, 4)



replicative immortality, 5) induced angiogenesis, i.e., vasculature formation, 6) tissue invasion and
metastasis, 7) altered cellular metabolism, and 8) evasion of the immune system.'*2 Individually, these
hallmarks and the mutations that cause them do not define a cell as cancerous, but collectively they represent
an aggressive and highly adaptive disease. Cells can become cancerous through both random replication
errors as well as through exposure to ionizing radiation, particular pathogens, and carcinogens (chemicals
known to be capable of either directly damaging DNA or reducing the efficiency of DNA repair).** While
cells are remarkable for their ability to accurately transcribe DNA, this process is not perfect and will
gradually result in the buildup of mutations over time, even in the absence of DNA damaging agents. In
conditions of inflammation and genetic instability, such as during infection, the likelihood of developing
mutations is significantly increased.}* If these mutations occur in germ cells, then these mutations can be

passed on, increasing the cancer risk in offspring.

The main risk factors for developing cancer are genetics/family history, age, and environmental
exposure, with the later having the most significant and controllable impact!®-8; however, as the average
lifespan continues to increase throughout the world, the incidence of cancer can also be expected to increase
significantly.'®2° Notably, for some common carcinogens, single-to-moderate exposures can have low or
negligible risks and it is primarily through chronic exposure that cancer arises. The chronic consumption
of tobacco or cannabis products is the most well-known example as the burning of plant matter releases a
wide range of toxic compounds,? although the development of cancer often takes several years or decades
to occur. Overall, it is estimated that ~20-25% of all cancers can be attributed to long-term tobacco use,?
~10-20% can be attributed to infections by pathogens such as Helicobacter pylori, hepatitis B and C, and
human immunodeficiency virus,?* ~10-15% can be attributed to obesity, diet, and alcohol
consumption,?2 and ~5-10% to genetics.?” Other cancers are likely to be the result of several risk factors
in combination,?® although it is important to note that some risk factors will be more or less important for
individuals depending on their genetic and metabolic profiles. Additionally, some cancers are more likely

to be induced by some risk factors than others.?°

The progression and survival rate of different cancers can be defined according to various stages
of development, with the most common systems being the tumor-node-metastasis (TNM) and Roman
numeral systems.®>3 In the TNM system, each tumor can be classified by letters according to its size (Tx,
Tis, or T0-4), degree of lymph node invasion (Nx or NO-3), and metastasis (M0-1), with additional
parameters occasionally being noted by other letters and prefixes. In the Roman numeral system, cancers
are simply classified by their size and degree of spread (stages 0-1V), although like the TNM system some
modifiers are occasionally used to provide further detail. Stage 0 includes both benign and pre-cancerous

tumors that not yet seen significant growth (are in situ) and have high cure rates. Stage | cancers are defined



by their small and localized size, while stages Il and Ill indicate larger locally advanced cancers. The
difference between stages I1-111 depends on the specific type of cancer and the organ it is affecting. At stage
IV, defined by metastasis, many cancers become terminal and the focus of treatment switches from curative
to palliative care. Additional classification systems, often using similar notations, also exist for specific
cancers such as blood,* brain,®® and pediatric cancers,*® which can not be adequately described using
conventional staging systems. In both cases, as the stages progress and the numerical values increase, the
odds of survival decrease and the available treatment options become more limited. The rate of progression
of different cancers, even of the same tissue type, is often patient specific owing to unique combinations of
oncogenes,! although cancers originating from fast-replicating tissue can be expected to grow and spread

faster than cancers from slow-replicating tissue.
1.2 Oncology: Cancer Diagnosis & Therapy

The field of oncology includes the diagnosis and treatment of both benign and cancerous tumors;
however, this goal is challenging due to the complexity of cancer and its similarity to normal healthy tissue.
While cancerous cells possess unique hallmarks that can be targeted for treatment, these are often based on
the up- or down-regulation of molecular features that are also expressed in normal cells to some degree.**
12 As such, most diagnostic and treatments that respond to cancerous tissue will also affect healthy tissue
to some degree. Cancers can also be highly variable in their treatment sensitivity due to different
combinations of mutations that alter cellular responses to drugs and/or radiation.®” Additionally, since
cancers emerge from a small population of cells, very few symptoms are initially produced or observed,
making early detection and treatment difficult for non-superficial tumors. After further growth, a wide range
of symptoms can emerge depending on which organ(s) are affected and how. Many of these symptoms can
present similarly to other diseases, further complicating detection. Ultimately, most patients are diagnosed
only after the onset of symptoms and many present to emergency care services with life-threatening

manifestations of the disease.°

Cancer diagnosis has increasingly focused on early screening methods including DNA and RNA
testing, routine physical checks, blood and urine tests for cancer biomarkers or circulating tumor cells, and
medical imaging.*#* This is because early-stage tumors are far easier to treat than late-stage tumors.
Collectively, these advances in screening have produced significant improvements in cancer detection and
treatment, although each method has limitations.*® DNA testing, for example, can be slow, only provides
an expectation or estimate of risk, and still requires routine checkups for detection. Other methods,
including physical checks, biomarkers, and imaging can all be subject to false positives and negatives due
to the high variability of individual patients, limited sensitivities, co-morbidities, and the dynamic nature

of cancer.*®



Conventional cancer therapies include chemotherapy, immunotherapy, hormone therapy, radiation
therapy/radiotherapy, and surgery.**® More recently, other techniques including phototherapies
(light/photon-based treatments), ultrasound-based treatments, anti-cancer vaccinations, and gene therapies
have entered clinical use as well.>%-%* Surgery is the most direct approach to the removal of tumors; however,
it is also highly invasive, requires the removal of surrounding heathy tissue, and can not be used against
small metastasises that can not be easily visualized. Many tumors can also grow in, on, or near highly
sensitive and important locations, e.g., near a major artery or within the brain, which further increases the
risks of surgery. As such, the delivery of therapeutics and/or radiation therapy are often used in combination

with, or as an alternative to, surgery.

Radiotherapy and similar methods, including phototherapies and ultrasound-based methods,
damage tissue via the delivery of energy (ionizing radiation, magnetic fields, light, or ultrasound) to the
tumor site by an external, implanted, or injected source.’®%3%61 By comparison, chemotherapy,
immunotherapy, and hormone therapy, etc. can all be viewed under the simplified lens of ‘drug delivery’,
with the key difference laying in the type of compound(s) delivered and their mechanisms of action.
Chemotherapy normally involves the use of cytotoxic agents that are preferential in some way for cancerous
cells.®? In the case of hormone therapy, the delivered therapeutics target either the endocrine system broadly
or the tumors cells directly to suppress tumor growth.*® Immunotherapy involves the delivery of agents that
modulate immune cell behavior at or towards tumors.*® Notably, immune cells can both target cancerous
cells for destruction or promote their growth, depending on the immune cell type/polarization and the
cytokines/chemokines release by cancerous cells.®® As such, most cancer treatments can be expected to
induce some immunological effects due to the release of cellular components and inflammation following
tumor cell death.®*® Immunogenic cell death refers to when immune cells are primed to target tumors as a
response to a prior treatment. The immune system is also heavily implicated in rare cases of spontaneous

remission.56:67

The main limitation of radiotherapy and drug delivery strategies for oncology is the high potency,
and thus side effects, of the delivered energy or active pharmaceutical ingredients (APIs). Overall, drugs,
hormones, proteins, and other compounds (APIs) delivered via injections to the blood are effective at
treating widespread cancers, including metastasis and blood cancers, but also produce systemic side
effects.®® When APIs, including radiation sources, are delivered locally, i.e., intratumorally injections,®
topical creams,” or transdermal delivery,” "2 cancers and other disease can be treated more effectively and
reduce systemic exposure, although some tumors are not directly accessible for such applications and
consistent dosing is also a concern. Various forms of oral and nasal/pulmonary delivery are also explored

as relevant to specific tumor types.”™™ In the case of delivering radiation, light, and sound, factors relating



to energy attenuation and beam accuracy must be considered. Depending on the treatment and tumor types,
different delivery strategies may be appropriate.

Despite several treatment techniques at our disposal, cancer is a difficult disease to detect and treat,
and the currently approved methods possess many limitations and risks. Owing to its genetic nature, cancer
is not a disease that can be eliminated from the population or prevented entirely. Additionally, the same
random mutations that lead to oncogenesis can also alter cell signalling and responses to APIs, light,
oxygen-deprivation, oxidative stress, and radiation. While some tumors respond exceptionally well to one
or many treatments, others can be or become highly resistant. For these reasons, cancer research has
consistently sought new APIs, treatment mechanisms, and improvements to traditional approaches. Among
the various approaches to improve oncology, nanotechnology-based strategies have become increasingly

prominent.

1.3 Nanotechnology, Nanomaterials, & Nanomedicine

Nanotechnology is a billion-dollar research field and industry that has provided significant
advances in engineering, electronics,” agriculture,’® energy storage,”” homeland security,”® and medicine.™
This includes the diagnosis and treatment of cancers (cancer nanomedicine), the focus of this thesis.
However, considerable overlap and ambiguity exists in the terminology used to described nanotechnology,
which can result in significant confusion for those unfamiliar with the field. Thus, this section will be
devoted to defining and clarifying these terms while the greater detail of mechanisms, challenges,

knowledge gaps, applications, progress, and opportunities of nanomedicine will be discussed in Chapter 2.

Nanotechnology can be considered a catch-all term for both the matter/materials and techniques
that operate on the nanoscale. The nanoscale can be broadly defined between 0.1-1000 nm, although most
sources use a stricter definition of 1-500 nm.® Any material with at least one physical dimension in this
range is therefore a nanomaterial. Materials below this size range (<2 nm) are classified as nanoclusters or
as simple chemical compounds and ions,® while those above this range (>0.5-1000 pum) are broadly
described as microparticles. Quantum dots (QDs) are a special category of small nanomaterials (~1-20 nm)
wherein the electrical and optical properties are determined by quantum confinement.®? Importantly, these
three categories exist on a size spectrum and share overlapping features. Therefore, no arbitrary size can be
used to define them and some nanomaterials at or near the defining size boundaries may be classified as
either microparticles or quantum dots by different sources. Nanomaterials and nanoparticles (NPs) are
similarly broad terms that can describe any nanoscale material and are often interchangeable, although NP

is also widely used specifically for spherical nanomaterials (nanospheres or nanocrystals).®’ For non-



spherical nanomaterials, specific names such as nanocubes, nanotriangles, nanowires, nanofilms, and

nanostars are commonly used.

Nanomaterials can be composed of either organic (composed of carbon/silicon and other light
elements) or inorganic (composed of metals, metalloids, or carbon/silicon allotropes) compounds, including
noble metals, semiconductors, carbon, lipids, proteins, and DNA.”®8 Importantly, there is no official
delineation between nanomaterials that are natural, i.e., proteins and ultrasmall minerals, and those are that
engineered by humans, although it is common to only refer to the latter as hanomaterials in biological
contexts to avoid confusion. Thus, whole living cells, organelles, and biomolecules with diameters in the
nanoscale, e.g., mycoplasma, mitochondria, and chromosomes, are excluded from the definition of
nanomaterials while modified proteins, aptamers, and non-living cell-like membranes, e.g., lipid NPs and
modified endosomes, are included. By comparison, both synthesized and naturally occurring metal NPs,

e.g., small rust particles, are both considered nanomaterials.

Inorganic nanomaterials have a long history with humans, largely through their accidental
discovery and production. Copper, gold, and silver NPs, for example, have been widely used across the
world since ancient times for producing highly coloured red, purple, and yellow glass.® In both western
and eastern alchemy (the precursor to modern chemistry), gold NPs (GNPs) and salts in particular played
notable parts in the production of glass, dyes/glazes, medicines, and the mythical philosopher’s stone (of
which GNPs may have inspired its purported ruby red color).®® Inorganic carbon nanomaterials, i.e.,
nanotubes and nanowires, have also been reported to be among the defining features of Damascus steel.®’
By contrast, nanomaterials made of organic compounds are a recent invention originating from fields of
medicine, biochemistry, and biotechnology.®# Organic nanomaterials, such as lipid NPs (liposomes) and
fusion proteins, closely resemble their biological counterparts in form and function, i.e., vesicles and
enzymes, respectively. As such, their behavior and toxicity are comparatively simple to understand from a
biological or medical background. In contrast, inorganic nanomaterials utilize the emergence of quantum
mechanical phenomena, particularly those that relate to quasiparticles (a collective behavior of a group of
particles, e.g., plasmons (electrons), phonons (vibrational modes), electron vacancies (holes), and excitons
(electron-hole pairs)), electron movement (excitation and conductivity), and photon-electron interactions
(adsorption, scattering, and emission). Thus, inorganic nanomaterials have traditionally been the focus of
chemical engineers, physicists, and materials scientists. For both organic and inorganic nanomaterials, the
ultimate capabilities, stability, and reactivity of NPs are fundamentally dependant on their structure.®%-%* In
the case of organic nanomaterials, these structure-activity relationships (SARs) can be compared to the

nature of proteins, antibodies, enzymes, and biological membranes. In inorganic nanomaterials, SARS,



including quantum effects, depend on crystalline and surface structure (including defects), elemental and
chemical composition, and morphology.%-%

By finely tuning the SARs of nanomaterials, a wide range of applications, including cancer therapy,
are unlocked. Nanomedicine, therefore, simply refers to nanotechnology and nanomaterials used for various
medical purposes. This can include the use of individual nanomaterials or composites of several
nanomaterials (nanocomposites) for a wide range of treatment strategies.” Notably, nanomedicine has its
primary origins in oncology with the development of liposomes for drug delivery, i.e., Doxil®.8 In the
decades since, liposomes have been expanded for the treatment of several different diseases as well as
nutrient supplementation and medical imaging.®*-1% Cancer nanomedicine has also evolved to include other
nanomaterials including fusion proteins, organic polymers, and inorganic NPs, making it a highly
interdisciplinary field.1%1% Owing to its large-scale implementation during the SARS-CoV-2 pandemic,
nanomedicine is now a well-established medical field and is likely to continue to grow significantly in the
next few decades."-1% Nevertheless, significant knowledge gaps in the interactions of nanomaterials with

biological systems remain.
1.4 Thesis Objectives

Currently, a large volume of research has been conducted on nanomedicines; however, the majority
of this has been performed on simple organic nanomaterials. Despite their long history, highly unique
properties, considerable research efforts, and promising preliminary results, nanomaterials composed of
metals have only just begun to enter the market for a limited number of applications. To progress additional
next-generation materials to the clinic, fundamental research into the engineering and application of
nanomedicine SARs to cancer biology is needed. This research must then be effectively synthesized,
communicated, and applied. Therefore, this work seeks to provide foundational insights, resources, and
improvements to the development and application of next-generation metal-based nanomedicines for
oncology. To accomplish this, the objectives of this thesis were to: 1) perform a comprehensive and up-to-
date literature review of nanomaterial SARSs in vivo, 2) propose a simple, adaptable, and novel theoretical
framework (nanomedicine structure-activity framework (NSAF)) to guide the design and study of cancer
nanomedicines for a broad audience, including researchers, industry, and regulators, 3) apply the insights
of the NSAF and the unique SARs of copper and gold to develop novel next-generation metal-based
nanomedicines, and 4) evaluate the integration of emerging microneedle delivery technologies with NSAF-
inspired nanomedicines. This thesis is composed of seven Chapters (Scheme 1), including an introduction
of foundational concepts (Chapter 1), two literature reviews (Chapters 2 and 5) and three experimental
research articles published in high-impact journals (Chapters 3, 4, and 6), and a concluding summary and
outlook (Chapter 7).
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Scheme 1: Simplified thesis structure.

In Chapter 2, a comprehensive review of the overall field of cancer nanomedicine is presented.'
This information is then summarized into a simplified and adaptable framework that divides the complexity
of nanomedicine into three levels, representing the interactions of NPs with 1) whole organs, 2) individual
cells, and 3) fundamental biochemical pathways. Collectively, this provides an illustration of how
nanomedicines can be fine-tuned for efficacy and safety. Importantly, since this is a knowledge framework,
the bulk of the literature review for this thesis was provided in Chapter 2 to support the design and
integration of different mechanisms. Particular attention is also given to the mechanisms of metal-based
nanomedicines due to their more recent emergence in the fields of medicine and toxicology. Additionally,
as nanomedicine research attempts to move away from large-scale animal testing, the need for computer-
assisted solutions for evaluation will increase. To facilitate this, the proposed framework utilizes a machine-
learning inspired structure, including an input parameter space and feedback system, to organize and
integrate different SARs. This provides a valuable guide for nanomedicine development and evaluation for
a wide range of researchers and regulators. In the following Chapters, the NSAF was utilized as a guide
when designing and applying novel nanomedicines for in vivo applications.

In Chapter 3, SARs were applied in the design and testing of a novel liposome@GNP core-shell
nanocomposite for enhanced image-guided radiotherapy, drug delivery, and photothermal therapy.*** Since
physical size is a key parameter governing NP’s optical properties, circulation half-life, biological retention,
and excretion/removal (affecting imaging, potency, drug delivery, and toxicity), soft biodegradable

8



liposomes were employed as a scaffold for renal-clearable GNPs. In this way, the advantages of both large
and small GNPs are combined while adding further multifunctionality via a loadable hollow core. The large
overall size of the nanocomposite enables a localized surface plasmon resonance that can be used for
photothermal therapy and drug release, and long circulation times following injection. Following the
treatment, the degradation of the nanocomposite in vivo can then facilitate rapid clearance of GNPs from
the body, improving safety. During X-ray radiation therapy, the thin-shell of gold also maximizes the
emission of dose-amplifying Auger electrons into the cellular environment. The potential and validity of

this approach was established using in vitro assays and patient-relevant radiation and light sources.

In Chapters 4-6, the preclinical development and investigation of a simple organic-inorganic
hybrid nanocomposite for the treatment of superficial tumors was completed in a collaboration with
Shenzhen Polytechnic.12114 Chapter 4 details the initial development of the nanocomposite using SARs.!*2
The enzyme glucose oxidase (Gox) was combined with (photo-)catalytic copper sulfide (CuS) nanoparticles
and evaluated for its ability to produce cytotoxic reactive oxygen species (ROS) from glucose, which is
upregulated in tumors. The optical properties of CuS also enabled the use of deeply-penetrating near-
infrared (NIR) light for combination photothermal therapy. Following chemical and in vitro analysis, the
nanocomposite was then applied for in vivo combination therapy of mouse melanoma xenografts with
positive results. The safety profile of the nanocomposite was then enhanced using a microneedle delivery
system. In Chapter 5, the potential of this approach over intratumoral injection was examined by reviewing
the integration of phototherapeutics, including nanomedicines, with microneedle technologies.’*® This
review also served to establish the necessary microneedle design principles. In Chapter 6, the
nanocomposite was encapsulated within a dissolvable microneedle patch and evaluated using a more
extensive lineup of chemical, in vitro, and in vivo assays.!** The results of these experiments provided
additional insights into the nanocomposites mechanisms and improvements to both the efficacy and safety
profile. The original and unique contributions of this thesis include the characterization and mechanistic
analysis of the nanocomposite, which are critical for treatment optimization and further expansion, e.g., the

use of the composite in combination with radiotherapy.

Finally, Chapter 7 serves to summarize the results of this thesis, update the NSAF developed in
Chapter 2, and explore future research directions. Insights from the application of nanomedicines in the
SARS-CoV-2 pandemic are also briefly discussed. In its totality, this thesis provides contributions to the
general understanding of nanomedicines and nanotoxicology via the development of a guiding knowledge
framework, the proof-of-concept development of a novel platform for image-guided radiotherapy, and the

preclinical and mechanistic analysis of a highly effective combination strategy.



~ Chapter 2 ~

A Nanomedicine Structure-Activity Framework for Research,

Development, and Regulation of Future Cancer Therapies

The work presented in this chapter has been published as:

Youden, B., Jiang, R., Carrier, A., Servos, M., Zhang, X. A Nanomedicine Structure-Activity Framework for
Research, Development, and Regulation of Future Cancer Therapies. ACS Nano, 2022, 16 (11), pp. 17497-17551.
DOI: 10.1021/acsnano.2c06337.

Chapter Summary

Despite their clinical success in drug delivery applications, the potential of theranostic nanomedicines is
hampered by mechanistic uncertainty and a lack of science-informed regulatory guidance. Both the
therapeutic efficacy and the toxicity of nanoformulations are tightly controlled by the complex interplay of
the nanoparticle’s physicochemical properties and the individual patient/tumor biology; however, it can be
difficult to correlate such information with observed outcomes. Additionally, as nanomedicine research
attempts to gradually move away from large-scale animal testing, the need for computer-assisted solutions
for evaluation will increase. Such models will depend on a clear understanding of structure—activity
relationships. This review provides a comprehensive overview of the field of cancer nanomedicine and
provides a knowledge framework and foundational interaction maps that can facilitate future research,
assessments, and regulation. By forming three complementary maps profiling nanobio interactions and
pathways at different levels of biological complexity, a clear picture of a nanoparticle’s journey through

the body and the therapeutic and adverse consequences of each potential interaction are presented.
2.1 Introduction to Nanomedicine

Cancer is a leading cause of premature death worldwide and both its incidence and mortality are
currently increasing.''>1® Despite many advances in conventional treatments, nonspecific antitumor drug
distribution, intolerable cytotoxicity/side effects, and the development of radiation resistance and multiple
drug resistance (MDR) remain challenging roadblocks.*’ There is therefore an urgent need to develop more
effective approaches to cancer treatments. Nanomedicine, the medical use of engineered nanomaterials, i.e.,
materials containing at least one dimension on the nanoscale (broadly 1-500 nm), has emerged as a means
of transforming the current treatment paradigm in oncology.'’ Nanomaterials, often simply referred to as
just nanoparticles (NPs) in the context of nanomedicine, can be engineered to act as multifunctional

therapeutics, diagnostic tools, and drug carriers in a myriad of clinical applications. (Figure 1).51118
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Following the approval of Doxil®/Caelyx™ in 1995 for the treatment of Kaposi’s sarcoma and ovarian
cancer, over 50 additional nanomedical products have been approved,®-1% including several recent SARS-
CoV-2 mRNA vaccines that have seen widespread use.’*”-1% Currently, 24 different nanomedicines are

approved worldwide for cancer treatment, and significantly more are undergoing clinical trials, 19123
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Figure 1: The advanced anticancer paradigm of nanomedicine. Nanoparticles (NPs) have been widely exploited for
phototherapies and chemodynamic therapies, in addition to sensitized radiotherapy and drug delivery. To eliminate
cancer, chemodynamic therapy (CDT) uses reactive oxygen species (ROS) catalytically generated in situ whereas
phototherapies use non-ionizing light and radio-waves to generate heat and ROS. As these applications stem from

overlapping physicochemical properties, they can be combined for synergistic treatments. NP-enabled drug delivery
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can be combined with many treatments, such as radiation therapy to enhance immunogenic cell death, or CDT to
produce more ROS by cascade reactions. CDT can synergize phototherapy to accelerate ROS production via heat and
photocatalysis. High resolution medical imaging, such as photoacoustic, X-ray, and magnetic-resonance imaging, can

be facilitated by NPs with different optical properties.

Anticancer nanomedicines can be broadly categorized as organic, inorganic, or hybrid formulations
depending on their primary composition and function.*?#'?> Such formulations can be composed of either
NPs that possess therapeutic functions or a combination of inert NP carriers (nanocarriers) and active
pharmaceutical ingredients (APIs) that possess a different pharmacodynamic or pharmacokinetic profile
from the API alone. Organic nanomedicines are primarily composed of biomolecules, such as lipids,
proteins, or synthesized biopolymers, and have seen the most clinical success because of their overall
biocompatibility, biodegradability, and/or their ability to encapsulate different APIs 9119121
Comparatively, inorganic nanomedicines, containing nanomaterials such as carbon-based NPs, metallic
NPs, and quantum dots (QDs), have seen less progress because of uncertainty regarding their biological
persistence and toxicity.'241%6127 Ingrganic NPs often have distinct physicochemical properties from their
corresponding bulk materials because of quantum confinement effects and surface defects inherent to
nanoscale crystal structures.®>-*8 As such, these NPs possess varying degrees of activity, potentially leading
to chronic side effects. However, the manipulation of these properties also enables future therapeutic
strategies, which have shown encouraging results in early preclinical studies and clinical trials. For
example, the strong interactions of some inorganic NPs with light (visible, infrared, or ionizing radiation)
have been exploited for phototherapies or to improve radiation therapy. Most recently, the European
Medicines Agency’s (EMA’s) approved Hensify®, a solution of 50 nm hafnium oxide (HfO2) NPs that has
seen clinical success when used in combination with radiation therapy for the treatment of locally advanced
soft tissue sarcoma.'%21% Clinical trials in the US are currently underway for liver, lung, pancreatic, and
squamous cell cancers, including a phase 111 trial for locally advanced squamous cell cancers in combination

with cetuximab immunotherapy.

Despite the preclinical and clinical success of both organic and inorganic nanomedicines, major
guestions and challenges remain that hinder their further development. Herein, a conceptual framework is
presented for assembling existing knowledge. This framework provides a structural understanding of
nanomedicine, focusing on the fundamental design principles and mechanisms governing their functions
and toxicity. An emphasis is placed on clinically approved formulations and next-generation inorganic
nanomedicines, which we believe will significantly contribute to oncology in near future. Through this
framework, we aim to facilitate nanomedicine research, development, and regulation by providing a useful

efficacy and risk assessment tool for cancer treatments.
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2.1.1 Organic Nanomedicine: Advanced Drug Delivery Strategies

Of the 24 currently recognized and approved nanomedicines for anticancer applications, 22 (92%)
contain organic NPs (Table 1).120122123128-130 Generally, many therapeutic biomolecules, including
antibodies, hormones, and synthetic polymers, naturally qualify as hanomedicines because of their size
alone.®132 However, most researchers and this work limit the term nanomedicine to only those materials
that have been engineered (including simple chemical modifications) to possess additional therapeutic
functions or pharmacokinetic properties. Using this definition, there have been clinical successes for cancer
treatment in the forms of lipid vesicles, biodegradable polymers, engineered proteins, and antibody-drug
conjugates (Table 1, Figure 2).1941% |n addition, organic NPs made of dendrimers or polysaccharides such
as chitosan and hyaluronic acid have also gained intense research interest.’***** While some organic NPs
are designed to be therapeutic agents, most are designed as drug delivery vehicles to improve API
circulation and targeting. Among these, lipid NPs, i.e., liposomes and micelles, have seen the most attention

and success.

Table 1: Nanomedical products currently in clinical use for the treatment of cancer,120:122.123.128-130

Category Type Brand Name Composition Application
Organic  Liposome DaunoXome® Liposomal daunorubicin  Drug Delivery: increased delivery to
DepoCyt® Liposomal cytarabin the tumour site, prolonged circulation
_ _ A time, and/or lower systemic toxicity
Margibo® Liposomal vincristine
Onivyde® Liposomal irinotecan
(PEGylated)
Doxil® /Caelyx® Liposomal doxorubicin
LipODOX® (PEGylated)
Mepact® Liposomal mifamurtide
Myocet® Liposomal doxorubicin
Vyxeos® Liposomal cytarabine &
daunorubicin (5:1 Molar
ratio)
Lipusu® Liposomal paclitaxel
Micelle Apealea® Micellar paciltaxel
Genexol-PM®
Antibody- Kadcyla® Ado-trastuzumab
Drug emtansine & anti-HER2
Conjugates Adcetris® Brentuximab vedotin &
anti-CD30
Besponsa® Inotuzumab ozogamicin
& anti-CD22
Mylotarg® Gemtuzumab
0zogamicin & anti-
CD33
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Polymer- Eligard® Leuprolide acetate &

Drug PLGH (poly (DL-
Conjugates lactide-co-glycolide))
polymer
Engineered Oncaspar® PEGylated L-
Proteins asparaginase
Asparlas®
Abraxane® Albumin-bound
paclitaxel NPs
Ontak® Interleukin 2 &
diphtheria toxin fusion
protein
Zinostatin Poly(styrene-co-maleic
stimalamer® acid) conjugated
neocarzinostatin
Inorganic  Nanospheres ~ Nanotherm® Iron oxide NPs (~15 nm,  Magnetic hyperthermia therapy:
aminosilane coated) thermal ablation of tumor
Hensify® Hafnium oxide NPs Radiation therapy: enhanced dose
(~50 nm, phosphate deposition
coated)

Liposomes are small spherical vesicles composed of at least one phospholipid bilayer that can
encapsulate hydrophilic drugs in the aqueous core and hydrophobic compounds in the lipid lamellae (Figure
2A(1)). Micelles are similar structures lacking an aqueous core, preferentially encapsulating hydrophobic
compounds. Many conventional anticancer drugs exhibit poor pharmacokinetics, limited bioavailability,
and high systemic toxicity, which severely limit their use in clinical settings.*? Being encapsulated within
liposomes or other nanocarriers, such drugs are protected from early degradation during circulation and
delivered at high concentrations to their target sites, improving their efficacy profile relative to the free
drug.10135-137 This enhanced permeability and retention (EPR) effect was initially believed to occur because
of poor angiogenesis in solid tumors, producing fenestrae that nanoscale objects could enter selectively,
and rapid tumor growth preventing lymphatic drainage.!¥-14* As such, NPs could passively target and be
retained by tumors. However, recent observations have shown that NPs may accumulate in tumors primarily
via active endo-/transcytosis mechanisms induced by absorbed serum proteins.'#214® Regardless, the EPR
mechanism cannot be discounted entirely, and both mechanisms likely co-occur at varying rates. Adsorbed
serum proteins were also shown to determine NP interactions with the immune system and organs
responsible for blood filtration.*+1%® This discovery led to the development of the ‘second generation’ of
nanomedicine, most known in the form of ‘stealth liposomes’. These formulations contain surface coatings,
such as polyethylene glycol (PEG), which prolong their circulation time by altering protein absorption
(Figure 2A(11)).146149 Approved PEGylated liposomes include Doxil® /Caelyx® (liposomal doxorubicin
(DOX)) and Onivyde® (liposomal irinotecan). PEGylated forms of L-asparaginase (Oncaspar® and
Asparlas®) have also been approved.'*® Although PEG increases blood circulation times, some drugs have

an increased incidence of side effects when encapsulated in PEGylated liposomes. For example, extended
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circulation times allow Doxil®to permeate from microcapillaries in the hands and feet, producing blistering
and inflammation (known as palmar-plantar erythrodysesthesia).** Comparatively, non-PEGylated DOX
(Myocet®) does not promote this side effect while maintaining a similar efficacy profile.**21® Therefore,
conventional non-PEGylated liposomes are not obsolete and have seen more approvals by the US Food and
Drug Administration (FDA) and EMA.

(A) 1) 1st Generation
Conventional Liposomes

Hydrophilic Drugs
(i.e. DOX-HCI, Irinotecan) [

Negatively
Charged Lipids

Hydrophobic Drugs
(i.e. Paclitaxel,
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Figure 2: Organic nanoparticles (NPs) used in anticancer treatment strategies. A) Liposomes are the most widely used
NPs and are categorized into four distinct generations based on incremental developments. These include (1)
conventional liposomes made of phospholipids encapsulating hydrophobic and/or hydrophobic drugs, (I1)
PEGylated/stealth liposomes containing a surface polyethylene glycol (PEG) layer for reduced clearance, (l111) targeted
liposomes containing specific ligands to target the tumor site, and (IVV) multifunctional liposomes, such as hybrid
organic-inorganic composites, which can be used for both the diagnosis and treatment of solid tumors. Adapted with

permission under a Creative Commons CC BY License (https://creativecommons.org/licenses/by/4.0/) from ref 4°,

Copyright 2015 The Authors. B) Examples of clinically approved non-liposomal organic nanoparticles.

2.1.2 Inorganic Nanomedicine: Reactive & Multifunctional NPs for Oncology

Inorganic nanomedicines are primarily composed of solid NPs with various shapes and structures.
Unlike organic NPs, which are usually inert or possess limited activities, inorganic NPs often possess
inherent reactivities due to their specific composition, high surface energy, and distinct optical properties

resulting from quantum-mechanical effects.’® As size decreases and particle curvature increases, the
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number of surface atoms (relative to the NP core) and defects to the NP’s lattice structure increase as well.

The nanoscale introduces lattice rearrangements that favour the confinement of electrons and the formation

of discrete electronic states.™® Altogether, these nanoscale effects produce reactive surface sites and distinct

interactions with light and radio-waves. This gives inorganic NPs the potential to be used as therapeutics

and imaging contrast agents.**%5” Importantly, because these effects are enabled by overlapping properties,

many nanomedicines can be design as multifunctional packages combing multiple imaging and treatment

modes. Currently, several inorganic nanomedicine clinical trials are underway, including several phase IlI

trials (Table 2). For inorganic nanomedicine, understanding how composition and structure impacts activity

is key for clinical success, both in cancer therapy and in other medical applications.

Table 2: Inorganic nanomedicines currently in active clinical trials for imaging and cancer therapies.

Nanomaterial Application Disease Clinical Trial Phase
Silica NPs labelled with Magnetic Resonance Prostate Cancer NCT04167969 |
cyanine 5.5, human Imaging (MRI) and
prostate-specific membrane  Positron Emission
antigen inhibitor, and ®*Cu  Tomography (PET)
Gold@Silica Nanoshells Photothermal Therapy Prostate Cancer NCTO04240639 N/A
(AuroLase®)
Gold NP-drug conjugates Convection-Enhanced Brain Cancers NCT04264143 |
(MTX110) Delivery (CED) of
Solubilized Panobinostat
Cadmium sulfide@zinc Fluorescence Bioimaging Breast Cancer NCT04138342 |
sulfide Quantum dot-drug & Chemotherapy
conjugates (Veldoreotide)
Hafnium oxide NPs Radiation Therapy (RT)  Lung Cancer NCT04505267 [
(Hensify® or NBTXR3) Pancreatic Cancer NCT04484909 |
RT & Immunotherapy Recurrent or Metastatic NCT04862455 1
(Pembrolizumab) Head and Neck Squamous
Cell Cancer
Recurrent Head and Neck ~ NCT04834349 I
Squamous Cell Cancer
RT & Immunotherapy Lung and Liver Metastases NCT05039632 171
(Ipilimumab and
Nivolumab)
RT & Immunotherapy Locally Advanced NCT04892173 11
(Cetuximab) Squamous Cell Cancer
Gadolinium-chelated Brachytherapy (RT) & Locally advanced Cervical NCT03308604 |
polysiloxane NPs Chemotherapy Cancer
(AGUIX®) (Cisplatin)
RT & Chemotherapy Glioblastoma NCT04881032 11
(Temozolomide)
RT Lung and Pancreatic NCT04789486 11
Cancer
Multiple Brain Metastases  NCT03818386 1
Stereotactic RT Multiple Brain Metastases ~ NCT04899908 1
Proton RT Recurrent Cancers NCT04784221 1l
Superparamagnetic iron Magnetic Prostate Cancer NCTO05010759 N/A

oxide NPs (SPIONS)

Thermoablation
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(e.g., NanoTherm®, Magnetic Osteosarcoma NCT04316091 |
FerroTrace®, Ferraheme®, Thermoablation

Magseed®, Magtrace®, Diagnostic MRI Bladder Cancer NCT04369560 I
Ferrotran®) Prostate Cancer NCT04261777 11
MRI for RT Planning Liver Cancer NCT04682847 N/A
Sentinel Lymph Node Colorectal Cancer NCT05092750 I/l
(SLN) Monitoring by Breast Cancer NCT05161507 N/A
MRI NCTO05359783 I/l
NCT04722692 11

Therapies commonly enabled by inorganic NPs include photodynamic, photothermal, and
chemodynamic therapies.*8-1%° Phototherapies kill cancerous cells by utilizing heat or reactive oxygen and
nitrogen species (ROS and RNS) generated via low-energy photons.%®16* Chemodynamic therapy (CDT),
in contrast, does not require a light source, but instead uses catalytic NPs to generate ROS.*%*162 These
approaches can serve as monotherapies or be combined with other treatment modes such as radiation
therapy (RT) and small-molecule chemotherapy.'®® However, these properties are also implicated in the
toxicity of NPs to healthy tissue as undesired ROS generation could induce oxidative stress and
inflammation. Several iron-based NPs approved for magnetic resonance imaging (MRI) were subsequently
discontinued due to such toxicity concerns.'®* Reactive NPs used in CDT possess the greatest risk of ROS
generation due to their readily available substrates, e.g., endogenous H,O,, while photoresponsive NPs
could be activated by ambient light near the skin surface. As a result, only a handful of inorganic

nanomedicines are currently clinically available (Table 1).

Some inorganic NPs may draw interest due to distinct properties associated with their atomic
composition,>31°6.163.165.166 Gold and iron NPs, for example, are often chosen for cancer diagnostics and
therapies due to their interactions with radiation and magnetic fields. Radiation therapy (RT) is widely used
to diagnose and treat tumors, with ~50% of all cancer patients receiving RT in some form.¢71%8 Clinical
RT uses targeted doses of high-energy ionizing radiation to damage malignant cells and inhibit tumor
growth, and can be explained through direct and indirect mechanisms.2%® The direct mechanism involves
the interaction of ionizing radiation with DNA to form lesions, whereas the indirect mechanism involves
the production of ROS to damage DNA and other cellular components such as lipid membranes.1%1"
Despite RT’s general efficacy, limitations arise through a combination of the exposure of healthy tissue to
high doses of damaging radiation and the development of radiation-resistant tumor subpopulations.’2174
One method to overcome these issues is combining RT with other treatment strategies. As defined by Steel
and Peckham, there are four mechanisms by which adjunctive chemotherapy can enhance RT: (1) the spatial
cooperation of two independent treatments; (2) the combined toxicity of chemotherapy and RT; (3)
protection of normal tissue from radiation; and (4) the sensitization of cancerous tissue to radiation.>17

These approaches have collectively resulted in significant improvements in overall cancer survival, with
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the critical contribution of radiosensitizers.1’>176177 By sensitizing cancerous tissue, lower radiation doses
can be applied to minimize side effects to the surrounding healthy tissue while maximizing local tumor
destruction. Traditional methods of cancer radiosensitization include the use of conventional
chemotherapeutics, such as fluoropyrimidines, which deregulate S-phase cell cycle checkpoints and DNA
repair, and cisplatin, which forms DNA adducts to inhibit replication.’81® Since resistance to these drugs
can arise, the development of small molecule-based radiosensitizers has slowed significantly in recent
years.'8-182 However, the rapid development of nanotechnology has evoked great interest in using low
toxicity metallic NPs, particularly those containing high-Z elements such as gadolinium, hafnium, and gold
NPs (GNPs), to enhance RT because of their strong photoelectric interactions with X- and y-rays compared
to biological tissue.124166183-187 These interactions result in a more localized dose of radiation energy.
Recently, lower-Z metals, such as titanium, iron, and copper, have also piqued interest for sensitized RT

through synergistic mechanisms based on chemodynamic and photothermal therapies, among others.>%163
2.1.3 Current Challenges & Gaps for Regulators & Researchers

Regulatory agencies, such as the FDA and EMA, assess medical products containing nanomaterials
for both clinical trials and market use.!®18 However, despite the early success in nanomedicine, there is
currently little regulatory guidance available to support the development of future products.**®9 While the
FDA has released some documents related to nanomedicines, these are non-legally binding and do not
provide specific guidelines for evaluations of NP-based efficacy or toxicity.!%1% Rather, these articles
simply reflect the FDA’s current thinking. Presently, medical products containing NPs are cautiously
reviewed by regulatory bodies on a case-by-case basis according to their primary mechanisms of action and
are subject to conventional regulations related to small drug molecules, biologics, or medical devices.8%1%
This process typically involves three phases of clinical trials in addition to post-market surveillance studies
to ensure long-term safety. However, the conventional classification systems used to determine appropriate
experimental guidelines are challenging for NPs because of their distinct properties and cross-category
features.®®1% The FDA has thus routinely classified nanomedicines as combination products, assigning each
a primary regulatory category, e.g., a drug or device, and then supplementing additional requirements when
considered necessary. While this approach gives regulatory agencies flexibility to cope with the challenges
and uncertainties associated with NPs, it also makes it more difficult to provide general regulations for
nanomedicine development and evaluation. Furthermore, nanomedicines often require special assays to
evaluate their efficacy and toxicity. For example, several NP formulations have been found to interfere with
conventional assays such as those for endotoxins (Limulus amoebocyte lysate (LAL) assay),*®’ cell viability
(MTT assay),'®® and cytokine production (Interleukin-8 ELISA).X* In the case of liposomes and other

nanocarriers, their pharmacokinetics must consider the encapsulated, free, and leaked API fractions;
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however, it is highly challenging to accurately measure non-encapsulated API levels as their in vivo

concentrations are often very low in comparison to NP- and protein-bound forms.?%

In addition to the normal pathway for approval, nanomedicines developed for unmet health needs
or to treat life-threatening diseases may qualify for an accelerated review under breakthrough therapy status
or emergency use.!® There are also approval routes for copies of approved brand-name products after patent
expiry, i.e., generics or similars. In the context of nanomedicine, the term nanosimilars is used for
nanoformulations with identical physicochemical properties compared to an original product. Importantly,
the approval route for generics does not require full-scale clinical trials, but only evidence showing
therapeutic equivalence. Therefore, generics and nanosimilars can theoretically be approved at a faster rate
and enter a competitive market, increasing supplies and reducing costs for patients. However, compared to
small-drug molecules with easily characterizable structures, nanomedicines are far more complex and
difficult to synthesis consistently. In addition, there has been inconsistencies among regulatory agencies in
regard to defining and determining the equivalence of NPs due to their distinct behaviors,18201.202 For
example, the FDA and EMA have taken different stances on the approval of LipoDox, a generic version of
Doxil. Lipodox was approved by the FDA but rejected by the EMA because no bioequivalence study for
unencapsulated/leaked DOX was provided. As such, nanomedicine or nanosimilar applications intended
for international markets may be subjected to different approval criteria with different data requirements in

different areas.

Without clear and specific regulatory guidelines supporting nanomedicine development, strategic
financial investments cannot be properly weighed, which may result in slow development of nanomedicines
182.203.204 Conventional drug development programs are time-consuming and expensive, taking ~5-12 years
(out of a 20 year patent) and costing >350 million USD (not including marketing costs and liabilities) to
produce a single product for a specific application under one regulatory agency.?®® As nanomedicines are
physically complex, likely subject to inconsistent regulations, and can require alternative testing methods
for evaluation, the time and cost for their development may be significantly higher.?®® Additionally, while
phase | trials for nanomedicine are often promising (>90% successful), the success rate of phase Il and 11l
trials, which measure safety and efficacy, is only at 48% and 14%, respectively.?°” For most clinical trials,
failure has been reportedly due to a low efficacy in patients, although many results contain proprietary
information and are thus not publicly available.?"-2® The most detailed advice on NP development and
approval can only be offered after the FDA or other agencies perform clinical trial reviews'?; however, it
is challenging for regulators to issue guidance because of significant uncertainty regarding the incidence
and mechanisms of NP toxicity.®* In addition to clinical trial failures, some nanomedicines have been

discontinued after approval due to arising safety concerns. For example, in 2006 it was found that Ontak, a
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protein-based anticancer nanomedicine, could result in vision loss through an unknown mechanism and
received a black box warning, which is the FDA’s highest safety-related warning.2%® In addition, several
iron oxide NPs designed for iron replacement therapy and MRI imaging (e.g., Feridex and Feraheme) were
also discontinued due to limited benefits and fatal anaphylactic reactions.'**2° Most recently, side effects
including fatal heart issues (myo/pericarditis) associated with the emergency use SARS-CoV-2 vaccines
have caused public controversy.?!* Such cases underscore the cautious approach of regulatory agencies and
reflect the difficulty in predicting NP behaviors in human patients relative to cell or animal models. While
phase Il and Il studies are designed to detect side effects, these trials only include a limited number of
patients (~300-3000 individuals required including controls),??2!3 which may cause rarer side effects to go
unnoticed until larger post-market/phase IV trials. In order to enact a safe-by-design approach, maintain or
improve treatment efficacy, and be commercially viable, a firm mechanistic understanding of nanomedicine
is critical to predict outcomes early in development. To accomplish this, regulatory agencies and researchers
require an comprehensive decision framework linking the physicochemical characteristics of

nanomedicines to their toxicological effects.?*

The remaining uncertainty surrounding nanomedicine is partially caused by insufficient efforts
spent in studying fundamental structure-activity relationships (SARs).%®172188215 Contemporary research
has identified that the physicochemical properties of a NP, such as size, shape, composition, surface
properties, and crystal structure/phase, ultimately control its biological fate, chemical reactivity, and
toxicity.#°4 A recent meta-analysis by Labouta et al. found that NP cytotoxicity could be primarily
predicted from the material’s chemistry, followed by NP concentration, size, cell type, and the cytotoxicity
screening indicators.?® Other factors, such as surface charge and redox potentials, are also valuable
parameters, although they are often insufficiently reported.?t’-2'° Labouta et al.’s meta-analysis, for
example, observed that 64% and 56% of the representative publications lacked appropriate reporting of
surface chemistry and zeta-potential (surface charge), respectively.?'® Other reviews have also noted that a
lack of consideration of NP transformations in the biological environment can result in incorrect
identification of the relevant characteristics.1%220-223 When investigating NP size effects, the formation of
an adsorbed protein layer on the NP surface is often not accounted for, leading to incorrect assumptions
about the NP’s in vivo size and behavior. In addition, differences between techniques and experimental
conditions can also make identifying SARs difficult as these do not allow for replication and comparison.
Therefore, some researchers have proposed implementing minimum reporting standards to harmonize
nanomedicine research,??* although others have worried that applying overly strict publication requirements
may slow down research progress.** Regardless, understanding how key physicochemical parameters
influence NP activity and their interactions with biological systems is essential to developing accurate

decision frameworks for future nanomedicine development and regulation. These mechanisms are
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particularly important for RT because of the significant overlap between the radiosensitization mechanisms
and NP toxicity, which can further complicate treatment optimization and risk-benefit assessments.??®

In addition to their direct toxicological significance, studying SARs are of special interest for in
silico modeling to address the ethical concerns of large-scale animal testing and the development of
nanosimilars following market expansion.?26-22% The FDA noted that while the current animal-testing
paradigm is unlikely to end soon, alternative methodologies, such as quantitative structure-activity
relationship (QSAR) computational models, have successfully predicted some toxicological endpoints, and
thus their submission in combination with traditional studies is encouraged.?”® The development and
application of computational methods are also supported by the EU’s Registration, Evaluation,
Authorisation and Restriction of Chemicals (REACH) regulation as exploratory and predictive tools in risk
assessment.?® In 2012, the Organisation for Economic Co-operation and Development (OECD) launched
a program on the development of Adverse Outcome Pathways (AOPs; Figure 3) to facilitate these efforts.?%
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Figure 3: A schematic of an adverse outcome pathway (AOP) network in toxicology. In the AOP framework, a
molecular initiating event (MIE) is linked to adverse outcomes (Aos) through a series of downstream biochemical key
events (KEs).

The AOP framework reflects an evolution of pathway-based concepts for assembling toxicological
data across different biological organization levels. An AOP describes a chain of biological and chemical
events starting from a molecular initiating event (MIE), continuing through several downstream linked key
events (Kes), and ending at an observable adverse health or ecotoxicological outcome (adverse outcome,
A0).222 According to the OECD, AOPs are a central element of modern toxicological knowledge and
significant attention has been brought towards their use for nanotoxicity evaluations.??2332% Ag a “map”
of the key nano-bio interactions, AOPs can serve as a scaffold for assembling knowledge associated with a
given AO, inform the development of in vitro toxicological assays, and guide the interpretation of KE

measurements. While several researchers have created early AOPs for nanotoxicity analysis, 231232235239 3
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generalized framework suitable for evaluating both the safety and efficacy of therapeutic nanomedicines
has yet to be developed.

Notably, the AOP framework, which was designed for the toxicological assessment of small drug
molecules and bulk materials, has fundamental limitations in evaluating of the efficacy and toxicity of
nanomedicines. First, compared to conventional drug molecules that only have a few medically relevant
structural modifications, NPs possess much more tunable properties that can dramatically alter their
pharmacodynamic and pharmacokinetic behavior.24%2* These overlapping properties can result in many
common features not seen among different drug molecules. Second, AOPs are simplified activity pathways
describing a link from an MIE to an AO and do not consider material-specific properties or kinetics.?** As
such, medically relevant factors such as effective dose (including specific organ uptake and excretion) and
structural changes to the nanomedicine including NP dissolution, protein adsorption, and NP aggregation,
are ignored. Importantly, next-generation metallic nanomedicines generally do not exert their primary
effects via the activation of specific receptors or pathways but through a complex dysregulation of cellular
redox homeostasis.?*>?*® Therefore, conventional AOPs cannot be used as predictive models for
nanomedicines; instead, more complex pathway networks that account for the interactions between
nanomedicines and their local physiological environment are required.?*124424% |n this regard, a QSAR-like
understanding of nanomedicine is critical. Finally, a focus solely on adverse outcomes is insufficient when
evaluating nanotherapeutics. To treat life-threatening diseases, such as cancer, the safety considerations
must be balanced against various therapeutic endpoints, such as tumor reduction and radiosensitivity. To
accurately reflect this complexity and create a foundation for nanomedicine assessments, we propose a
multi-phase framework (herein referred to as the Nanomedicine Structure-Activity Framework (NSAF)),

which can be broadly applied to nanomedicines for cancer treatment strategies.
2.1.4 The Nanomedicine Structure-Activity Framework

The proposed framework is composed of three distinct but interconnected phases that represent
three different levels of biological complexity, through which the nanomedicine moves from the point of
administration to its therapeutic target. These phases include 1) the biodistribution phase accounting for
systemic distribution, blood clearance, and overall tissue impact; 2) the internalization phase detailing the
cellular level interactions involved in NP uptake and intracellular trafficking; and 3) the dysregulation phase
encompassing the molecular interactions between delivered therapeutic agents and intracellular
biomolecules or organelles, which ultimately result in therapeutic and toxic effects. Within each phase, an
AOP-like network (the Activity Network) is constructed to mechanistically link a virtual Parameter Space,
composed of the structural and environmental parameters used for modeling and assessment, to one or more

Evaluation Metrics through a series of Intrinsic Initiating Events and Biological Events (Table 3 and Figure
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4). The logical structure of each phase diagram is based on the principles of QSAR design and
computational modeling, featuring an identifiable input of known data and an output of predictable
outcomes. Feedback parameters are incorporated into the schemes to reflect the continually evolving
physiological state and physicochemical changes to the nanomedicine in vivo. Compared to small-molecule
drugs, nanomedicines possess distinct pharmacokinetics and pharmacodynamics, which are primarily
determined by the physicochemical properties of the nano-ingredients. However, such properties are often
strongly interconnected and it is difficult to modify one parameter while maintaining the rest constant in
mechanistic and predictive analysis.??° For example, altering the NP shape can simultaneously impact its
size, the spatial distribution of surface defects and functionalizations, and the propensity for surface
adsorption. While further research is required to identify the contribution of each parameter for accurate in
silico modeling, generalized trends can be identified and refined. As such, this framework should possess

widespread utility for research in both nanomedicine and nanotoxicology.
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Figure 4: The structure of the Nanomedicine Structure-Activity Framework (NSAF). Nanomedicine and patient
characteristics are first entered into a Parameter Space (PS), which represents the in vivo conditions and reactivity of
the nanoparticles at different levels of biological complexity. Based on these properties, one or more Intrinsic Initiating
Events (IIEs) occur at various rates that result in a series of physiological responses leading to measurable or
predictable outcomes. The links between different events and outcomes are classified into three types: casual,

influential, and characteristic.

Table 3: Description of the different components of the Nanomedicine Structure-Activity Framework (NSAF).

Section Component(s) Definition/Description
Parameter Space Intrinsic Nanoparticle *The physical or chemical properties of the
Parameters (NP) nanomedicine, specifically the active NP or inert
Parameters nanocarrier components.
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*Common critical quality attributes (CQAs) defining
NP structure and stability.

Drug
Parameters

*Pharmacokinetic and mechanistic properties of loaded
drug molecules (when distinct from an active NP or
inert nanocarrier in the formulation).

Extrinsic
Parameters

Biological
Parameters

*Parameters describing patient biology that can interact
with the administered nanomedicine.

Includes parameters related to the aqueous carrier,
e.g., blood and interstitial fluid, individual cell/tissue
types, patient comorbidities, etc.

Stimulus
Parameters

*Parameters describing externally applied medical
stimuli, e.g., ionizing radiation, UV-Vis-NIR light,
applied magnetic fields, etc.

Feedback
Parameters

*Parameters informed from observed or predicted
outcomes, e.g., NP dose distribution, changes to NP
surface over time, tumor volume reduction, etc.
*Can have kinetic (affecting the rate) or mechanistic
(affecting or enabling/disabling pathways) effects on
different events in the Activity Network.

Activity
Network

Intrinsic
Initiating Events
(lIEs)

*An initial physical or biochemical event caused by the
nanomedicine after administration, which can lead to
one or more specific outcomes.

*Highly dependent on the physicochemical properties
of the nanomedicine and its components.

Biological
Events (BESs)

*A downstream change to a physical or biological state
that is essential, but not necessarily sufficient, for the
progression of an II1E towards an outcome.
+Can affect the rate of IIEs and other BEs through
biochemical feedback cycles.

Evaluation
Metrics

Treatment and
Toxicological
Endpoints

*Common clinical, regulatory, or research and design
endpoints that are typically considered in evaluating
the performance or risks of anticancer medicines.
«Can be informed from one or more events, as well as
feedback parameters.

Phase Feedback
Parameters

*Changes to the nanomedicine or patient (including the
disease site) that can be characterized quantitatively or
qualitatively.

*Can be used to assess endpoints or modify the
Parameter Space.

*Can inform how the events of one phase influence
another.

The first component of the NSAF, the Parameter Space, provides a distinct advantage over other
pathway-based models, such as conventional AOPs, for nanomedicine. Currently, confusion and
misconceptions exist over the generalized nature of AOPs and their application. Because chemical-specific
properties, such as toxicokinetics, must be considered to predict specific outcomes in real applications,
there is a tendency to represent AOPs in a chemical-specific manner.?*¢ However, small-molecule
pharmaceuticals can possess drastically different modes of action and thus any specialized AOP might not
apply to other molecules. As such, chemical-specific models can be perceived too limited in scope. In

contrast, generalized AOP models linking outcomes to a simplified cause, e.g., an MIE such as enzyme
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inhibition, regardless of the chemical initiator itself, have more widespread utility, but cannot be used to
assess any specific risk.2*® Within each Phase of the NSAF, the Activity Network can be viewed as a
generalized model describing all possible interactions for various nanomedicines. While nanomedicines
can have many different functions based on their APIs, their NP components possess many common
behaviors. The Parameter Space then determines the events that occur in the Activity Network by linking
them to the characteristics of both the nanomedicine and the patients rather than only the specific category
of APIs. The NSAF, therefore, combines the desired traits of both generalized and specialized pathway
models for evaluating nanomedicine. The components of the Parameter Space include (1) intrinsic
parameters such as relevant critical quality attributes (CQAs) describing the nanomedicine’s
physicochemical structure and stability, (2) extrinsic parameters characterizing the biological and physical
stimuli that interact with the nanomedicine, and (3) feedback parameters used to connect the different
Phases for holistic evaluations and fine-tune of the NSAF over time.?*” Altogether, these parameters reflect
the in vivo conditions of a nanomedicine at any given time, and thus how it behaves. While the exact
mathematical descriptions of such behavior are beyond this review, the NSAF provides a map guiding their

development and integration.

Within the Activity Network, Intrinsic Initiating Events (I1ES) are the starting points of one or more
pathways that are directly caused by the specific physicochemical properties of the nanomedicine. These
initial events reflect the strongest structure-function relationships for the nanomedicine and are of particular
importance for in silico modeling and the development of diagnostic assays. Biological Events (BESs) are
downstream biological responses to IIEs, which can be independent of the NP characteristics. However,
BEs can produce feedback loops that then affect the kinetic rate of 1IEs. The links between events and
outcomes can be categorized as either causal, influential, or characteristic. For casual links, the preceding
events directly causing the later events to occur. Influential links indicate that a prior event can affect
subsequent events but is not a prerequisite for their occurrence. Finally, characteristic links are used for
events that generate measurable feedback parameters. These parameters describe significant changes to the
nanomedicine or patient physiology in the Parameter Space, and therefore have the potential to influence
multiple apparently unrelated events, including those in other Phases. As feedback parameters describe the
characteristics of the nanoformulation and patient physiology at any time point, they can also be used to
assess treatment endpoints. Importantly, the NSAF should be viewed as a living document as additional
evidence either supporting or rejecting a particular event emerges. This makes the NSAF an evolving but

foundational map to model the behavior of nanomedicine.

Finally, more than the AOP framework, which only focuses on adverse toxicological effects, the

NSAF’s Evaluation Metrics also represent therapeutic outcomes and pharmacokinetic data. As any single
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endpoint is insufficient for evaluating the overall pros and cons of a nanoformulation, conclusions can only
be drawn by evaluating various pharmacokinetic and pharmacodynamic endpoints obtained through multi-
phase assessments. Focusing on one or a limited subset of metrics risks overlooking important side effects
and applications. Thus, the NSAF should be used not only to solve specific questions, but also as a support
framework to integrate and guide future research and regulations.

2.2 Phase |: Nanomedicine Biodistribution & Clearance

The Biodistribution Phase (Phase I) primarily accounts for the nanomedicine’s behavior at the
blood and tissue levels following intravenous or intratumoral injection (Figure 5). Phase 1 is the highest-
level overview of nano-bio interactions, with the key cellular and molecular interactions being explored in
Phases Il and IlI, respectively. The interphase connections are accounted for by feedback parameters. For
example, Phase Il parameters can improve predictions of NP uptake by accounting for uptake routes and
transport rates within the tumor volume,?*® while Phase I11 highlights the mechanisms underlying cell death
and inflammation. However, both later phases are dependent on the events outlined in Phase I, in particular
the surface protein adsorption and the EPR effect, which influence overall localization and cellular uptake

of nanomedicines.
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Figure 5: Phase | (Biodistribution) of the NSAF for anticancer strategies, representing the highest level of biological
complexity. The Parameter Space includes intrinsic parameters relating to the pristine nanoformulation (Critical
Quality Attributes (CQAS)), extrinsic parameters such as blood pressure and tumor definition, and finally feedback
parameters, e.g., the identity of the protein corona or the specific NP dissolution rate. Phase | focuses on the behavior

and fate of the nanomedicine in the patient’s blood, tumor, and organs, including both the beginning of the treatment
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(injection of the nanomedicine) and its final assessment (endpoints representing the overall biocompatibility and

efficacy of the nanomedicine).

The events outlined in this section combine to generate several outcomes, including clinical
responses that are key for the overall assessment of treatments. In contrast to AOPs that are only used to
measure ‘adverse’ outcomes, such as tissue fibrosis, carcinogenesis, and (pseudo)allergic responses,
measurements of therapeutic efficacy such as tumor reduction are considered in NSAF to provide beneficial
outcomes.?**-25! This allows the weighing of both risks and rewards within the same model. Additionally,
pharmacokinetic endpoints are assessed. Similar to regular pharmaceuticals, nanomedicines possess dose-
dependent effects that must be considered to accurately predict patient outcomes. Selective, sufficient, and
homogenous dose delivery to the tumor site are the primary nanomedicine design considerations, but early
removal and off-target accumulation by defensive systems are significant barriers to these goals. As such,
the conventional design paradigm for nanomedicine has mainly focused on engineering NP structure for
extended circulation via macrophage evasion and avoiding organ accumulation. However, nanomedicines
with low biodegradability (primarily inorganic NPs) must be removable by the body’s defensive systems
to prevent chronic toxicity following treatment, and therefore cannot simply bypass them entirely.?52253
Within pharmaceutical applications, regulations favor APl clearance within a certain timeframe.?*
Therefore, ideal nanomedicine design must consider the change of NP properties across different biological
systems, as focussing on only one tissue type will lead to sub-optimal clinical performance.

2.2.1 The Biocorona: Biological Identity

A key element for both Phases I and II is the natural formation of the ‘biocorona’ (often referred
to as the protein corona) that mediates NP-cell interactions including uptake, intracellular transport, and
clearance.}#+14525% Upon contact with biological media, such as blood, interstitial fluid, or cytoplasm,
organic and inorganic NPs rapidly adsorb native biomolecules (including proteins, sugars, nucleic acids,
and lipids) forming nanoconjugates.?¢2° These conjugates can then further bind to different cellular
receptors, which confer the NP with an additional ‘biological identity’, or alter the NP properties including
the hydrodynamic size, colloidal stability, and reactivity.?®®%! The biocorona is commonly comprised of at
least two layers: the ‘hard’ inner layer biomolecules absorb with a high affinity and low dissociation rate
(allowing them to mediate NP-cell interactions) and the ‘soft’ outer corona of weakly adsorbed
biomolecules that undergo rapid and continuous exchange (Figure 6).14422 The inner hard corona is the
more interesting layer because the biocorona of a particle migrating from one biological fluid/space can
carry a “fingerprint” via strongly adsorbed serum proteins.?324 This provides a means of characterizing,
predicting, and engineering the biocorona’s composition and effects. Because of the rapid exchange in the

soft corona, the outer layer does not influence NP-cell interactions so much as the hard corona; however, it
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can act as a transient blocking agent for cell recognition or the adsorption of other molecules.?®® PEGylated
NPs were initially believed to improve circulation by preventing protein adsorption, although recent
research has shown that PEG merely reduces protein binding rather than complete inhibition. 266267
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Figure 6: The formation and composition of the NP biocorona. The biocorona is commonly composed of two layers:
the hard and soft coronae composed of tightly bound and rapidly exchanging proteins, respectively. The biocorona

formation depends on intrinsic and extrinsic parameters and is subject to layer instabilities because of the VVroman
effect. Adapted with permission from ref 268, Copyright 2019 Springer Nature.

The nature of the biocorona formation and fate depends on the intrinsic properties of the pristine
NPs, e.g., size, charge, and functional groups, and extrinsic parameters relating to the route of entry, local
protein concentration, incubation/circulation time, and disease and patient characteristics. 258262269271 Thege
observations indicate that NPs form biocoronae distinct to each individual's physiology.2”? Cancerous cells
also have their own “secretomes” containing hundreds of tumor-derived proteins that can further complicate
the biocorona’s composition.?”® The structure and concentration of human plasma proteins are altered by
lifestyle choices and comorbidities including cancer, obesity, diabetes, smoking, and pregnancy.?%27427
These differences can have a subtle yet significant impact on the biocorona formation as NP protein
adsorption evolves based on the local protein concentration.?’®?”" Proteins additionally undergo
reorientation and conformational changes on the NP surface in a “hardening” process, yielding a partially
denatured state with a reduced dissociation rate.?’®2 Therefore, both protein composition and

conformation on the NP surface can significantly influence its interaction with important cellular
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receptors.?#:282 Conformational changes producing ‘unnatural’ conformations during opsonization can
initiate phagocytosis and inflammatory reactions from macrophages.?®® Although there are thousands of
different human serum proteins with concentrations spanning 9-10 orders of magnitude, only ~350-500
proteins have been observed bound to various NPs. Among these, some NPs only selectively bind an even
smaller number of proteins at any given time.?%8284285 Because of this selectivity, strongly absorbed hard
corona proteins remain relatively constant, providing NPs with a ‘fingerprint’ of their initial environment
when administered.?63264286 This fingerprint is useful for nanomedicine design and the prediction of NP fate
as it can mediate tumor targeting and immune evasion.?8”-28 To facilitate the use of the biocorona to predict
NP delivery and efficacy, several early computational-based tools have been developed for modeling

biocorona formation and effects.?3-%%

The hard and soft coronae form rapidly in contact with biological media and show biological
fingerprints, but are unstable and dynamically change via the Vroman effect and other physical forces.?®
The Vroman effect is a time-dependent phenomenon where certain initially associated proteins are
competitively exchanged with others possessing higher affinities for the NP surface or extant
corona.?s5262:294-2% Thyjs js not limited to serum proteins, as even engineered surface functionalization can
be replaced. For example, native cysteines can replace thiolated mPEG on GNPs.?*” The Vroman effect has
conventionally been explained solely in terms of physical diffusion, with small fast-diffusing proteins
adsorbing first while large slow-diffusing proteins with stronger NP surface interactions are preferred at
equilibrium. However, this simplistic model ignores the contributions of electrostatic, hydrophobic, and
other protein-protein interactions. Angioletti-Uberti et al. calculated that proper consideration of additional
interactions, including steric and electrostatic interactions, through dynamic density functional theory
(DDFT), produces Vroman-like, i.e., non-monotonic, adsorption on polymethyl methacrylate (PMMA) NPs
in various scenarios. Moreover, consideration of energetic terms predicted both competitive and
cooperative NP surface adsorption.?®® As such, these complex models may provide a richer understanding
of biocorona formation and composition. The Vroman effect impacts the early development of both the
hard and soft corona; however, long-term effects during circulation and distribution (and thus changing the
local proteome) are largely limited to the transient soft layer while the hard layer remains relatively constant
as noted above. Shear stresses and catch-and-slip bonds within changing blood vessels diameters may
partially explain the differences in biocoronae formed in vitro and in vivo, although this is difficult to
confirm.2®9-301 Because of these effects, the biocorona should be viewed as dynamic when considering the

design and modeling of nanomedicines.
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2.2.2 Administration, Circulation, & Physiological Response

The administration route of nanomedicines can alter their biodistribution and clearance.?"4:302-305
For example, Délen et al., showed that intravenously administered poly(lactic-co-glycolic acid) (PLGA)
NPs accumulate primarily in the liver and spleen, whereas NPs delivered subcutaneously or intranodally
accumulated in local lymph nodes.* Currently, the most common administration routes for nanomedicine
include intravenous, intratumoral, and transdermal delivery.*®” Other methods tailored for specific disease
sites, such as pulmonary or oral delivery, are also examined.3®3° The circulation and clearance of
intravenously injected NPs is mainly determined by their interactions with blood- and tissue-resident
macrophages of the mononuclear phagocyte and reticuloendothelial systems (MPS/RES) within the liver,
kidneys, lymph nodes, and spleen.?1:252303.311-313 However, NP interactions with blood cells and platelets
should be considered. Several studies have found that NPs can perturb the coagulation system and cause
thrombi (clots) and thrombocytopenia (low platelet count) that can lead to life-threatening conditions.34-
317 Intratumoral injections can bypass many issues associated with blood circulation; however they are still
limited by barriers present at the tumor site. Additionally, methods for topical and transdermal delivery
must overcome barriers associated with skin penetration, with polymeric microneedles emerging as a
promising delivery platform.’®38320 Fyrthermore, NPs targeting central nervous system tumors must
contend with the blood brain barrier (BBB). Ultimately, to successfully model nanomedicine, we must
consider all the possible interactions during the NPs’ journey to the target site, and not simply disease
properties alone (Figure 5).

NP hemocompatibility is an emerging topic with limited understanding. The main cellular
constituents of blood are red blood cells (erythrocytes), white blood cells (leukocytes), and platelets
(thrombocytes). Numerous NPs, including silica, hydroxyapatite, and especially silver NPs (AgNPs), cause
significant hemolysis, with other NPs inducing blood cell aggregation or deformation despite having little
hemolytic activity.34321323 As such, hemocompatibility evaluations for nanomedicine should include
erythrocyte aggregation and deformation, in addition to hemolysis assays. Most NP hemolytic activity is
concentration-, structure-, size-, and shape-dependent, with smaller NPs appearing more hemolytic than
larger ones, likely because of their greater reactivity and uptake.®432* Hemolysis causes anemia but is also
associated with thrombi formation through nitric oxide (NO) sequestration by released hemoglobin.325-327
In addition, the effect of NPs on blood viscosity should be considered. Under physiological shear rates,
erythrocytes form linear face-to-face cell arrays (rouleaux) that contribute to the non-Newtonian behavior
of blood and can easily be dispersed.?4%28:32° However, enhanced erythrocyte aggregates are difficult to
disperse and can block small blood vessels and increase blood viscosity.®*° Erythrocytes travel down the

center of the blood vessel, pushing platelets and NPs towards the periphery.®**¥2 This phenomenon, called
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axial margination, is blood viscosity dependent and influences the platelet and nanoformulation distribution
within the vasculature. Increased blood viscosity enhances platelet margination, intensifying collisions with
the vascular wall and increasing the thrombus formation risk. Similar effects on blood viscosity are seen
for less deformable erythrocytes, a condition that can be induced by some NPs, 33333

The size effect of nanomedicine is a key factor in determining NP circulation time, biodistribution,
tumor targeting efficacy, and toxicity. To leverage the EPR effect and maximize tumor accumulation, the
sizes of nanomedicines are generally limited by upper and lower bounds determined by the filtration cut-
offs of the kidneys, liver, and spleen, and the vascular sizes of different tumors. The lower size limit for
NPs is specifically imposed by the renal filtration cut-off of 5.5-10 nm.312335-3%" |n the glomerulus of the
kidneys, blood is rapidly filtered through three overlapping membranous layers containing slits >30 nm
wide that form ~5.5 nm pores through which NPs and other compounds are rapidly excreted into the urine.
These pores are also charge selective for cationic compounds, which is the mechanism that allows the
kidneys selectively maintain some anionic proteins in the bloodstream.?*3*® While renal clearance is
essential because it prevents the accumulation of NPs in healthy tissue, rapidly cleared NPs do not
accumulate in the target tumors at high levels. The upper size limits are imposed by the highly variable
tumor vasculature (~300 nm—4.7 um) and the spleen, which has intercellular slits that preferentially filter
NPs >200 nm. 433341 |n general, the ideal size for optimal blood circulation and MPS/RES evasion is
estimated at ~100 nm.342343 However, to prevent chronic toxicity, the size of non-biodegradable and reactive
NPs is further limited by their accumulation in the liver. Phagocytes, such as those produced in the spleen,
preferentially ingest particles between 2—3 um and uptake smaller NPs to a lower extent. For example, well-
dispersed 20-200 nm AgNPs were taken up by THP-1 macrophages less than by nonphagocytic A549 and
HepG2 cancer cells.®*%5 AgNP aggregates, however, were taken up by macrophages to a higher extent. A
similar size effect is observed for organic NPs, such as liposomes, which are often designed with the EPR
effect in mind. An early study by Liu et al. investigating the biodistribution of liposomes from 30—400 nm
observed that 100-200 nm liposomes were up to 4-fold more concentrated in tumors compared to those
<50 and >300 nm.**%6 The liver uptake of particles <50 and >300 nm was observed to be 25% of the
injection dose, compared to 10% for 100 nm liposomes. 40-50% of the injection dose of particles >400 nm
was cleared by the spleen. It should be noted that organic NPs, such as liposomes, are more flexible and
deformable than inorganic NPs and can therefore possess different size optima despite having a similar
pristine size.3"3%¢ Additionally, some tumor treatments may benefit from the targeting of tumor-associated

or antibody-producing macrophages, and thus the concept of ideal NP size is treatment-specific.34°

Liver and spleen uptake are generally undesirable for nanomedicines; however, those NPs that are

not degraded at the target site or removed by the kidneys must eventually be cleared via the liver or spleen
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to avoid chronic toxicity. Thus, a detailed understanding of NP sequestration and clearance is crucial for
the effective optimization of NP delivery. Usually, organic NPs, such as liposomes, are readily degraded.
Therefore the concerns over long-term toxicity and clearance are focused on inorganic/metallic NPs, which
have a wide range of responses.?230-352 Sg far, the observed toxic effects of such NPs appear to resemble
their microparticle analogs, e.g., tissue fibrosis via long-term inflammation and immune cell
recruitment.?13%4-3% As hlood passes through the liver sinusoids, NPs can be taken up by hepatocytes, liver
sinusoidal endothelial cells (LSECs), B cells, and Kupffer cells (KCs).%23!! KCs and LSECs are typically
the first cells to interact with NPs and uptake the majority that pass through the liver through phago- and
endocytosis, respectively.335357-360 However, circulating NPs smaller than the diameter of liver sinusoidal
fenestrations (~100-150 nm) can extravasate into the space of Disse and interact directly with
hepatocytes.®61362 Hepatocytes are responsible for metabolizing compounds and releasing the products back
into the bloodstream or the bile and feces. NP filtration and clearance from the liver and spleen into the
feces is a slow, NP degradation rate dependant process.252303363-36 Sadauskas et al. found that 91% of
uncoated 4 nm GNPs accumulated in mouse livers the first day after injection remained after 6 months. 3¢’
More recently, Disdier et al. found that 33% of the Ti burden from intravenous TiO- NP injections remained
in Fischer F344 rat livers after 1 y.*® However, Chevallier et al. reported that 70% of an injected dose of
PEGylated MnO NPs was excreted within 48 h.%6® KC turnover could partially explain the slow clearance
of some NPs. KCs are completely replaced after 21 d and therefore some NPs may escape while dying KCs

are consumed by other cells and accumulate in the bile.33%3%

In addition to mediating clearance, interactions between NPs and macrophages or other immune
cells may initiate systemic toxicity because of host immune reactions such as complement activation and
thrombolytic events. These induce the release of cytokines and chemokines that regulate inflammation and
immune cell recruitment, cellular differentiation and activation, and allergic and pseudo-allergic
responses.2’4341370 \When such reactions occur shortly after administration they are termed infusion
reactions, hypersensitivity reactions, or anaphylaxis.>* The four main types of relevant immunological
reactions include immediate/type | (developing within 15-30 min), type Il (minutes to hours), type 11 (3—
8 h), and delayed/type IV (48-72 h).3"2 Type I-111 reactions are mediated by pre-existing immunoglobulins
(IgM, 1gG, and IgE) specific to at least one component of an antigen or drug product and specific immune
cells that recognize these antibodies.>”® Conversely, Type IV reactions involve T-helper and antigen-
presenting cells. Type | reactions, which pose the most risk to patients, are mediated by IgE and mast cells,
whose activation can lead to hay fever, allergic asthma, and anaphylactic shock. Outside of these
classifications, an additional IgE-independent reaction with symptoms resembling a Type | reaction can
occur via activation of the complement system. This system is composed of several dozen proteins found

in plasma and is responsible for non-specific immune responses. Upon activation, which can be triggered
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by binding to the NP surface or certain components of the biocorona, particularly those rich in hydroxyl
and amino groups,®®*7* the complement proteins are enzymatically cleaved to generate bound and free
fragments. Among them, the fragments that remain bound can both mark the NP for uptake by immune
cells and trigger additional complement cascade reactions.*#*® Meanwhile, the free fragments include
several anaphylatoxins that can trigger cell degranulation, similar to IgE antibodies. Although antibodies
can activate complement proteins, they are not the only trigger for inducing a severe hypersensitivity
reaction via the complement system. Therefore, this pathway is known as a complement activation-related
pseudo-allergy (CARPA).337° As mentioned earlier, significant complement-related side-effects observed
for several iron oxide NPs ultimately resulted in their discontinuation.?®370380 A recent review also
identified that ~50% of investigated NPs induced immune response among published in vivo studies.!
The immune system is incredibly robust and can produce antibodies against many foreign substances,
including nano-sized viruses, fullerenes, gold surfaces, liposomes, metal-ion-induced autoantigens, and
even cholesterol crystals.®¥2-38 |ike molecular antigens with distinct epitopes, NP have chemically and
geometrically distinct surfaces that antibodies and cellular receptors can recognize to induce an immune
response.®’®385 These receptors, including pattern recognition receptors (PRRs), may unintentionally
crossreact with misfolded proteins or surface functionalizations that structurally resemble pathogen or
damage-associated molecular patterns (PAMPs and DAMPs).%¢ As such, both surface functionalizations
and biocoronae should be taken into account for immunogenicity evaluation. Given the significant reports
of CARPA and other hypersensitivity reactions due to NPs, immunogenicity testing should become a

required standard for nanomedicine development.

PEGylation is considered the gold standard to form ‘stealth’ NPs for in vivo applications because
PEG is generally regarded as non-toxic.1%026537 However, PEGylation has been found to induce immune
responses and hypersensitivity through anti-PEG antibody production by liver and spleen cells.*®8% Recent
clinical trials of a PEGylated-aptamer, for example, found that several patients experienced anaphylaxis
due to pre-existing anti-PEG antibodies.>® Importantly, Armstrong et al. observed anti-PEG antibodies in
as many as 25% of healthy donors without a known exposure to PEGylated drugs.** This contrasts with
studies in the 1980s that indicated only a 0.2% occurrence.**? Most recently, allergic reactions have been
reported as a potential risk of several SARS-CoV-2 vaccines that contain PEG and similar compounds, e.g.,
polysorbate 80, as a liposome stabilizer.3%3% This increase in allergic responses among the general
population is likely due to the expanded use of PEG in cosmetics and food preservatives; however, the
widespread use of PEGylated nanomedicines may further increase this risk.3%3% Importantly, anti-PEG
antibodies can also produce the accelerated blood clearance (ABC) phenomena, which results in
diminishing returns for subsequent doses as the body can better recognize and remove PEGylated

compounds.®*”-3% These results indicate that alternative options for controlling blood circulation are needed
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to reduce dependence on PEG. Otherwise, common nanomedicine designs could become increasingly less
effective and more dangerous as generated anti-PEG antibodies may significantly increase the risk of early
clearance and hypersensitivity reactions.*® Even if the risk is relatively small, such effects could
significantly impact public perception and use. Candidate ligands such as polyamino acids, glycopolymers,
and polyoxazolines (Pox) have been suggested as potential options.**-4% However, as these compounds
could poise a similar risk in the future, their immunogenicity and safety must be carefully evaluated over

time.

The development of biomimetic NPs and erythrocyte hitchhiking represent emerging methods for
extending blood circulation and facilitating targeted delivering of NPs.*%44% Biomimetic NP formulations
incorporate cell-derived membrane proteins or vesicles to mimic the biological characteristics and functions
of native cells, enabling them to evade immune cell recognition.*%-4% Furthermore, these NPs can deliver
cellular components that favorably modulate immune responses.*®#° In contrast, erythrocyte hitchhiking
uses intact cells as a delivery vehicle.**#12 Unlike small molecule drugs, whose half-life is typically a day
or less, cells can circulate in vivo for months. Therefore, when nanoparticles are adsorbed onto or are
internalized in circulating cells, their blood half-life can be substantially prolonged. NPs are typically
dislodged in capillary beds where the red blood cell must deform to fit through, and this strategy can result
in extremely efficient delivery to organs such as the lungs and brain without any additional targeting
moieties.*** However, as mentioned previously, the hemocompatibility of NPs is a concern and must be

balanced against delivery efficiency.
2.2.3 Tumor Targeting & Penetration

Most approved organic hanomedicines benefit patients via the reduction of severe side effects with
only a moderate increase in overall survival compared to standard therapies.*34* While these benefits are
welcome, such small increases in survival limit the potential clinical translation value of nanomedicine.?®
This apparently insignificant improvement is likely caused by many factors, such as an incomplete
knowledge about nano-bio interactions, limited regulatory guidance for nanomedicine design, and the poor
reliability of existing preclinical models.1%4t5 One factor that has gained significant research attention has
been the tumor uptake of injected NPs via the EPR effect, which has served as a foundational design
principle for nanomedicine and drug delivery. Although NPs possess inherent tumor-targeting properties
through the EPR effect, there are many EPR-related parameters that can vary between tumor subtypes,
resulting in suboptimal uptake.#1416-41° For example, different tumor possess vasculature fenestrations of
different dimensions and these can further vary between primary and metastatic tumors as well.420-42?
Tumors also have varying degrees of functional lymphatics and macrophage infiltration that can affect NP

uptake. These EPR parameters can further vary based on patient characteristics such as age, sex, body

34



composition, comorbidities, and co-medications, which are extrinsic, i.e. non-NP, parameters in Figure 5.422
As such, there has been considerable debate over its role relative to active uptake methods. One meta-
analysis concluded that only ~0.7% of injected NP doses (%ID) reached selected tumor sites even in high-
EPR xenografted tumors*?; however, more accurately, this metric represents the amount of NPs detected
in the tumors at every 1-hour interval throughout the evaluation period.*?44% After using established
pharmacokinetics calculations based upon area under the time concentration curves (AUCs), Price et al.
determined that the overall NP exposure to the tumor (AUCwmor) Was 76.12% of that of the blood plasma
(AUChi00d). These two metrics from the same dataset possess a difference of ~113-fold, highlighting how
metric selection influences the interpretation of results.*? Importantly, since NPs can either deliver or act
as APIs, no single metric suits all nanoformulations. Furthermore, the EPR effect and high NP uptake may
not be a significant factor for some types of nanomedicines. For example, liposomal formulations can
extend API circulation and increase tumor exposure without requiring a high delivery efficiency of the NPs
themselves. Because each liposome NP contains many API molecules, only a small fraction of the total
injected NPs may be sufficient to deliver a therapeutic dose. Furthermore, since nanoformulations have
much longer circulation times than small molecule APIs, both encapsulated and leaked drugs have an
overall longer exposure time to the tumor than a high-concentration injection of the molecule drug alone.
Therefore, a low %ID does not necessarily indicate poor drug delivery. Conversely, for NPs that act as APIs
by themselves, such as light-responsive NPs, the number of NPs accumulated within a tumor site can
directly determine their efficacy. For such NPs, either established pharmacokinetics or the EPR effect alone

may not be sufficient to evaluate nanomedicines.

Active tumor targeting is now a major topic in nanomedicine through engineering specific surface
ligands and manipulating the native biocorona.?”2°142 Tg reach solid tumors, NPs rely on a combination
of passive size-based diffusion through tumor fenestrae, i.e., the EPR effect, and active endocytotic
mechanisms, with recent research focusing more on the latter. Kingston et al. recently identified an
endothelial tumor cell subset with a specific preference for NP transport and vessel permeability.*?” Such
cells (termed nanoparticle transport endothelial cells, or N-TECs) were proposed to control NP uptake and
distribution within the tumor; however, whether these cells exist in all or only a small subset of tumors is
currently unknown. This highlights that understanding tumor cellular heterogeneity is key for proper
nanomedicine design. Although ligands, such as PEG, significantly reduce macrophage uptake, this
shielding also limits the NP-cell interactions that mediate tumor cell uptake.*?® In addition, the serum and
biocorona effects on endocytic uptake, i.e., the primary uptake mechanism for cancer cells, has caused
debate among researchers.*?*4%° Receptor-mediated endocytosis is widely accepted as a common pathway
for NP internalization and for this to occur via the biocorona, NPs must adsorb specific protein species of

the proper orientation and conformation. Enhanced NP uptake by cancer cells was commonly observed in
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serum-containing media; however, recent studies have also found enhanced uptake in serum-free media.*3*-
43 As such, some researchers believe that the biocorona may actually limit NP uptake by inhibiting non-
specific membrane interactions, which is another important mechanism facilitating NP

internalization.429:430.435
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Figure 7: A) The structure of a representative solid tumor and the barriers present for efficient NP penetration via the
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mechanisms involved in NP tumor penetration.

Once nanomedicines reach the tumor site they must diffuse across the whole tumor mass to achieve
a homogenous dose distribution and minimize the risk of disease reoccurrence from spared cell
subpopulations.**® Like the process of the NP reaching the tumor, the interstitial transport of NPs is
governed by both passive diffusion and active endo-/transcytosis mechanisms (Figure 7).437-4%
Transcytosis is a process where molecules are actively transported from one side of a cell to the other side
and is implicated in the regulation of plasma constituents and micronutrients among other processes. #4044
However, several factors limit the overall NP diffusion in the tumor microenvironment (TME). Because of
their rapid growth, tumor blood vessels are often malformed and lack the fundamental architecture of
normal blood vessels, reducing blood perfusion and increasing interstitial back-pressure. 3442444 As tumors
often lack functional lymphatic drainage, this back-pressure is further increased, forcing NPs to concentrate
at the tumor periphery.*4¢ |ow perfusion commonly induces hypoxic and anoxic TMEs, which are
defined as having O levels <2% (in contrast to normal tissue that typically rests between 2-9%) and are

strongly related to further tumor angiogenesis and metastasis.**"~#*° Cancer cells can sustain themselves in
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hypoxic conditions via changes to their metabolic pathways, resulting in a focus on glycolysis and lactic
acid fermentation as opposed to normal aerobic respiration.**® Hypoxic conditions are implicated in the
induction of chemo- and radioresistance, and are a crucial factor in cancer relapse because of their effects
on cell cycle regulation, apoptosis, stem cell maintenance and quiescence, and treatment-resistant
noncycling cancer cell selection.**>* However, because acidic and hypoxic conditions are typically
associated with the TME, such characteristics have been widely explored to design approaches for selective

tumor targeting.4°54%

Tumors are composed of a thick extracellular matrix that contains several cell types, including
tumor-associated macrophages (TAMs) and stromal cells that can sequester NPs and limit their
uptake.*43457-460 Dyring inflammation or immune-based treatment strategies, additional phagocytic cells are
recruited to the tumor site, further increasing its complexity and the degree of NP sequestration,*61-464
Therefore, the patient and tumor are dynamic systems and active targeting strategies must overcome barriers
associated both with reaching and distributing within the tumor. Next-generation nanomedicines will likely
feature formulations with a mixture of engineered surface coatings designed to balance challenges
associated with uptake, immune response, and clearance. By understanding the key parameters and events
that occur in vivo, combination treatments using immunomodulatory and TME modifying compounds can
be further developed, which have obtained promising progress for increasing drug delivery and uptake to

cancer cells (Figure 5),141:465-468

Some specific tumors can have particular barriers associated with their locations. The proper
delivery of medications to tumors of the central nervous system (CNS), for example, is often limited by the
blood-brain barrier (BBB). Compared to other endothelial cells, the brain capillary endothelial cells show
a lack of fenestrations, tight junctions complexes, minimal transcytosis and micropinocytosis, a high
electric resistance (1500-2000 Q), and additional efflux transporters.*®®4® This makes delivery across the
BBB extremely difficult. Only small molecules (<500 Da) such as water, some gases, and some lipid-
soluble compounds can passively penetrate through the BBB, while most other materials require active
transport via receptor-mediated transcytosis. In this way, delivery of NPs through the BBB partially
resembles tumor penetration. In order to efficiently release drugs into the brain, various strategies have been
developed. These include chemical modifications of drug and prodrugs, temporary disruption of tight
junctions, and local delivery into the brain by neurosurgery.*’*4’2 However, the temporary disruption of the
BBB is risky and can cause an uncontrolled influx of molecules into the CNS. Therefore, the ideal method
to transport drugs across the BBB should be controlled and not damage the barrier. Many types of
nanomedicines have been extensively studied for delivery to the brain including liposomes, synthetic

polymer NPs, and inorganic NPs such as GNPs and QDs.*%473474 One promising technique to facilitate NP
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uptake across the BBB and other barriers is the use of focused ultrasound (US) together with gas bubbles.*"
Owing to the compressibility of gas, lipid- and protein-stabilized microbubbles can oscillate and backscatter
US more strongly than solid particles of the same size. In addition to US scattering, microbubble oscillations
also generate mechanical shear forces (including shock waves and microjetting) that can temporarily disrupt
cell membranes, the tumor extracellular matrix, and vascular walls, thus improving NP extravasation and
uptake by tumors or across the BBB (sonoporation).*’®#’® Nanobubbles can also be engineered; however,
because the internal Laplace pressure strengthens and bubble resonance weakens with decreasing size, their
design and utility are still under early investigation.*”® Nevertheless, caution should be taken in the
development of brain-targeted NPs since some NPs have been observed to be amyloidogenic and may be

able to induce neurodegenerative diseases such as Alzheimer's disease. 480482

2.3 Phase Il: Internalization and Subcellular Localization

The second phase of assessment, the Internalization Phase, accounts for the individual cellular
events involved in NP biodistribution as opposed to the organ-level or blood-level responses in Phase |
(Figure 8). While the overall effects of active transcytosis and different passive factors on NP
biodistribution are accounted for in Phase | in the framework via their overall diffusion rate across the tumor
mass, the specific cellular level mechanisms should not be ignored.“®® Tumors have a highly heterogeneous
composition and different cells have varying levels of expressed surface and intracellular receptors. Thus,
understanding how NPs interact with these components is critical for the optimization of treatment efficacy
as outlined in Phases | and 111.2°148448> Macrophages and other immune cells typically uptake larger NPs
through phagocytosis whereas cancer cells preferentially use other endocytotic routes.*® Cancer cells
possess different surface protein expression patterns that have been extensively investigated for their use in
diagnostics and drug targeting.*®” Ultrasmall and engineered NPs can also enter the cell through membrane
diffusion because of their small size or special surface functionalization.*®4% Thus, both the biocorona
formed in Phase | and the bare NPs contribute at this level of biological complexity. Once internalized,
most NPs are first trapped within endosomes or other similar vesicles. Depending on how the cell
recognizes the NP through its biocorona, these vesicles can fuse with lysosomes for degradation, be
trafficked to specific organelles, or be transported out of the cell.*® Exocytosis or transcytosis can be
exploited for deep tumor penetration because these active-transport processes bypass the diffusion barriers
encountered in the tumor stroma.*374%8491492 Regarding subcellular trafficking, many anticancer targets are
located at specific cellular locations, resulting in both organelle targeting and endosomal escape emerging
as key areas of research.*8"4934% More accurate assessments of NP toxicological impacts (as detailed in
Phase I11) can be obtained by understanding the subcellular dose.*®® Estimates of NP degradation by

lysosomes or external stimuli can assist in Phase Il assessments with knowledge of the release of
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encapsulated therapeutics, reactive metal ions, or other compounds of interest.**6-% Thus Phase Il is a key
mediator for design and assessment, as the overall biodistribution and activity of the administered

nanomedicines are dependent on the cellular events outlined here.
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Figure 8: Phase Il (Internalization) of the NSAF for anticancer strategies. Herein, the extrinsic parameters focus on
cell type-dependent parameters such as the expression level of specific cellular receptors. Feedback parameters include
factors relating to the NPs location and biological identity (Phase 1), and organelle damage (Phase I11). Phase 11 focuses

on the mechanisms of NP uptake, transport, and subcellular localization.

2.3.1 Nanomedicine Uptake Routes

Nanomedicines interact with components of the plasma membrane upon contact with individual
cells and trigger cellular uptake via various mechanisms.** Endocytosis, the primary uptake route for all
cells, leads to NP engulfment in membrane invaginations, which then fuse with early endosomes for further
processing. Overcoming the intrinsic tension of the lipid bilayer in a controlled manner is a crucial step
towards membrane budding. Because this is a highly entropic process, it requires the aid of several
scaffolding or destabilizing agents that disrupt the ordered and compact structure of the membrane. 50050
Depending on the cell type and the biomolecules involved in the uptake and sorting process, endocytosis
can be broadly classified into five main types: phagocytosis, clathrin-mediated endocytosis, caveolin-
mediated endocytosis, clathrin/caveolin-independent endocytosis, and macropinocytosis (Figure 9).282502-
S04 Compared to phagocytosis, which occurs mainly in phagocytes responsible for clearance and antigen
presentation, the other endocytic mechanisms are more common and occur at varying levels in many cell
types, including cancer.*®4% Some NPs, such as liposomes, can directly fuse with the plasma membrane

due to their similar structure/components, resulting in releasing their cargo into the cytoplasm.*® Other NPs
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can directly diffuse across the plasma membrane or escape endocytic vesicles and directly enter the

cytoplasm because of their small size or engineered surface properties.48°:505-507
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Figure 9: The endocytotic uptake routes for various NP types. Phagocytosis is preferred for larger and aggregated
NPs, while ultrasmall NPs can directly diffuse through lipid membranes. Most NPs, however, will be internalized
through one or more of the main endocytotic routes depending on the interplay of their various properties. Adapted

with permission from ref 58, Copyright 2013 American Chemical Society.

NP phagocytosis is usually initiated by biocorona proteins interacting with specific receptors on
the phagocyte surface.?®>*%® This initiates a signaling cascade triggering actin assembly, the formation of
cell membrane extensions, and the engulfment and internalization of NPs into a vesicle known as a
phagosome that functions similarly to late endosomes.5%%! This process can take several hours to complete
depending on the cell type and the NP surface.>®® Phagocyte receptors involved in this process commonly
include Fc receptors, complement receptors, and other receptors, such as mannose/fructose
receptors.*5%3512 Depending on the uptake receptors used, macrophages can release anti- or pro-

inflammatory mediators that induce several effects on cells.5321513-515 Therefore, even NPs designed to
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exploit phagocytic uptake for targeting macrophage populations or the RES/MPS organs should consider
the role of the protein corona and its influence on different uptake routes.

Clathrin-mediated endocytosis (CME) is the main mechanism by which most cells obtain nutrients
and plasma membrane components, such as cholesterol 1% CME occurs either by receptor-specific or
non-specific adsorptive uptake, also called receptor-independent CME. Non-specific hydrophobic or
electrostatic interactions drive receptor-independent CME.>” CME occurs at plasma membrane domains
(typically covering about 0.5-2% of the cell surface) that are rich in clathrin and adapter proteins acting as
recognition sites for different cargoes and sorting signals.503510:518-520 Dyring CME, ~70-150 nm vesicles
are formed, engulfing extracellular fluid proportional to the internal volume of the vesicle.5?152? Vesicle
fission is coordinated by the recruitment of dynamin, a GTPase.5?® Once inside the cell, these vesicles are
stripped of their clathrin-coating before fusing with early endosomes.5?252* While CME is a major route of
entry for many NPs, vesicles produced by this route are frequently degraded by lysosomes and thus may be
unsuitable for such types of drug delivery wherein early degradation is undesirable.>%*525-52" |n contrast, the
degradative and acidic lysosome environment can act as a switch for NP activity or drug release, and thus
the ‘ideal’ uptake route depends on the specific clinical application and the corresponding design of the

nanoformulation.t54528

Caveolae-dependent endocytosis is critical in many biological processes, including cell signaling,
transcytosis, and cellular plasma membrane regulation.*9®52%-531 Because caveolae-dependent endocytosis
often results in the transcytosis of smaller NPs (<60 nm) and evasion of lysosome fusion, this route has
potential for deep tumor penetration and the delivery of degradable drugs/compounds, such as genes or
proteins, 84487492532 Thjs non-degradative transport has typically been ascribed to a pH-neutral vesicle
known as a caveosome; however, recent research has cast doubt on its existence and the role of caveolae in
transcytosis remains controversial.>**°% Caveolae are 50-80 nm flask-shaped membrane invaginations
present in epithelial and non-epithelial cells.3%250351053 |n non-epithelial cells, such as adipocytes and
smooth muscle cells, caveolae constitute a substantial proportion of the cell membrane (up to 75%).°03537-
%39 Caveolae contain several cell receptors usable by NPs. For example, Abraxane®, an albumin-bound
form of paclitaxel, is taken up by cells primarily by caveolae-mediated endocytosis via gp60, an albumin
receptor present in endothelial cell caveolae that facilitates transport into the interstitial space.>* After
entering the interstitial spaces the Abraxane® NPs are captured by SPARC (secreted protein, acidic and rich
in cysteine) that is selectively secreted by tumors.>*! The resulting complex is selectively internalized by

the cancerous cells leading to increased drug delivery.

Although CME and caveolae are the principal endocytic pathways, other less-studied mechanisms

can internalize cargos, such as extracellular fluid, Interleukin-2, folate, and growth hormones, through
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various (and perhaps redundant) receptors.51%54254 These mechanisms are usually cholesterol-dependent
and require specific lipid compositions.5®® Currently, caveolae- and clathrin-independent pathways are
classified as Arf6-, flotillin-, Cdc42-, or RhoA-dependent.>**>% Because the altered cancerous cell
metabolism often leads to increased folate demand and upregulation of the GPI-anchored folate receptor
FRa, the use of folic acid as a surface ligand has gained some interest for active tumor targeting strategies.>*
Though clathrin- and caveolae-independent mechanisms have been observed for several NPs, they typically
only contribute a small proportion to overall nanomedicine uptake and further analysis is needed to fully

elucidate their role.543547-549

Macropinocytosis is a special case of clathrin-, caveolae-, and dynamin-independent endocytosis
that is often initiated by the activation of receptor tyrosine kinases by growth factors.%5°%%! Receptor
activation mediates a signaling cascade that produces changes in the actin cytoskeleton and the formation
of protruding membrane ruffles that entrap extracellular material as they fuse back with the membrane.
Endocytic vesicles formed during this process (termed macropinosomes) are typically larger (0.5-10 pm)
and allow for non-specific uptake of larger NPs in cells that lack phagocytosis.®2% This bulk pathway is
possible for virtually any cell with only a few exceptions, such as macrophages and brain microvessel
endothelial cells.>**

Several experimental studies have suggested that ~30-60 nm is the optimum NP size range for
uptake in cancerous cells,324486:503.555-557 Chjthrani et al., for example, showed that 50 nm GNPs were
internalized by HeLa cells more effectively than GNPs in the 14-100 nm range.>® Increasing NP size, and
thus the number of surface ligands, allows each NP to bind to more receptors on an individual cell
simultaneously, causing them to associate more firmly with the cell and initiate internalization.>*°%® The
lower enthalpic limit for a spherical NP occurs at ~30 nm, indicating that smaller NPs should not as
effectively drive the membrane-wrapping process.%® However, further increasing the NP size yields
diminishing returns as this increases the free energy required for uptake and reduces the remaining receptors
available for other NPs.%®9%61562 Although an ideal size range has been identified for general uptake, the
relationship between NP size and specific endocytic pathways is inconsistent.?8251% These contradictions
are related to the complexity of controlling other uptake parameters such as the cell phenotype, surface
charge, shape, hydrophobicity, and the specific biocorona composition. NP aggregation following
administration also has distinct effects on uptake as aggregates contain small subunits with higher surface
curvatures than spherical NPs of the same overall size.**3°% These subunits can alter the aspect ratio and
ligand density of the aggregates, which in turn affects binding avidity. Albanese et al. showed the uptake
of aggregated GNPs in HeLa and A549 cells were on average 25% lower than for non-aggregated GNPs.5%°

However, there was a 2-fold increase in MDA-MB-435 cell uptake for the largest aggregates.
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In addition to surface properties, NP shape and morphology can significantly influence cellular
uptake.>%6-56° For >100 nm NPs, Gratton et al. observed that rod-shaped NPs exhibited the highest uptake
followed by spheres, cylinders, and cubes.>? Herd et al. investigated the uptake of worm-like (232 x 1348
nm), cylindrical (214 x 428 nm), and spherical (178 nm) silica NPs in relation to the different internalization
mechanisms.®® Chemical inhibitor experiments suggested that CME was the primary mechanism for
spherical NPs whereas the worm-like NPs preferentially underwent macropinocytosis or phagocytosis as
they were too large for CME. For NPs <100 nm, spherical NPs have the highest uptake, and increasing the
aspect ratio of nanorods decreases uptake.®*°752 Carnovale et al. observed that the surface area of
different GNPs (prisms > cubes > rods) was inversely correlated with the number of particles internalized.*?°
These observations may be explained based on the particle wrapping principles noted above. The point of
contact of a sphere with a cell is significantly lower than a shape with flat sides. Thus, to be internalized,
smaller spherical NPs require less free energy and fewer cellular receptors than larger particles. This
increases the internalization rate with less negative feedback due to limited receptor availability. Notably,
simulations and experimental results indicate a higher energy barrier for the internalization of soft, easily
deformable NPs, e.g., liposomes, than for rigid NPs.53-"6 Consequently, soft NPs generally possess longer
circulation times but reduced cellular uptake.

2.3.2 Intracellular Trafficking & Degradation

Following NP internalization, endocytic vesicles become uncoated and fuse with early endosomes
for further processing.®’’°’® Nanomedicine fate once inside early endosomes depends on the NP properties
and proteins involved in the uptake and transport process (Figure 8).5%457°58 Early endosomes can transport
NPs across the cell membrane, to the trans-Golgi network or other organelles, or late endosomes (Figure
10).581-58 The endosome development stages are typically accompanied by acidification of the intra-vesicle
pH (5.0-6.5), which may eventually fuse with lysosomes for additional acid (pH 4.5-5.0) and enzymatic
digestion of the vesicle contents.*%°584-58¢ Another important and overlapping pathway involved in NP
trafficking and degradation is autophagy, where cytoplasmic contents and dysfunctional organelles are
encapsulated into autophagosomes that later fuse with lysosomes.58"-58° Autophagy can be triggered by NPs
in the cytoplasm by oxidative stress and damaging signals from organelles including the mitochondria,
Golgi, and other endosomal vesicles.>**-%% Ultimately, the degraded contents within lysosomes and similar
degradative vesicles are released via exocytosis.>*®%" As noted above, some internalization mechanisms,
such as caveolae-dependant endocytosis, commonly bypass lysosomal degradation. Such uptake methods
can confer mechanistic advantages. Zhang et al. recently used caveolae-dependant transcytosis for deep
tumor penetration using small (5-10 nm) NPs composed of polyamidoamine (PAMAM) dendrimers

modified with dimethylmaleic anhydride (DMA).** Under normal physiological conditions, the NPs were
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negatively charged, minimizing macrophage uptake and clearance; however, the NPs underwent a charge

reversal in the acidic tumor microenvironment, causing internalization and transcytosis at a greater rate via

caveolae.
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Figure 10: Endocytic pathways for internalized NPs. Following internalization, NPs are mostly trafficked into
endosomes before merging with lysosomes for degradation or release. Depending on the uptake and endosome

processing factors involved, NPs can be trafficked to different organelles or escape into the cytoplasm.

Endosomal entrapment is a common challenge for many nanomedicines as endosomal localization
and lysosomal degradation can prevent the intended API interactions with therapeutic targets.>®® In some
cases, however, endocytosed NPs may escape typical trafficking pathways at any stage and be released into

the cytoplasm because of their size or engineered surface properties.>®® If this precedes lysosome fusion,
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the NPs bypass lysosomal degradation and enter the cytoplasm or other target destinations intact. Some
methods of engineering endosomal escape include the use of polycationic polymers, cell-penetrating
peptides (CPPs), and stimuli-responsive designs to generate disruptive forces, e.g., ROS, localized heat, or
osmotic pressure, to damage the vesicles.*°%559-602 The intrinsic NP properties that lead to endosomal
escape relate to their pristine surface properties, primarily regarding their ability to bind lipid membranes
and generate ROS.5%3-6% Electrostatic and hydrophobic interactions between NPs and cellular membranes
are key parameters influencing uptake and transport, with positively charged and hydrophobic NPs typically
having higher cellular uptake rates because of their affinity for the negatively charged plasma
membrane.>076%6-60 Conversely, localized membrane disruptions induced by such NPs may contribute to
their higher observed toxicity in contrast to neutral or negatively charged hydrophilic NPs.%° Positively
charged NPs readily induce membrane disruption, stimulating intracellular oxidative stress via lysosome
destruction and ‘02 release from mitochondria.®?*-%1 Other research suggests that the surface charge
magnitude is more critical than whether the NP possesses an overall positive or negative charge.®146
Because the biocorona forms an NP surface layer in the extracellular environment, the effective surface
charge is significantly screened by adsorbed proteins during NP uptake.*31616-618 However within maturing
endosomes and lysosomes, the adsorbed proteins may be degraded, leading to an increased role of the
pristine NP characteristics, such as composition, charge, hydrophobicity, and surface reactivity.*9619-622

NP organelle localization can largely be categorized into two main pathways: (1) direct, passive
diffusion into the organelle compartments from the cytoplasm, and (2) active transport using targeting
moieties.?3-%26 For many anticancer therapies, the nucleus is the main organelle target as it contains the
DNA and its repair enzymes. Passive NP or drug delivery to the nucleus requires entering via either nuclear
pores (<10 nm) or during periods of compromised membrane integrity, such as mitosis.*%>627-62 This size-
dependency was exemplified by Huo et al. who observed that despite better cellular uptake for 14 nm GNPs,
smaller 2 nm GNPs delivered DNA payloads to the nucleus 20x more efficiently.5® 2-6 nm NPs were
observed within the nucleus, whereas those between 10-16 nm were present outside the nucleus. Within
cells, large endogenous molecules destined for the nucleus contain a nuclear localization signal (NLS) that
simultaneously binds to the protein cargo and transport proteins (importins) that shuttle the cargo to the
nuclear pore complex (NPC).%%! The NPC then actively translocates the cargo (even those >10 nm) into the
nucleus.%®? The canonical NLS is a short, positively-charged CPP rich in basic amino acids, e.g., the
transactivator of transcription (TAT) peptide (YGRKKRRQRRR).®® NPs and drugs bearing such TAT
motifs can translocate to the cell nucleus, which can dramatically improve their efficacy, mitigate multidrug
resistance, and reduce off-target toxicity.53163463% peng et al. showed that transferrin and TAT-
functionalized NPs showed a 45-fold higher accumulation to A549 lung cancer cell nuclei in vitro and

better photothermal therapy outcomes in A549 tumor-bearing mice compared to non-targeted iron oxide
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NPs.5% Interestingly, like the biocorona, the effect of functionalized TAT motifs appears to be partially
dependent on surface density.®*° Dalal and Jana examined the uptake of CdSe/ZnS core-shell QDs coated
in a polyacrylate shell modified with PEG and varying amounts of TAT (CGRKKRRQRRR) peptides.®
These NPs entered HelLa cells through a lipid-raft mediated endocytotic pathway and possessed different
trafficking patterns based on the TAT peptide density. QDs with a lower TAT peptide surface density
induced endosomal escape and localization at the Golgi apparatus and the perinuclear region, whereas a
higher density led to exocytosis. Similar results were obtained for mesoporous silica NPs conjugated with
the same TAT peptide sequence.®® Tang et al. observed that the nuclear transport of 2-8 nm CdSeS/ZnS
QDs containing a different TAT sequence (DRQIKIWFQNRRMKWKK) plateaued at a ligand density of

_,_20%.642,643

Another key target for many anticancer strategies is the mitochondria. In normal mammalian cells,
the mitochondria execute a controlled regulation over the growth-death cycle through the mediation of
apoptosis, energy production, amino acid metabolism, and redox signaling, among other roles. In cancerous
cells, however, the Warburg effect, where the anaerobic glycolysis rate in the mitochondria dramatically
increases to accommodate cancerous growth, plays a fundamental role in cancer initiation and
progression.®#4-64¢ Furthermore, tumors frequently produce high mitochondrial ROS levels that invoke
genetic instability and tumorigenesis.®*” Consequently, mitochondrial dysfunction is a metabolic hallmark
of cancer cells.!* Anticancer nanomedicines that selectively disrupt cancerous mitochondria can be
achieved by designing NPs that inhibit glycolysis, depolarize the membrane potential to release ROS and
pro-apoptotic signals, and inhibit the mitochondrial permeability transition pore.54¢-50 Many clinically
approved anticancer drugs, such as paclitaxel, etoposide, betulinic acid, lonidamine, and CD-437, act
directly on the mitochondria to trigger apoptosis; however, compounds that specifically localize to the
mitochondria have yet to be fully developed.®2#85%65 Drug access into the mitochondria is challenging
because of their complex membrane structure coupled with a highly negative membrane potential
(=150—180 mV) that prohibits the entry of small anionic materials into the inner matrix.%?® These properties
are often further enhanced in cancerous cells.®>*®% Currently, bioactive molecule transport into
mitochondria is based on two key parameters: the mitochondrial membrane potential and its protein import
machinery. One successful strategy is the use of cationic and lipophilic molecules that facilitate NP
accumulation to the anionic mitochondrial membrane via electrostatic interactions, followed by
translocation through the membrane to the inner mitochondrial matrix.®%-%° So far, triphenylphosphonium
(TPP) surface coatings have shown particular promise for mitochondrial targeting.®°-%¢ The advantages of
TPP-based systems include their biological stability, the combination of lipophilic and hydrophilic

moieties, low chemical reactivity toward cellular components, and simple synthesis and purification.5>°
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2.4 Phase I11: Molecular Mechanisms of Activity

Finally, the Dysregulation Phase concerns molecular level events and details the mechanisms by
which nanomedicines directly exert their toxicological or therapeutic effects on cells (Figure 11). Organic
NPs, such as liposomes, being composed primarily of biocompatible materials, rarely possess their own
pharmacodynamic effects but instead have their activities attributed to their loaded drug payloads. As each
loaded drug possesses a distinct mechanism of action, a comprehensive analysis of every possible pathway
and interaction is beyond the scope of this review. Nevertheless, drug delivery and drug combination
strategies are key in the fight against cancer and their mechanisms must be integrate into the NSAF as
appropriate. We have therefore chosen to use Doxil® as a model to integrate drug delivery strategies into
the framework outlined in Figure 11.%46% DOX is one of the earliest drugs to be used in clinical
nanoformulations and it remains widely used in drug delivery research.8857 In contrast to organic NPs,
inorganic NPs may possess quantum-mechanical properties that warrant in-depth examinations to establish
both efficacy and safety. Thus, herein we have chosen to focus on the activities of nanomedicines typically
containing next-generation materials, such as metallic NPs. Regardless of the main mode(s) of action, the
common goals of anticancer compounds are to outright Kkill cancerous cells or sensitize them to further
treatments such as radiotherapy and immunotherapy. Although many strategies exist, these are
fundamentally born from common mechanisms, e.g., ROS/heat production, drug delivery, and downstream
effects such as DNA damage, macrophage polarization, and caspase activation, which can be described by
the network outlined herein. The Evaluation Metrics of this phase primarily represent therapeutic endpoints,
such as the development of drug resistance and radiosensitivity, or the production of pro-inflammatory

conditions that exacerbate the overall cancerous state as outlined in prior Phases.
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Figure 11: Phase Il (Dysregulation) of the NSAF for anticancer strategies. Herein, the extrinsic parameters include
those related to the internal conditions of the cell, such as native ROS and protein levels, as well as external stimuli
such as X-Rays. Both treatment efficacy and toxicity are primarily determined by ROS, which can be generated or
scavenged by the NP surface, by released drugs or other therapeutic compounds, or by the cell upon the initiation of

damage. ROS pathways associated with major cellular enzymes/antioxidants are noted in red.

2.4.1 Chemodynamic Therapy: Intrinsic ROS Catalysis

The primary driver of nanomedicine efficacy and toxicity following delivery is the production and
of reactive oxygen and nitrogen species (ROS and RNS respectively, generalized as ROS for simplicity).
Low ROS levels produced by cellular metabolism are omnipresent in all cells and are essential for effective
cell signaling and function in combination with antioxidants, such as glutathione (GSH).5%.668-670 |ncreased
ROS generation within cells, however, can overwhelm the antioxidant and redox equilibrium, triggering
oxidative stress, biomolecular damage, such as DNA double-strand breaks and lipid peroxidation,
membrane depolarization, and apoptosis.?4366.671 Because of their altered growth and metabolism, cancer
cells possess an altered redox environment characterized by a high basal rate of both ROS production and
scavenging.%6°¢72-674 Despite their toxicity, elevated ROS levels have long been associated with many
cancer types and were initially believed to be oncogenic by promoting genome instability.%68675-677 Recent
research has suggested that cancer cells maintain this altered redox equilibrium to exploit ROS in pro-
tumorigenic signaling pathways.*>65967867 However, like normal cells, cancer cells are sensitive to redox
environment changes, and ROS overproduction during RT and chemotherapy contributes significantly to
the overall tumor/tissue response.'7%%8-683 Many inorganic NPs and loaded drugs can produce ROS through
redox reactions at the NP surface, by released metal ions, or during drug metabolism.571684-6% The highly

curved surfaces of inorganic NPs lead to inherent surface defects, causing the disruption of the continuous
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bulk electronic configurations and generation of ROS-producing redox sites (Figure 12A).615% The
radiolysis of water during RT is also aided by the reduction of its ionization energy when adsorbed on NP
surfaces, e.g., from 465 kJ mol™ to 256 kJ mol™ on a bare gold surface.®®°" Because of these redox sites
and the dysregulation of endogenous substrate molecules in cancer cells, metallic NPs can damage or kill
tumor cells even at ambient conditions.'622176% Though apoptosis induction via ROS is ideal for cancer
reduction, ROS and ionizing-radiation-induced DNA damage possess additional, dose-dependant, cellular
effects.>®! Sublethal DNA damage can promote oncogenic mutations and chromosomal aberrations, which
can worsen the overall tumor state.®”* Conversely, excessive damage can induce necrosis, resulting in
inflammation and exacerbating the ROS feedback cycle.®® While for most nanomedicines the exact
mechanisms and parameters involving ROS generation still need to be elucidated and optimized for medical
use, significant progress has been made in the development of ROS-based treatments; meanwhile several
widely accepted assumptions, such as the chemical inertness of GNPs, have been challenged. 162172700702
Yang et al. recently published an excellent review covering the latest studies that primarily exploit ROS-

based nanomedicines to treat cancers with an important emphasis on the underlying materials’ chemistry.'>*
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Figure 12: A) The catalytic reactions prevalent on inorganic NPs surfaces because of their crystal structures, surface
defects, and photoexcitation. B) pH dependence of one-electron redox of H,0O, H;0,, and O,. Black lines show two-
electron (2e°) processes that correspond to the average of the redox potentials at each step. The redox potential of O,
(—0.33 V) is for the standard gas state of 1 atm. For 1 M in water, the redox potential is estimated to be —0.16 V.
Adapted with permission from ref 7%, Copyright 2017 American Chemical Society. C) Calculated reaction energy
profiles (eV) for H,O, decomposition on an Au(111) surface in (I) neutral, (I1) acidic, and (I11) basic conditions.

Adapted with permission from ref 7%4, Copyright 2015 Elsevier.

The most classic examples of metal-based ROS catalysis are the Fenton-like reactions, wherein
metals ions, such as iron or copper, undergo redox cycling to decompose H.0,, forming various ROS, such
as singlet oxygen (*O), superoxide ("Oz"), and hydroxyl radicals ("OH).”7% Many NPs of various
compositions, shapes, and surface coatings have been found to possess Fenton-like and catalase-like
activities.”®"12 In addition to hypoxia, one common consequence of the altered redox conditions of cancer
cells is a persistently elevated level of H,O, compared to normal cells.”**7* While H,0 is a strong oxidant,

it is not very reactive because of its slow reaction kinetics and thus it can accumulate and act as a secondary
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signaling molecule, or be catalytically decomposed to effectively produce O, or more reactive oxidants,
such as "OH."™578 As H,0, levels serve as an important precursor for ROS generation and a potential
hallmark of cancer, it likely acts as a key molecule in the activity and toxicity profiles of many NPs, and
understanding these catalytic pathways may assist in future nanomedicine design and assessments.’*%-722
Many treatment strategies exploit native tumor H.O- levels, either through ROS generation (chemodynamic
therapy (CDT)), photodynamic therapy (PDT) to selectively damage cancer cells, or through O, generation
for enhanced RT.*5723728 |mportantly, NPs that possess high oxygen scavenging properties are likely
ineffective radiosensitizers in comparison to those that preferentially use other substrates, such as H,O», to

compensate for their oxygen consumption, 13729730

It is often assumed that metal ion dissolution from NPs is the primary cause of both therapeutic
ROS generation and cellular toxicity; however, this may not be the case for all NPs or that it may only be
one of several mechanisms.?#3721731 |n semiconductor NPs, an excess of conduction band electrons (n-type)
or valance holes (p-type) can be inherent the nanostructure based on its composition. Because of this and
the high curvature of NPs, reactive defects can readily occur and induce redox reactions with endogenous
molecules such as H.O,. The peroxidase-like activity of copper sulfide (CuS) NPs (a p-type semiconductor)
has optimal activity in acidic conditions, which contrasts with the Fenton-like reaction of Cu ions that are
most active at circumneutral pH. 1272734 An investigation of the peroxidase-like activity of CuS nanorods
by Guan et al. found that the nanorod activities were concentrated on the particle surface, with negligible
activity resulting from leached Cu?* ions.!27** The authors hypothesized that absorbed H.O,/HO™ reacts
with surface-bound Cu?* to generate ‘OH, which are stabilized via partial electron exchange interactions.
The bound "OH could then oxidize nearby molecules to induce cellular damage.” A further study using
selective spin-trapping of "OH produced by y-Fe2Os NPs showed that similar to CuS NPs, leached Fe ions
from the NPs had insignificant peroxidase-like activity, leading to the conclusion that the active surface
sites are at least 50-fold more effective at "OH production than iron salts.®” Similarly, Angelé-Martinez et
al. reported that 50-60 nm CuO NP surfaces contribute significantly to the generation of ROS from H,0,
decomposition.®®® Another recent study provided evidence that many commercial copper, silver, and titania
NPs have a reduced leaching in hypoxic environments, making the role of surface reactions potentially

more important in tumors.”*

Titanium dioxide (TiO2) NPs have photocatalytic properties capable of producing ROS under UV;
however, because of their large band-gap (3.2 eV) and stable +4 oxidation state of Ti, they are generally
perceived as inert absent irradiation.”-"4° Though materials with large band gaps are unlikely to generate
ROS photocatalytically, wide bandgap NPs (>3 eV) have been observed to possess some level of intrinsic

catalytic activity resulting from their high surface areas and defect sites.”743 There is a growing body of
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work suggesting that non-photocatalytic reactions occur on TiO; surfaces that may contribute to cancer
radiosensitization or long-term toxicity in healthy tissue.”**7#47% ROS have been implicated in TiO:
cytotoxicity and the use of ROS scavengers, such as N-acetylcysteine, have limited TiO; cytotoxicity in
Vitro.”4" 70752 Gurr et al., for example, showed that 10 and 20 nm anatase TiO. NPs, absent UV-vis
irradiation, induced oxidative DNA damage, lipid peroxidation, micronuclei formation, and H>O> and nitric
oxide production in BEAS-2B cells, a human bronchial epithelial cell line.”® Treatment with >200 nm
anatase NPs did not induce oxidative stress, suggesting that smaller NPs, with a higher effective surface
area and rate of uptake, may be more likely to induce oxidative damage. In contrast to the generally accepted
notion that anatase TiO, NPs are more photocatalytically active than rutile TiO2, Gurr et al.’s results
indicated that 200 nm rutile NPs, unlike the 200 nm anatase NPs, induced H2O- production and oxidative
DNA damage in the dark. A later electron spin resonance (ESR) investigation of 50 nm anatase and rutile
TiO2 NPs by Lipovsky et al. detected the formation of both *OH and ‘O, without UV-Vis irradiation.”™*
Fenoglio et al. observed no ESR signals from anatase or rutile NPs in water under ambient light; however,
they did detect significant ROS signals resulting from the degradation of H,O, and carboxylate radicals
(‘CO") from the cleavage of formate.”® In the dark, <10 nm anatase and 20-80 nm anatase-rutile NPs
(Degussa Aeroxide P25; ~80:20 anatase:rutile) became inactive toward H>O, after 10 min and were
reactivated by sunlight, whereas 35 nm rutile NPs showed comparable activity in the dark to that observed
under illumination. For rutile NPs under ambient conditions, ‘OH predominated over "O,, whereas for
anatase only "0, was detected. Using Degussa P25 NPs, "O,~ contributed to 79% of the ESR signal while
21% was attributed to "OH.”™® Additional ESR measurements by Sanchez et al. and Wiedmer et al.
demonstrated that non-irradiated Degussa P25 NPs generated both *OH and "O,~ from H,O; and that the
ratio between the NP effective surface area and the liquid volume controlled the prevalence of the radical
species formed.”™®"" High values of this ratio promoted "0, production while lower values favored ‘OH.
This effect was independent of particle size with both 21 nm Degussa P25 NPs and 100-180 um Kronos
anatase microparticles showing consistent alterations in ROS production with particle concentration. 6758
Further in vivo studies have investigated the effects of non-irradiated TiO, and some have identified
evidence of ROS production and oxidative stress.”® Long-term exposure to ultrasmall TiO2 NPs in mice
(administered by nasal instillation) without photoirradiation was investigated by Li et al. and resulted in
increased ROS production, lipid, protein, and DNA peroxidation, inflammatory cell response, and

alterations in gene expression.”®

While the toxicity and reactivity of gold salts are well documented, GNPs are often considered
inert. However, GNPs supported on metal oxides are widely used as catalysts and many studies have
demonstrated that colloidal GNPs undergo catalytic reactions and induce oxidative stress in cells without

irradiation, showing that this assumption of inertness is not justified.!®>7®-7%5 pan et al., for instance,
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showed that high concentrations of 1.4 nm triphenylphosphine monosulfonate-coated GNPs were cytotoxic
to HeLa cells without irradiation through the induction of oxidative stress.”®® Elevated ROS levels were
measured via a fluorescein derivative and flow cytometry. The GNP toxicity was inhibited by pre-treatment
with thiol-containing antioxidants/reducing agents or replacing the capping agent with the more strongly
binding glutathione. Overall, the GNP toxicity profiles closely resembled previously reported catalytic
profiles related to gas-phase or organic-phase oxidation and halogen abstraction reactions, which led to the
hypothesis that the activation of molecular oxygen to produce ROS was involved.”®-" The authors also
observed mitochondrial membrane depolarization, which can itself amplify ROS production through the
leakage of "O2~ and H.O.. Elevated ROS, DNA damage, and mitochondrial membrane depolarization and
oxidation were also observed by Taggart et al. using 1.9 nm Aurovist™ GNPs in MDA-MB-231, DU-145,
and T98G cancer cells.””® The authors further observed that irradiation of GNP-treated cells with 2 Gy of
225 kVp X-rays resulted in a temporary increase in membrane polarity, which returned to pre-irradiated
GNP-treated levels within 4 h, while cardiolipin oxidation remained elevated but steady pre- and post-
irradiation. A key step in intrinsic apoptotic pathway initiation is mitochondrial membrane oxidation that
then releases cytochrome c into the cytosol.””%772 These observations emphasize the significance of the
cellular events occurring before irradiation and the role of the mitochondria as a key target for cancer

therapies.””

Direct evidence for GNP reactivity has also been obtained by methods including ESR and the use
of ROS-specific probes.”® Zhang et al. showed that nitroxyl radicals could be quenched in a dose-dependent
manner by absorption on the NP surface, a process facilitated by unpaired electron exchange interactions
between the nitroxyl radicals and GNP surface electrons. They further observed that, in the presence of
oxygen, adsorbed TEMPAMINE radicals were catalytically oxidized to the carbonyl derivative,
TEMPONE. Additional ESR-based studies by lonita et al. and Conte et al. observed that phosphine- and
amine-coated GNPs could abstract hydrogen and halogen atoms from halogenated compounds.’®”-7%¢ GNP
reactions with chloroform had an inverse kinetic isotope effect wherein a trichloromethyl spin adduct was
observed when GNPs were mixed with CDClI; but not CHCI3s. GNP treatment with oxidizing or reducing
reagents tuned the selectivity of radical formation from halogen to hydrogen (deuterium) abstraction. Jv et
al. later found that positively charged GNPs catalyzed the oxidation of the peroxidase substrate 3,3°,5,5’-
tetramethylbenzidine (TMB) by H,O and subsequent studies have shown similar activities by other types
of nanogold.””*"" He et al., for example, found that 10-100 nm GNPs coated with polyvinylpyrrolidone
(PVP) or tannic acid decomposed H,O; into either ‘OH or O, depending on the pH in the dark.””® Lower pH
(<4.6) produced ‘OH while higher pH (>6.0) produced O. The GNPs catalyzed conversion of ‘O, to H.0>
through a SOD-like activity at physiological pH. Similar activities were observed for other noble metal

NPs, most notably PtNPs.8704777-778 Collectively, these results demonstrate that nanogold is not inert.
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Importantly, significant but often overlooked factors, such as pH, temperature, and the ionic
strength of the medium/tissue can affect ROS production and may contribute to the variability observed
between different methods and cell lines.”- The redox potentials for water, oxygen, H-O,, and other
ROS change with pH according to the Nernst equation for the release of one proton, except for the reduction
of O, into "0, (Figure 12B).7%8! However, because the actual redox reactions occur at adsorbed sites on
the NP surface, the redox properties will differ from these predictions depending on the degree of the
stabilization and alterations to the crystal structure, such as oxygen deficiencies and surface hydroxyl
groups. Li et al., for example, found that the switch from peroxidase to catalase activity observed for Au,
Ag, Pd, or PtNPs were the result of pre-adsorbed ‘OH groups, which are only favorably formed in basic
conditions (Figure 12C).” While the extracellular environment of tumors are often acidic, the intracellular
environment is often basic. Thus, a simply difference in location can alter the NP’s surface properties and
function.”®7 In our own work, we have identified that chloride ions, which vary dramatically in

concentration inside and outside cells, can accelerate the production of ROS by Cu-based NPs, 12784

Overall, most inorganic nanomedicines possess some inherent chemical reactivity, which can be
enhanced or inhibited in different physiological conditions. These conditions are determined in prior Phases
and can be described using feedback parameters, such as tissue and subcellular location. The resulting
reactivities can produce effects that, in turn, affect outcomes at those higher biological levels. For example,
ROS production from local H,O; levels can trigger damage signals from the oxidation of organelles,
eventually initiating inflammasome activation and a cytokine burst (Phase Il; Figure 8). This triggers local
inflammation via the immune system. If the conditions are consistent and widespread, chronic inflammation
at the tissue can occur leading to fibrosis (Phase I, Figure 5). Therefore, even a simple treatment, i.e., killing

cancerous cells via ROS, requires a multidisciplinary understanding of nanomedicine behavior.
2.4.2 Radiology

High Z-number elements such as gold have long been identified as potential contrast agents and
radiosensitizers because of their strong interactions with X- and y-rays.'8-18" Medical X-rays are generated
by accelerating electrons across a high voltage tube to collide with an anode composed of a high-Z, high
melting point material, such as tungsten. The emitted spectrum of X-rays is a combination of
bremsstrahlung/braking radiation (kinetic energy losses caused by electron deceleration) and characteristic
X-rays resulting from post-ionization electron transitions in the anode.>*® In contrast, medical y-rays are
produced by the radioactive decay of radionuclides such as *3'Cs and %Ir and typically range in energy
from 20 to 1060 kilovolts (kV).>” The radiosensitization ability of high-Z elements was first observed in
patients with reconstructive metallic implants undergoing RT for head and neck cancers, wherein

significant increases in the effective radiation dose received by patients were observed at the tissue-metal
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interface.52%78578 pjoneering work by Hainfeld et al., demonstrated that 1.9 nm GNPs injected
intravenously in mice (2.7 g Au kg™ body weight) enhanced the radiosensitivity of subcutaneous EMT-6
mammary carcinomas under 250 peak kV (kVp) irradiation.'®® The 1-year survival rate for mice treated
with both GNPs and RT was 86% compared to 20% and 0% for X-rays and GNPs alone, respectively. The
GNPs showed no observable toxicity to the mice and were cleared effectively through the kidneys. These
results led to a massive surge in research related to the possible clinical use of GNPs and other high-Z

metals.

High-Z elements were initially expected to produce useful effects only using kV photons, which
are used for X-ray imaging and treating skin/surface tumors. This is because the photoelectric effect, which
scales with atomic number, primarily occurs in this energy range, with random Compton scattering
dominating at megavoltage (MV) energy levels. 1721846978779 Of particular interest for kV irradiation is the
K-edge, which is the binding energy of an element’s innermost 1s core electrons. For gold, this is 80.7 kV,
which is close to the mean energy output of orthovoltage X-ray beams (Figure 13A). For lower energy X-
ray beams (~70-80 kVp), iodine and barium are commonly used as contrast agents because of their lower
K-edges of 33.2 and 37.4 kV, respectively; however, high-Z elements can also have good X-ray attenuation
in this energy range due to trailing from their L-edges (2p orbital electrons; Figure 13A).7%* When an emitted
photoelectron from an inner electron shell leaves behind a vacancy, it can be filled by an electron from a
higher energy shell resulting in the release of excess energy. This energy is typically released as a
characteristic X-ray; however, it can also be directly transferred to another electron, which is then ejected
from the atom as a secondary Auger, Coster-Kronig, or Super-Coster-Kronig electron (Figure 13B).7927%
This process can repeat, ultimately resulting in an Auger cascade that produces ~10-20 secondary electrons
from a single X-ray.”®>7® Since electrons are far more reactive than X-rays, this process can effectively
amplify the radiation dose received by the tumor and enables what is known as Auger therapy. Importantly,
this amplification to a few nm around the NP.*"-"%° Thus, cells without internalized NPs do not receive this
amplified dose. In addition, because low-energy electrons produced in the NP core are more likely to react
with nearby gold atoms rather than escaping into the environment, Auger therapy is primarily determined
by the NP surface, even if the core contains substantially more high-Z atoms.*®* 7" However, for imaging,
the contrast effect depends only on X-ray absorption that is correlated to the total amount of high-Z atoms

instead of just those on the NP surface.?
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Figure 13: A) X-ray mass attenuation coefficients for several elements relevant to radiation therapy (with carbon
acting as a representative element of biological tissue) over an energy range of 1-1000 kV.7! The diagnostic range
for clinically relevant X-ray tubes is highlighted in blue with an overlay of a representative 120 kVp photon spectra
produced from a tungsten anode. B) A schematic visualization of the Auger effect. When an X-ray is absorbed by a
K-shell electron in a metal such as gold (®), both an ejected photoelectron and an electron-hole are generated (@).
This hole is then be filled by electrons from the metal’s L or M shells (®), releasing excess energy that can be emitted
as a photon or secondary Auger electron (®@). If the electron vacancy is filled by an electron from a higher subshell
(®), then the effect is known as a Coster-Kronig transition (®). If the emitted secondary electron also originates from

the same shell, then this becomes a Super Coster-Kronig transition (@).

Despite the theoretical predictions of high-Z NPs, higher sensitizations than expected have been
observed experimentally using both kV and MV energy sources.?*8% This is valuable as MV photons are
the most commonly used for cancer treatments due to their deep tissue penetration. One factor to consider
in modeling the sensitization with high-Z elements is that an MV X-ray tube’s output contains a significant
portion of low energy kV photons due to bremsstrahlung radiation, which is further enhanced by scattering
(“beam softening”) as the X-rays travel through biological tissue.8%2-8% In the air, the fraction of low energy
(<150 keV) photons is only ~0.5% but this increases to 13% at a depth of 10 cm (or 20% using a flattening
filter-free (FFF) beam).!8* Thus, the Auger effect may be more prominent than expected using MV beams.
Additional modifications/variations of the treatment beam or filters can further change the percentage of
low energy photons and the sensitization efficacy caused by NPs.8%8% Further research has identified
additional chemical and biological mechanisms, e.g., enhanced ROS production and cell cycle arrest, that
can enhance cancer cell radiosensitivity. Tumor oxygen levels, for example, are a critical factor in
determining RT efficacy. Without sufficient oxygen, the amount of ROS generated and their ability to
induce non-repairable damage are severely reduced.%38%7 Hypoxic tumors, therefore, show a greater rate of
radioresistance, metastasis, and relapse than non-hypoxic tumors.8%8% As a result, many conventional RT

schemes are fractionated into smaller doses (<2 Gy fraction?) to provide sufficient time for reoxygenation
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and the recovery of healthy tissue.’® High-Z metals have shown great promise over a range of treatment
energies; however, their efficacy at very high doses of clinically relevant radiation is unknown. The use of
extremely high doses (stereotactic radiotherapy; >10 Gy fraction™ of MV sources) is an emerging field
owing to improved imaging and beam technology and has shown great success in the clinic for many
tumors.81%-813 With many clinics moving towards stereotactic radiotherapies due to their high speed and
efficacy, more efforts should be spent towards analyzing nanomedicine for these applications.84-816
Another important aspect of enhanced RT responses include the bystander and abscopal effects, wherein
the effects of localized irradiation can affect unirradiated cells or organs. These effects are believed to be
mediated primarily by the immune system and cell-to-cell communication, in particular via released tumor
antigens and cytokines.®'” Therefore, even cancer cells without internalized NPs could be influenced by

NPs elsewhere.

Most recent pre-clinical work on radiosensitization has focused on GNPs due to their high K-edge,
facile and controllable synthesis, and low toxicity.8!® Despite this, there has been very little translation of
GNPs from proof-of-concept experiments to clinical trials (Table 2). There is a broad consensus that gold,
along with other high-Z elements, can significantly enhance the radiosensitivity of cancerous tissue using
both kV and MV radiation sources.'#81%-82 However, specific conclusions regarding NP efficacy, design,
treatment location, long-term toxicity, etc., are difficult to make because of the wide range of GNP
formulations and treatment methods being employed. To date, there have been no clinical trials
investigating GNP radiosensitizers; although GNPs have been employed in clinical trials for other purposes,
including drug delivery and photothermal therapy.®?28% Though many studies demonstrated the
radiosensitizing effects of GNPs based on the principles of Auger therapy, far less studies have evaluated
the role of ROS production and the specific species generated.'®82 An early in vitro study documented
that low concentrations (5 nM) of 14 nm thio-glucose-bound GNPs enhanced intracellular ROS production
in SKOV-3 human ovarian cancer cells when irradiated with either 90 kVp or 6 MV X-rays.8?” Misawa and
Takahashi later identified the ROS generated in aqueous suspensions of 5-250 nm citrate-capped GNPs
following either X-ray (100 kVp) or UV irradiation.® Using the fluorescent probes 2-[6-(4-
amino)phenoxy-3H-xanthen-3-on-9-yllbenzoic acid (APF) to detect ‘OH and hydroethidine-
dihydroethidium (DHE) to measure "O-, it was observed that 20 nm GNPs enhanced the production of ‘OH
and ‘O2" by factors of 1.46 and 7.68, respectively, under X-ray irradiation. Ethanol, an *OH scavenger,
significantly reduced X-ray + GNP induced APF fluorescence, but only marginally reduced DHE
fluorescence, supporting both "OH and ‘O, production by irradiated GNPs. The generation of ‘O, was NP
size-dependent, while "OH production was not. Using the ‘OH-mediated hydroxylation of coumarin-3-
carboxylic acid (3-CCA) to 7-hydroxycoumarin-3-carboxylic acid (7-OH-CCA) as a probe, Cheng et al.

observed that under 100 kVp irradiation, the reaction yield was enhanced ~2000 times over that predicted
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based on a physical dose enhancement by the GNPs alone due to Auger electron production.®® This
enhancement depended on both the NP surface area and X-ray dose rate, reaching a 2-fold enhancement at
20 Gy min™. The ROS scavengers SOD ("Oz"), NaNO; (e¥"), NaN3 (*O2), and ascorbic acid were used to
identify that ‘O, was the primary contributor to the overall enhancement of 3-CCA oxidation. The authors
proposed a catalytic enhancement mechanism wherein electron transfer from radiolytically generated "O,"
to the GNPs enabled the intermediate 3-OH-CCA radical adduct to react on the surface to form 7-OH-CCA
either sequentially or simultaneously. Similar results were observed for PtNPs.%% Conversely, ESR
measurements of aqueous 89 nm PEGylated GNP suspensions showed that the amount of ROS generated
and measured directly via 5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPQO) were within the
levels predicted by physical dose enhancement models, with no observable secondary catalytic reactions.®?
While Chang et al. only observed BMPO-OH adducts, they could not exclude the role of *O,™ and further

experiments suggested that the ratio of generated *OH to "O,™ was approximately equal.

In contrast to the popular GNPs, significant clinical progress has been made with Hensify®, HfO,
NPs developed by Nanobiotix for RT.106829-831 Hensify®’s rational basis is the physical dose enhancement
mechanisms outlined above.8328% Hafnium possesses a K-edge of 65.4 kV and L-edges between 9.5 and
11.3 kV."! In April of 2019, Hensify® received European market approval (CE Marking) for intratumoral
administration and treatment of locally advanced soft tissue sarcoma (STS) following positive Phase I1/111
clinical trials. In the Phase II/11I trial, a total of 180 adult patients with locally advanced STS of the
extremities or trunk wall were randomly allocated to either a test group receiving a single intratumoral
injection of Hensify® followed by RT, or a control group treated with RT alone.'® In both groups, RT was
followed by surgery. Follow-ups showed that the pathological complete response rate (<5% viable cancer
cells) was 16.1% in the Hensify® group vs 7.9% in the control. In the patient subgroup with more advanced
disease (histologic grade 2 and 3), the pathological complete response rate was 17.1% in the Hensify® group
vs 3.9% in the control. Despite Hensify®’s clinical trial success, there are relatively few experimental or
computational studies available on the mechanisms of HfO, radiosensitization. A recent study by Shiryaeva
et al. of X-ray irradiated (45 kVp) 84 nm HfO, NPs in methanol identified that HfO; significantly increased
the "OH production rate.?® Like TiO,, HfO, NPs are believed to be chemically inert in biological
media/tissue absent irradiation because of their large ~6 eV bandgap, stable +4 oxidation state, and a lack
of clonogenic and in vivo toxicity.%978328%4-837 However, Jayaraman et al. observed that high concentrations
of <10 nm HfO, NPs (>1 mg mL™*) were cytotoxic to 3T3 fibroblast cells, with larger NPs (~8.79 nm)
showing higher toxicities than smaller NPs (~7.16 and 6.78 nm).8% Comparatively, Kumar et al. observed
that <10 nm HfO, NPs were minimally toxic in WS1 normal fibroblasts but toxic in MCF-7 breast cancer
cells. The authors proposed ROS production as the toxicity mechanism, which was supported by increased

caspase 3/7 activities.®¥84 Recently, Li et al. showed that ~65 nm HfO. nanoassemblies, designed for
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intratumoral and intravenous injections, increased ROS production in 4T1 mammary carcinoma cells.34?
While further analysis is needed, these results suggest that, like GNPs, HfO; and other ‘inert’ NPs may not
act solely through a physical enhancement mechanism and may induce cytotoxicity and radiosensitivity
under specific conditions. Similar observations of ROS production have been made for ZrO,, another
insulating material that resembles HfO- in terms of physical and chemical properties.’7%843-845

2.4.3 Phototherapies

As mentioned earlier, some inorganic NPs can utilize non-ionizing radiation and magnetic fields to
produce anticancer effects and imaging contrast. Treatments derived from these effects are broadly
classified into either photodynamic therapy (PDT; photocatalysis), magnetic hyperthermia, or photothermal
therapy (PTT), which produce ROS or heat to damage cancerous cells.%®5! Like intrinsic ROS production,
photocatalytic reactions in PDT can overwhelm cellular redox homeostasis and induce varying degrees of
oxidative stress. Owing to the spatiotemporal control of light delivery, ROS can be generated via PDT with
precise control in NP-containing tumor cells while minimizing the adverse effects to healthy tissue.846#7
PDT is further divided into Type-1 and Type-II photocatalysis.>*%84 Type-I photocatalysis involves the
generation of electron-hole pairs, i.e., excitons, after absorbing photons that induce many redox reactions
at the NP surface to produce ROS (Figure 12A).84°850 Although electron-hole pairs generated by NPs are
short-lived, they can still participate in many chemical reactions, particularly if the reactants absorb directly
on the NP surface. Type-Il photocatalysis, in contrast, involves the direct energy transfer from photo-
responsive NPs to ground-state molecular triplet oxygen to form 0,.8478! Compared to triplet oxygen, 'O,
is highly reactive and can readily oxidize biomolecules.®?83 However, the O, dependence of Type-II
photocatalysis reduces its effectiveness for hypoxic tumors or in combination with RT.1384° Heat generated
during PTT and magnetic hyperthermia, in comparison, can also significantly damage and kill cells by
altering lipid membrane fluidity and denaturing proteins and DNA. Additionally, several clinical trials have
shown that the effectiveness of RT and some chemotherapeutics is significantly enhanced through local
hyperthermia (elevated temperatures between 39-45 °C).8%2 |n the context of RT, hyperthermia is
believed to sensitize tumors through a combination of macromolecule denaturation and improved blood
flow to facilitate tumor oxygenation.®®®8 For chemotherapy, increased temperatures improve drug
perfusion, drug release rates, and reaction kinetics.*688%-%1 Phototherapies have gathered significant
interest over the past two decades and have great potential to change the current treatment paradigm in

oncology.%85!
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Figure 14: Photoexcitation of inorganic NPs. In semiconductor and plasmonic nanomaterials, photon absorption can
occur via (A) inter- or (B) intraband excitations, which produce reactive electron-hole pairs. Adapted with permission
from ref 82, Copyright 2017 American Chemical Society. (C) More specifically, excitations are produced because of
Landau damping adding kinetic energy to electrons from the excited plasmon, which then relax via scattering and

recombination and generate heat. Adapted with permission from ref &3, Copyright 2015 Springer Nature.

To generate ROS or heat from light, electrons must first gain energy from the incident photons and
undergo either interband or intraband transitions (Figure 14A and B). These transitions generate electron-
hole pairs, with the electrons gaining kinetic energy and becoming ‘hot.” Hot electrons and holes can
participate in redox reactions, which can be predicted based on the redox potentials of the NP’s bands and
the substrate molecule.?!’ In insulating and semiconductor NPs, the valance band is typically completely
filled and the conduction band empty, and thus only interband transitions are possible. These transitions
require high energy UV or visible photons to excite electrons across the bandgap, as opposed to intraband
transitions which utilize lower energy NIR photons.®%85 In degenerate semiconductors and plasmonic
materials, e.g., CuS and Ag NPs, the valance and conduction bands are unfilled and possess a small or zero
bandgap, allowing both interband and intraband transitions.8® Though UV-Vis photons have higher energy
than NIR photons, NIR irradiation has drastically improved tissue penetration and has less mutagenic
effects on non-target tissue.®®’ Therefore, NIR-responsive nanoformulations are more attractive for

treating non-surface tumors. Means of providing alternative excitation and decay pathways for electron-
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hole pairs is a widely explored field through the use of dopants and intentional defects that extend the
valance or conduction band (forming p-doped or n-doped NPs).88-870 These additional energy levels in the
nanostructure allow lower energy photons to excite electrons, and the formation of unfilled conduction and
valance bands. ZnO, ZrO,, and TiO2 NPs, for example, gain strong NIR absorbance through hydrogenation
and the introduction of oxygen vacancies; turning the normally white colored NPs black, blue, or green and

causing them to behave more like plasmonic nanomaterials.1%7:871-873

When plasmonic nanomaterials such as gold or copper NPs are exposed to light the conduction
band electrons located on the particle’s surface are excited and oscillate with the incident photon waves
(Figure 14B).87487 This collective oscillation of conduction band electrons at the metal/dielectric interface
is also known as a localized surface plasmon (LSP); a bosonic quasiparticle that corresponds to a quantum
of plasma oscillation.®”® Because the LSP resonance (LSPR) originates from electron movement localized
to the NPs, the LSPR is highly dependent on factors affecting electron density, such as size, shape, and the
dielectric properties of the NPs and their surrounding medium. Excited plasmons can decay radiatively
(scattering) or non-radiatively (absorption).8”7¢7® The former process is significant for surface-enhanced
Raman spectroscopy (SERS) and fluorescence imaging because of the local enhancement of electric fields
and the emission of photons, while the latter process is of interest for phototherapeutics.”"8”® Non-radiative
decay of the plasmon initially proceeds through Landau damping (in simple terms, the transfer of energy
from the incident electric field/photons to the electrons) to produce intraband electron-hole pairs in a non-
thermal distribution (1-100 fs), which then quickly relax to a Fermi-Dirac electron distribution via electron-
electron scattering (100 fs—1 ps, Figure 14C).83877.880 These hot electron-hole pairs can be used for
photocatalysis; however they have a very short lifetime and rapidly lose their energy as heat. For
nanomaterials, photocatalysis and heat generation are tightly linked, and for plasmonic materials, both can
be expected to occur in some ratio. Some plasmonic NPs can directly be used for photocatalysis, however
in most cases hot electrons are utilized by trapping them in a semiconductor to extend their lifetime,21-883
At the interface of these two materials, such as in a composite NP, a potential energy barrier (a Schottky
barrier) is formed between the different NP’s conduction bands, allowing electrons to move into the
semiconductor when excited and become trapped. For photocatalytic nanomedicine, understanding band-
structure and plasmon decay is necessary to obtain good quantum efficiencies and target specific redox

molecules.

Following the initial production and redistribution of electron-hole pairs (thermalization), the
energy generated during photoexcitation is then transferred to the nanoparticle crystal lattice via electron-
phonon scattering (1-10 ps) and finally to the local environment through phonon-phonon scattering to

generate heat (10 ps—10 ns; Figure 14C).87®84 This heat is the basis behind photothermal therapy and
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photoacoustic imaging.®5-#8" In addition to killing cancer cells, heat induces the thermo-elastic expansion
of the local environment. If the irradiation is pulsed to produce rapid heating and cooling cycles, PTT can
produce pressure waves that may be detected and converted into ultrasound images.2 Because NIR light
does not possess the mutagenicity of UV or X-/y-rays and the effects are localized, PTT has attracted
considerable interest as a standalone monotherapy and in combination with chemotherapy and RT.8° The
classical view of PTT is that hyperthermic temperatures induce radiosensitivity and apoptosis, whereas
higher or more sustained temperatures trigger necrosis (thermal ablation).8% More recently, a third pathway,
necroptosis, was observed during PTT.8% Necroptosis is a controlled form of necrotic cell death, and unlike
apoptosis, has inflammatory and immunogenic properties that are useful for inducing immunogenic cell
death.®2 As many tumors develop resistance to apoptosis to assist in their rapid growth the induction of
alternative cell death routes has emerged as a treatment strategy.%*#%* A study by Zhang et al. showed that
for folic-acid-functionalized GNRs, localized temperatures of ~43 °C induced approximately equal levels
of apoptosis, necroptosis, and necrosis in B16-BL6 murine melanoma cells (10.2%, 18.3%, and 17.6%
respectively).®! When the local temperature induced by PTT reached a moderate temperature of ~46 °C
necroptosis was significantly increased (35.1%) and at ~49 °C necrosis became the dominant mechanism
(52.8%). So far only limited investigations have been performed to understand the cellular mechanisms of
PTT after the induction of hyperthermia, although it is known that the biological environment, i.e., the local
extrinsic parameters, impacts the photothermal response.8%28%8% Moros et al. recently examined GNP-
based PTT in B16-F10 melanoma cells and the small freshwater polyp H. vulgaris in combination with
selective inhibitors of the various death pathways.®% At levels inducing the same degree of cell death (~50%
inhibition), gold nanoprisms (GNPrs) led to rapid necrosis under almost all tested conditions while GNRs
led to a simultaneous combination of apoptosis and necroptosis. When examined in vivo, although both
types of GNPs provoked sublethal hyperthermia, only GNPrs induced cell death through regulated death
pathways. Therefore, like with all other treatments, heat-based therapies require an integrated view of both

the NP and the local physiology to model.

Currently, clinical trials are underway for PTT of prostate tumors using PEGylated gold@silica
nanoshells (AuroLase®). Preliminary results published in 2019 for a pilot trial of patients with low or
intermediate-grade focal prostate cancer showed that AuroLase® proved considerably effective for 94%
(15/16) of patients without serious complications or loss of sexual health.®” Follow-up biopsies of the
treatment areas were negative for tumors in 62.5% (10/16) of lesions after 3 months, which increased to
87.5% (14/16) at 12 months. The study postulated the increase in apparent effectiveness could be due to
undersampling; however, it has been postulated that time is required for resolution of the inflammatory
response and this could be associated with an abscopal effect.?’ In addition to plasmonic PTT, localized

hyperthermia can be used for controlled drug release by organic or hybrid organic-inorganic
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nanomedicines. One such organic nanoformulation developed is ThermoDox®, a thermosensitive liposome
formulation that has undergone Phase Ill testing for advanced hepatocellular carcinoma with
radiofrequency ablation (RFA).1?* This treatment translated to an approximate survival benefit of 25.4
months (2.1 years) in patients given a combination of optimized RFA and ThermoDox® compared to RFA
alone. When heated under RFA, the lipid membranes of ThermoDox® transition from the gel-phase to the
liquid-crystalline phase, causing a triggered increase in DOX leakage rate to the tumor site.888% The
transition temperatures of phospholipids is a key parameter for drug release for both thermosensitive and
conventional liposomes.®® GNP-coated liposomes, similarly, work based on the photothermal effect of the
GNP shell.*®*
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Comparable to PTT, heat generation by magnetic hyperthermia has been examined for anticancer
treatments using magnetic NPs, such as iron oxide, subjected to alternating magnetic fields (AMFs).%253
Because tissue is weakly diamagnetic, it does not attenuate or scatter static or low-frequency magnetic
fields, enabling imaging and treatments using magnetic energy; however, AMFs at high frequencies (>10°
Hz) induce non-specific heating via eddy currents, which limits the range of energies that are clinically
feasible.®02%3 Within this limitation, the ability of magnetic NPs to induce therapeutic effects depends on

their thermal conversion efficiency. The heating mechanism of single or multi-domain magnetic materials
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in the presence of an AMF differs, but in both cases, it is related to a lag in magnetization (a hysteresis
cycle; Figure 15A).151 Magnetic materials possess magnetic moments or dipoles that depend on their
physicochemical parameters, such as composition, size, shape, and volume.’3%* In larger materials,
multiple randomly-oriented magnetic moments are separated by boundaries called domain walls. When an
external magnetic field is applied to such materials, the magnetic domains align and the domain walls
disappear, causing the material to be magnetically saturated.®® Ferromagnetic materials have some memory
of the applied field called remanence, which then requires a coercive force to remove.®® When a material
possessing multiple domains is exposed to an AMF, a hysteresis loop occurs as a result of domain wall
reorganization, the area of which roughly equals the amount of possible heat generated during one cycle of
an AMF.%7 As the domain sizes decrease with NP size, domain wall maintenance becomes too energy-
intensive, and a single functional domain forms. Further decreasing NP size causes the remanence and
coercivity to drop below the local thermal energy and thus the NPs revert to a non-magnetic state when the
external magnetic field is removed; these NPs are classified as superparamagnetic.®! For such NPs, the
heat generation mechanism mainly comes from the energy loss caused by overcoming the rotational energy
barrier of the single magnetic moment (Néel relaxation) or the particle itself (Brownian relaxation; Figure
15B).%% Additionally, because superparamagnetic NPs lack residual magnetism they are less likely to
agglomerate than other magnetic NPs, enhancing their blood circulation and phagocyte evasion.*** Among
the various magnetic NPs, superparamagnetic iron oxide nanoparticles (SPIONs) have garnered the most
research attention and clinical success.’”® SPIONs are composed of either y-Fe,Os (maghemite),
FesO4 (magnetite), or a-Fe,03 (hematite) particles with a core size ranging from 10-100 nm in diameter.%
In 2010, Nanotherm® (~15 nm aminosilane-coated SPIONs; produced by MagForce) was approved by the
EMA for the treatment of glioblastoma via local hyperthermia and has since received approval for clinical

testing by the FDA for the treatment of prostate and pancreatic cancers.!

The combination of nanomedicines with ultrasound (US) is another promising approach for cancer
therapy.>®5! Inits simplest use, US alone can be focused to deposit energy as heat for high-intensity focused
US (HIFU) thermal ablation. In contrast to UV-Vis-NIR light for PTT, therapeutic US, i.e., low frequency
sound/pressure pulses (~1 MHz), can be easily delivered to tissues at depths exceeding 10 cm. This makes
HIFU an excellent tool for treating deep-seated tumors using hyperthermia and thermosensitive NPs such
as liposomes. Alternatively, US waves can be rapidly pulsed to Kkill cancerous cells via histotripsy, which
is the mechanical damage produced by gas bubble oscillation/cavitation.®® In combination with
nanomedicines, this approach can be used for sonodynamic therapy (SDT). In response to acoustic waves
with low intensities, delivered or catalytically generated gases may be fused into nano- and microbubbles
that can expand and contract without breaking (stable cavitation). With increasing US intensity, nonlinear

bubble oscillations arise, creating strong mechanical shear forces near the surface of the bubble that can
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disrupt tissue. Eventually, these bubbles can be forced to grow and oscillate beyond the maximum resonant
size, leading to implosion (inertial cavitation). This process results in a powerful shockwave containing
transient (350 ps to <2 ps) hotspots with modeled temperatures of 2,000-25,000 K and pressures >800
atm.%%® In addition to damaging cells via pressure waves, this quick release of thermal energy can trigger
sonochemical reactions generating ROS and other energetic free radicals (pyrolysis).>®*% Importantly,
during cavitation, brief bursts of light are also produced, i.e., sonoluminescence, that can be utilized by
photocatalytic NPs or photosensitizers to produce additional ROS.*° As such, nanomedicines for SDT and
PDT usually rely on the same fundamental principles and design considerations. Importantly however, it
should be noted that the mechanisms behind sonoluminescence and SDT are still under investigation.
Currently, hypothesis for sonoluminescence primarily include ion-electron recombination and
bremsstrahlung radiation from heated ions.5! The spectrum of emitted light tends to peak in the UV, but it
is greatly affected by trace dissolved gases or other contaminants. For SDT, the contributions of the various
cavitation effects are still unknown.%® Therefore, further fundamental research is required to understand the

interaction of NPs and gas bubbles with US.
2.5 NSAF Applications & Outlook

Anticancer nanomedicine has continued to grow over the decades with additional materials and
treatment strategies published each year; however, only a limited number of nanoformulations have gained
clinical success so far. Key to this issue is the lack of mechanistic understanding on how nanomedicine
structure interacts with and impacts the human body. As a result, many nanoformulations ultimately
underperform or produce unexpected side effects when translated from animal to human models.
Meanwhile, it is challenging for researchers and regulators to identify potential risks and develop
appropriate toxicological assays to evaluate nanomedicines. For effective clinical translation, the
physicochemical properties of nanomedicines must be designed to balance treatment efficacy and toxicity.
As both beneficial and adverse outcomes can stem from the same key parameters, e.g., NP size, tumor
permeability, or biocorona properties, slight changes of those parameters can result in dramatically different
results. This complexity highlights the need for standardized experimental protocols, collaborative efforts
from various fields, and large-scale knowledge base of nano-bio interactions to identify mechanisms of
action. By systematically examining the key nano-bio interactions, the NSAF provides comprehensive
maps of the underlying SARs of nanomedicines across different levels of biological complexity and various
treatment strategies (Figure 5, Figure 8, and Figure 11). As it becomes increasingly challenging for researchers
to sort out ever-growing research data, such knowledge maps can allow for more effective use of the
literature and better engagement in collaborative efforts. By using a simple visual framework, the NSAF

allows researchers to understand the intersection of various mechanisms, identify knowledge gaps, and
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integrate their own work into the broader field, which is particularly beneficial to junior researchers and
groups with limited resources. Although the NSAF is not an exhaustive description of every
nanoformulation or therapy, the framework is applicable to most NPs of medical interest to illustrate their

functions.

Similar to using AOPs in nanotoxicology, the NSAF can be used to identify events and predict
outcomes (Figure 3). When an endpoint is observed during (pre-)clinical testing, the map function of the
NSAF allows researchers to trace back the likely mechanisms and determine upstream events, including
intrinsic initiating events and key biological events. Meanwhile, known or observed events can be used to
predict outcomes. When the exact mechanisms are unclear, potential intermediate events can be examined
to design assays for pathway identification or validation. Therefore, from a regulatory perspective, the
NSAF can be used to identify endpoints and develop testing methods. For comparing different NPs, the
maps for each NP can be used to differentiate common behaviors and specific events. Such knowledge may
allow researchers to identify mechanisms initially overlooked and thereby uncover additional treatment
modes for a given formulation. Furthermore, different maps and their Parameters Spaces can also be
compared to elucidate critical parameters between formulations. Therefore, from a research perspective,
the NSAF can be used to facilitate SAR identification and improve nanomedicine design. Importantly, the
NSAF handles the complexity of nanomedicine by organizing information into interconnected layers
covering different biological levels. Drug delivery, for example, can be studied from various perspectives:
tumor accumulation and the evasion of non-target organs (Phase 1), trans-/endocytosis and endosomal
escape (Phase Il), and drug release and tumor destruction mechanisms (Phases Il1). Each Phase alone can
provide valuable information; however, only after all these perspectives are combined, can a treatment be
properly designed to maximize efficacy and minimize toxicity. This requires each Phase to communicate
with others via a feedback system, normally represented as loops within a self-contained pathway network.
Within the NSAF (Figure 4), feedback mechanisms can also be represented as parameters and outcomes
that do not visually overlap with events in the Activity Network, allowing them to be incorporated both

within and between Phases.

In our view, one of the largest challenges for nanomedicine moving forward is the development of
mathematical descriptions of SARs to enable quantitative in-silico modeling. While many papers have
collectively examined NPs of different sizes, shapes, and other properties, these studies are often done using
different assays, models, doses, and experimental conditions. Thus, it is difficult to accurately model how
subtle differences between NP and patient properties impact treatment efficacy and toxicity, even when the
effect is broadly understood. The characterization of both patient and NP parameters is widely recognized

as necessary for nanomedicine development; however, it can be difficult to correlate such information,
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often unmentioned or buried within text or tables, with observed outcomes. In addition, unlike conventional
drug doses, which contain identical molecules, nanoformulations typically possess a certain degree of
composition variability, such as the polydispersity of the constituent NPs, further complicating their

mechanistic understanding.

One important advancement for studying SARs and predicting nanomedicine outcomes has been
the adoption of machine learning (ML) platforms.®2%% ML constitutes a subset of artificial intelligence
(Al) that learns underlying trends from data to make informed decisions or predictions. Most often, ML
platforms utilize classic algorithmic approaches, such as clustering and regression, to identify or make
predictions from complex patterns. Using these tools, previously unknown SARs can be identified from
large datasets, which can then be used to make clinical predictions without the traditional trial-and-error
approach of animal testing. Importantly, ML algorithms for predicting outcomes must be trained using
known datasets and outcomes from past experiments to infer a casual relationship between the input
parameters and the output metrics.®*? Once trained, they must also be validated against real experimental
and clinical data. However, a key challenge with Al and ML platforms is organizing a dataset that will not
overfit. Overfitting occurs when a model is trained to only predict training samples, perhaps due to a bias
in the data, and becomes unsuccessful when given unknown samples. Conversely, underfitting can occur if
the dataset is too large and an overly simplistic parametric model is used. Currently, significant efforts have
been made in establishing nanomaterial and nano-bio interaction databases via the use of big data mining
algorithms and other methods.®*® As such, the quantity of data is usually less of an issue than the quality of
the datasets chosen. Effectively curating comprehensive datasets to train any ML model remains a key

challenge for Al platforms, largely due to a lack of standardization in the source literature.

Recently, the minimum information reporting in bio—nano experimental literature (MIRIBEL) was
proposed for the standardization of nanomaterial characterization and the development of standard
operating procedures (SOPs),?* as standardisation is a key step in enabling comparisons of different NPs
and the establishment of evaluation metrics. Under these standards, data to be published is divided into
three groups: material characterisation, biological characterisation, and the details of experimental
protocols. The first group describes the important parameters for the characterization of the NPs and the
establishment of CQAS, such as size, zeta potential, aggregation behavior, and possible drug loading. The
second group describes the basic characteristics of the selected biological model, such as general cell
characteristics and proteins present in serum. The final group describes the details of the experiments
performed, including cell culture dimensions, dosage, and measured cellular uptake. These categories
correspond to the various components of the NSAF’s Parameter Space; however, the MIRIBEL standards

currently do not account for many nanomedicine applications such as RT.** Additionally, Florindo et al.
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recently reviewed 100 articles in multidisciplinary journals from 2018 and found that only a small fraction
satisfied all the proposed requirements.®** In order to develop complex predictive tools using ML learning,
significant effort is still needed to improve the scope and implementation of reporting standards in
nanomedicine research. Like the NSAF, the MIRIBEL standards are a living document and they have been
recently updated using the minimum information about nanomaterial biocorona experiments (MINBE).%
Further work will likely update these checklists for specific applications such as immunotherapy or RT and
include other important but missing parameters. However, since not all research groups have the resources
to perform comprehensive characterizations, either due to equipment limitations or funding, reports
containing incomplete datasets according to the MIRIBEL checklist should not be necessarily dismissed as
this may slow down basic research efficiency®. Rather, emphasis should simply be placed on accurately
characterizing as many properties as possible, with collective efforts and replication be used to overcome

the weakness of data collected by any individual group.

For predictions of complex nanomedicine problems, such as their performance in the human body,
ML models can be made using techniques such as random forest decision tress and deep learning artificial
neural networks.”2916 Tree-based algorithms are function around simple flowchart-type diagrams
connecting possible outcomes to a series of decisions about the experimental conditions. Predictions are
made by following a linear path along the diagram and making key decisions based on fundamental
properties or thresholds, e.g., is the exposure concentration high enough to induce a specific effect? By
comparison, neural networks rely on a more complicated combination of multiple nonlinear functions. A
single nonlinear relationship is referred to as an artificial neuron, and multiple neurons can process the same
input information to form a layer. Additional mathematical functions may then be applied to the output of
the first layer, causing it to become the input of multiple other layers. Thus, each layer transforms the
function, breaking the complex task down into smaller and simpler pieces. The network of neurons can also
be flexibly rearranged and many different deep learning architectures can be developed, each suited to
specific prediction tasks. Such predictive ML models can be incredibly powerful and have found success
in predicting nanomedicine properties. For example, Lazarovits et al. used neural networks to predict the
organ accumulation and blood half-life of PEGylated GNPs based on their size and biocorona
composition.?®* When validating the model using two unknown GNPs, the organ accumulation and blood
half-life were successfully predicted with an accuracy of 77-94%. Furthermore, Ban et al. utilized a random
forest method to successfully predict biocorona composition based on various physicochemical parameters
with an accuracy at least 75%.°" Most recently, Boehnke et al., combined ML and high-throughput
screening to evaluate the influence of biological heterogeneity on NP delivery, an important consideration
for the development of targeted and personalized nanomedicines. Using this approach, the authors were

able to construct genomic and protein-protein interaction networks to identify several cellular biomarkers
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for NP uptake and subcellular trafficking.®*® While further work is still needed to improve the training and
validation of these models, these early results are key steps to improving nanomedicine development.
Importantly however, nanomedicines interact with many biological systems, including the immune system,
and thus must be evaluated using multiple tools and endpoints. By serving as a knowledge map of when,
where, and how key decision nodes may occur, the NSAF framework can be used as an evolving template
to guide the development and integration of these complex ML platforms.®¢® Fundamentally, these
collective ML algorithms and the NSAF describe the same predictive pathways from various input
parameters to potential in vivo outcomes, one mathematically and one visually. As such, powerful ML
toolboxes could be constructed by combining and updating the NSAF, MIRIBEL, and large nano-bio

databases produced by data mining.

In summary, in addition to providing clarity on NP interactions, the broader concept behind the
NSAF can directly assist nanomedicine development by providing an intuitive way to organize key
parameters and SARs into a system that is compatible with computer algorithms. As medical research
attempts to gradually move away from traditional animal testing, the need for computer-assisted solutions
for both development and evaluation will increase. As such, the QSAR-inspired design of the NSAF should
facilitate this transition. Similar to a computer algorithm, the NSAF describes how input information is
transformed to an output. We envision that clinicians and researchers will eventually be able to input patient
and NP parameters into an algorithm that can then provide a personalized nanoformulation design for the
patient. While such a future is still a long way off, we are rapidly acquiring a much deeper understanding
of the challenges and opportunities in anticancer nanomedicine. To facilitate this progress, we propose our
knowledge framework, the NSAF, as a foundational tool for future research and regulation of
nanomedicine. Through its usage, we hope to provide enhanced clarity and focus for researchers and

regulators.
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~ Chapter 3 ~

Degradable Multifunctional Gold-Liposomes as an All-in-One

Theranostic Platform for Image-Guided Radiotherapy

The work presented in this chapter has been published as:

Youden, B., Wang, F., Zhang, X., Curry, D., Majtenyi, N., Shaaer, A., Bingham, K., Nguyen, Q., Bragg, L., Liu, J.,
Servos, M., Zhang, X., and Jiang, R. Degradable Multifunctional Gold-Liposomes as an All-in-One Theranostic
Platform for Image-Guided Radiotherapy. International Journal of Pharmaceutics, 2022, 629 (15), 122413. DOI:
10.1016/j.ijpharm.2022.122413.

Preliminary data for this work was also presented and published as a conference abstract (The American Association
of Physicists in Medicine, 2018 Annual Meeting):

Youden, B., Jiang, R., Zhang, X. and Servos, M. Radio-Photothermal Therapy of Prostate Cancer Cells Using Gold-
Lipid Nanoshells. In Medical Physics, 2018, 45 (6), E342-E343. 111 River St., Hoboken 07030-5774, NJ USA: Wiley.

Chapter Summary

To improve tumor destruction and minimize adverse effects to healthy tissues, image-guided radiation
therapy (IGRT) has been developed to allow for the accurate delivery of radiation energy to tumor sites
facilitated by real-time imaging. Nevertheless, the current IGRT platform still suffers from the limitation
of poor tissue contrast, resulting in the incidental irradiation of healthy tissue. Gold nanoparticles (GNPS)
have been identified as promising candidates to simultaneously improve both radiotherapy and imaging,
thereby improving both the accuracy and safety of IGRT. However, despite much preclinical study, little
clinical progress has been made due to uncertainty over GNP toxicity. Herein, we demonstrate the great
potential of using GNP-coated liposomes, i.e., Lipogold, which combine the advantages of both large and
small nanoparticles into one multifunctional formulation, as an ideal platform for IGRT. When irradiated
with low doses (<2 Gy) of therapeutic X-rays, Lipogold induced a significant radiosensitization effect for
PC-3 prostate cancer cells, which are moderately radiation-resistant. When imaged with computed
tomography (CT), Lipogold was also found to possess consistent X-ray contrast of ~18-23 HU/mg across
tube X-ray voltages (70-140 kVp), which could be boosted via the encapsulation of a small-molecule

contrast agent containing iodine.
3.1 Background

Within the current landscape of oncology, radiation therapy (RT) is one of the major treatment

options used today, with approximately 50% of all patients receiving RT in some form.®?:92! Although RT
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is highly effective, it suffers from a lack of tissue selectivity, leading to numerous adverse effects in healthy
tissues surrounding the tumor target. To improve tumor destruction and minimize adverse effects to healthy
tissues, image-guided RT (IGRT) has been developed to allow for to adjustments of beam position based
on tumor location and movement before or during treatment.®?? Three-dimensional X-ray imaging
(computed tomography (CT)) of the patient prior to treatment is a common IGRT procedure; however, like
stand-alone imaging procedures, it is limited by poor soft tissue contrast, making accurate identification of
tumor boundaries extremely difficult. As such, a combination of other imaging techniques is usually needed
to accurately define the tumor volume. While iodine-based small molecule contrast agents can be used to
partially alleviate this issue, they are rapidly cleared from circulation and are known to be toxic to the
kidneys, limiting their practicality for most treatments that rely upon the application of daily doses of
radiation.®?*-9%> Nanomedicines, owing to their multifunctionality and extended biological half-life, offer a

means to further enhance the efficacy and safety of IGRT.

Amongst nanomedicines studied for RT and X-ray imaging, those based on gold nanoparticles
(GNPs) have gathered the most attention. GNPs offer the benefits of being easy to synthesize into different
sizes and shapes, having relatively low toxicity, and being light-responsive in the visible-to-near infrared
(NIR) range.185818820891 |n addition to these benefits, there is a broad consensus that gold and other high-Z
elements can simultaneously function as both contrast agents and radiosensitizers due to their greater
absorbance/attenuation of X-ray energy compared to biological tissue. This absorption by the atom’s
innermost (1s or k-shell) electrons produces contrast via the photoelectric effect, and then releases
additional energy into the local tissue through the Auger effect; a cascade of emitted secondary electrons
resulting from electron recombination,166:172798.825,926 Throygh this ‘ Auger therapy,” lower doses of radiation
can be applied to spare healthy tissue while maintaining treatment efficacy. Thus, GNPs are ideal candidates
for use in IGRT and related combination therapies. However, despite the abundance of primary literature
demonstrating the use of GNPs, there has been a noticeable lack of progress of GNPs into the clinic,

particularly in the context of radiology.

One reason for this has been the lack of a consensus opinion on the optimal nanomedicine design
and the influence of different physicochemical parameters.?>%2/-%2° Sjze alone, for example, can
significantly alter nanomedicine performance and has been subject to much investigation.®?® Smaller GNPs
typically possess the highest rates of cellular uptake and can penetrate into intracellular compartments such
as the nucleus; however, they are limited by their rapid clearance through the kidneys similar to small
molecules. Importantly, small GNPs possess a very high surface area-to-volume ratio, resulting in strong
and fast surface reactions. In the context of radiation therapy, this high ratio maximizes Auger electron

emission by reducing electron re-absorption by the GNP core.®° Since Auger electrons can only travel a
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short distance before reacting, only those produced near the NP surface can be emitted and cause cellular
damage. Larger GNPs, by comparison with smaller ones, tend to have longer circulation times (based on
the slower removal of the NPs by the liver, spleen, and immune system), which allows for greater blood
circulation and tumor accumulation and retention.®*® For imaging, a greater circulation time allows for
longer imaging windows, increasing the flexibility of patient preparation, while increased accumulation
and retention reduces the need for repeated doses. Additionally, larger NPs can possess additional properties
such as hollow, drug-loadable cores or localized surface plasmons that can extend into the infrared. Unlike
ultraviolet (UV) or visible (Vis) light, near-infrared (NIR) light possesses good tissue penetration, allowing
for deep-activated phototherapies.®®* As a plasmonic material, GNPs with infrared absorbance (typically
nanorods and nanoshells) have been widely explored for photothermal therapy and controlled drug release,
offering combination therapies and enhanced imaging modes to create multifunctional designs.%29%
However, due to their larger size, concerns exist over their immune response and chronic toxicity to the

liver, spleen, and heart due to a high in vivo retention.*

Previously, Romanowski and colleagues discovered that liposomes could be used for the formation
of plasmonic gold nanoshells.®*+*%¢ Similar to conventional nanoshell cores made of solid SiO., the
presence of the liposome serves as both a stabilizing agent (together with the capping agent) and a scaffold
for GNP formation.®®” This results in the GNPs forming a thin coating over the liposome surface and
generating a localized surface plasmon resonance which can be utilized to generate heat under visible or
infrared irradiation.®#%* Importantly, liposomes, unlike solid NP cores, are hollow and highly sensitive to
temperature, providing a means for the triggered release of encapsulated drugs such as oleanolic acid,
doxorubicin (DOX), or photosensitizers that can be used for photodynamic therapy.0:%40-%4" The light-
induced degradation of the liposome scaffold also causes the GNP coating to disassemble into smaller NPs
that can then be cleared by the kidneys.** Altogether these gold-lipid nanoshells, termed ‘Lipogold,” offer
the benefits of both large and small NPs in a single design without sacrificing its broad multifunctionality
(Figure 16). However, all examinations of Lipogold thus far have been limited to photothermal-
chemotherapy combinations, with the use of Lipogold for Auger radiation therapy being unexplored. Due
to the high surface area of the GNPs making up the Lipogold coating, this formulation may prove
particularly effective for use with RT. Additionally, as a liposome, the hollow core of Lipogold can also be
loaded with X-ray responsive materials for an additive contrast effect and extended circulation. Thus, we
hypothesize that Lipogold could function as a powerful agent for IGRT, optimally enhancing both RT and

imaging through its unique structure.
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Figure 16: Gold nanoparticle-coated liposomes (i.e., Lipogold) as an all-in-one platform for cancer therapies.

Herein, we demonstrate the potential viability of Lipogold as an all-in-one platform for sensitized
IGRT using modern clinical platforms. Radiosensitization of PC-3 cells was observed using clinically
relevant megavoltage X-rays, with both biological (oxidative stress) and physical responses (Auger electron
emission) suspected to play a role. In addition, we show that Lipogold can be used as an effective contrast
agent for computed tomography (CT) imaging and could be enhanced via the encapsulation of iohexol, an
FDA approved iodine-based small molecule contrast agent.

3.2 Methods
3.2.1 Materials

The prostate cancer cell lines PC-3 and DU-145 were purchased from American Type Culture
Collection (ATCC) via Cedarlane, Burlington, ON, Canada. The Avanti Mini-Extruder,
dipalmitoylphosphatidylcholine (DPPC; 25 mg/mL in chloroform), Sephadex G-50 powder, ascorbic acid,
doxorubicin hydrochloride (DOX), thiazolyl blue tetrazolium bromide (MTT), iohexol, polyethylene glycol
(PEG-20k), Triton X-100, tetrachloroauric acid and methanol were purchased from Sigma Aldrich,
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Oakville, ON, Canada. Dulbecco's phosphate-buffered saline (DPBS), RPMI-1640 Cell Media, heat-
inactivated fetal bovine serum (FBS), penicillin-streptomycin, TrypLE Express, trypsin-EDTA, trypan
blue, citric acid, sodium carbonate, acetonitrile, and crystal violet were purchased from Fisher Scientific,
Mississauga, ON, Canada.

3.2.2 Cell Culture

All cell lines were cultured in RPMI-1640 cell media supplemented with 10% fetal bovine serum
(FBS) and 2% penicillin/streptomycin. They were subcultured when the cells reached 80-100% confluency,
approximately 1-2 times per week. TrypLE Express or trypsin-EDTA enzymes were used for cell
dissociation, with passage numbers 7-30 being used for experiments. Cells were counted on a glass

hemocytometer and a splitting ratio of 1:10 was used.
3.2.3 Preparation of Liposomes

Uncoated DPPC Liposomes were prepared using the well-described thin-film hydration method
followed by extrusion. Briefly, 100-200 uL of DPPC (dissolved in chloroform; 25 mg/mL) was manually
rotary evaporated in a clear 4 mL glass vial using gentle stream of dry nitrogen or argon gas. The stream
was applied until a visible and consistent white film formed on the bottom of the tubes. The thin film was
then rehydrated in 70°C MilliQ water to form large, multilamellar liposomes (5 mg/mL) which were then
converted to small, unilamellar liposomes via 11 passes through an Avanti Mini-Extruder equipped with a
0.1 pum polycarbonate membrane. The liposomes were allowed to cool to room temperature before further

processing.

For iohexol-encapsulated liposomes, the rehydration solution was replaced with a 140 mg /mL
solution of iohexol and was additionally subjected to 10 freeze-thaw cycles prior to extrusion. To prepare
DOX-encapsulated liposomes, a previously described method employing a transmembrane pH gradient was
used.®* Briefly, citric acid (300 mM, pH 4) was used as the rehydration medium for the DPPC thin-film,
and a pH gradient was established following extrusion by titrating sodium carbonate (17.4 mg/mL) until
the external pH reached 7.4. Next, DOX (1 mM) and PEG-20k (100 ppm) were added to the liposomes
mixture and incubated at 50°C for 10 minutes. Finally, the liposomes were centrifuged at 12,000 RPM for

8 minutes and washed with MilliQ water up to 5 times to remove unencapsulated and leaked DOX.
3.2.4 Synthesis and Characterization of Lipogold

To coat the DPPC liposomes (with or without DOX) with gold nanoparticles (GNPs), different
ratios of tetrachloroauric acid (Au) and ascorbic acid (AA) were used.®*! Briefly, to a 200 uL solution of

DPPC (2 mg/mL), 100 pL of varied concentrations of Au were added and mixed, followed by the rapid
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addition of 400 pL of ascorbic acid (5 mM). Upon mixing, the solutions rapidly changed from a pale yellow
to different shades of red, blue, and green depending on the amount of gold reduced. The solutions were
then centrifuged at 12,000 RPM for 8 minutes to remove the unused reactants and concentrate the samples
for CT analysis. For stability analysis, samples were stored at 4°C for 48 h in 0.1X or 0.5X PBS buffer.
Dynamic light scattering (DLS) and Z-potential measurements were performed using a Malvern Zetasizer
Nano ZS90. UV-Vis and fluorescence measurements were collected with a Molecular Devices SpectraMax
Mb5e microplate reader.

3.2.5 Drug Leakage and Release

The in vitro leakage profile for iohexol from Lipogold was assessed by a dialysis method.%°92 In
short, 200 uL of iohexol-encapsulated Lipogold (iohexol@Lipogold) was placed in a dialysis bag (MWCO
10,000 kDA) suspended in 40 mL of 0.1X PBS and incubated at 4°C or 37°C. At specific time points over
the course of 7 days, 400 pL of the dialysate was removed for measurement, and 400 pL of fresh buffer
was added to maintain constant volume. The diffusion of free iohexol (140 mg/mL) across the dialysis
membrane was also examined. Measurements of released iohexol were conducted via HPLC using an
Agilent 1260 LC with a diode array detector (DAD) at 254 nm.%* An Agilent Zorbax Eclipse XDB-C18
column (4.6 x 150 mm; 5 pm particle size) was used with an isocratic mobile phase consisting of 10%
acetonitrile in water. The flow rate was 0.4 mL/min throughout the total run time of 10 minutes. An injection
volume of 35 pL was used and during separation the column temperature was held at 30°C. To achieve
100% release, Triton X-100 was added to the Lipogold (10% final volume) and incubated at 50°C for 10
minutes. Afterwards, the sample was centrifuged at 12,000 RPM and the supernatant was analyzed using
HPLC-DAD.

For DOX-loaded Lipogold (DOX@Lipogold), passive drug leakage was analyzed using
fluorescence spectroscopy (Aex = 486, Aem = 592) over the course of 72 h. At each time point,
DOX@Lipogold samples were centrifuged for 8 minutes at 12,000 RPM and the DOX in the supernatant
was quantified. To examine the potential of NIR-induced drug release from the Lipogold, triplicate samples
of DOX-encapsulated liposomes and DOX@Lipogold were exposed to an 808 nm diode laser (5 min, 1500
mW/cm?) in a 96-well prior to centrifugation. To obtain 100% release, Triton X-100 was added as described

above for iohexol@Lipogold.
3.2.6 Cellular Toxicity

To understand the toxicity of Lipogold and the effect of different treatment conditions, we
performed 3 separate viability assays (Trypan Blue Exclusion (TBE), MTT, and Clonogenic) using PC-3

prostate cancer cells. For both the MTT and TBE assay, 10,000 cells/well were seeded in triplicate and
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allowed to attach to the surface of a 96-well plate overnight. For clonogenic assays, cells were prepared as
above when treated with radiation doses of up to 3 Gy or seeded at a higher density of 50,000 or 100,000
cells/well in a 24-well plate for treatments with 5 and 10 Gy, respectively. The next day, the media was
replaced with supplemented RPMI medium containing serial dilutions of Lipogold. The cells were then
incubated for an additional 24-48 h, after which they were washed 2-3 times with 1X DPBS to remove any
remaining extracellular Lipogold. Following this, the cells were taken for treatment or toxicological

analysis.

For the TBE assay, following incubation or photothermal therapy (PTT), the cells were trypsinized,
diluted with RPMI medium, and then mixed with an equal volume of 0.4% trypan blue for 10 min.
Following this, the cells were examined on a glass hemocytometer and the ratio of viable to dead cells was

determined.

For MTT analysis, the washing of the cells was followed by the addition of RPMI medium
containing 5 mg/mL MTT for 2 h. After incubation, the media was removed, and the formazan end-product
was solubilized using 200 uL of DMSO and vigorous pipetting. The absorbance at 570 nm was then

measured immediately after.

For clonogenic analysis, cells were trypsinized and reseeded in 6-well plates at a density of 200
cells/well. After 10 days of growth, the colonies were fixed with ice-cold methanol and stained with 0.5%
crystal violet (in 20% methanol). The plating efficiency and surviving fraction were then determined

relative to non-treated or sham-irradiated samples.

3.2.7 In Vitro Photothermal Therapy

The response of Lipogold to NIR was evaluated by the increase in solution temperature
(photothermal transduction), liposome degradation, DOX drug release, and photothermal therapy (PTT).
Initially, triplicate samples of Lipogold were prepared at a ratio of 2:1 AA:Au (0.25 mg/mL Au, 0.5 mg/mL
DPPC), uncoated DPPC liposomes (0.5 mg/mL DPPC), and MilliQ water were exposed to an 808 nm diode
laser (1500 mW/cm?) in a 96-well plate. The peak temperature of the solutions was then recorded at 0, 1,
3, and 5 minutes using a digital thermometer. To analyze the degradation of the liposome over time, the
UV-vis spectra was collected after 0-15 min of continuous irradiation, or 5 on/off cycles of 2 min of
irradiation and cooling. Before scanning or between cycles, MilliQ water was added to the samples to
account for evaporation. For PTT, laser exposure was performed after washing the cells with DPBS and

reintroducing fresh RPMI medium. Cell viability was determined via a clonogenic assay.
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3.2.8 CT Imaging

To evaluate the potential of Lipogold to function as a contrast agent for CT imaging, serial dilutions
of Lipogold (synthesized using an AA:Au ratio of 2:1), iohexol-encapsulated Lipogold, or pure iohexol
were prepared, well mixed, and then placed in a patient phantom composed of a 96-well plate surrounded
by 4 cm thick bolus and sandwiched between 4 and 5 cm thick blocks of solid water, placed above and
below respectively. Sample wells without contrast material were filled with an equivalent volume of MilliQ
water. The final dimension of the phantom was 30 x 30 x 13 cm. This CT phantom was then loaded and
positioned onto the gantry of a Siemens SOMATOM Definition AS 64-slice CT scanner for imaging. A 2D
topogram was first performed to define the scan range for the whole phantom, followed by imaging at 70,
80, 100, 120, and 140 kVp using 1 mm slices. The collected images were then loaded into analysis software,
wherein the mean attenuation was calculated using a minimum of 8 measurements focused across the center
of the wells. Measurements at the edge of the well were excluded to minimize overlapping signals from the

plastic and air between wells.
3.2.9 In Vitro Radiation/Auger Therapy

To apply radiation therapy (RT), 96- and 24-well plates containing PC-3 prostate cancer cells
treated with or without Lipogold were sealed with parafilm and transported to the Grand River Regional
Cancer Centre for irradiation. Plates were placed in a patient phantom as described above, and then
irradiated with 0-10 Gy of 6 MV X-rays produced by a Varian TrueBeam at 600 MU/minute (1.03
MU/cGy). Irradiations were focused on a 10 x 10 cm field with a source to surface distance (SSD) of 94
cm. After treatment, cells were immediately returned to the laboratory, unsealed, trypsinized, and then
reseeded in either 6-well (200-2500 cells/well for 0-5 Gy) or T25 cell culture flasks (50,000-100,000
cells/flask for 10 Gy). The treated cells were then incubated for 10 d, after which they were fixed, stained,

and analyzed as described above. Independent replicates were collected on separate days.

3.2.10 Statistical Analysis

Statistical analysis of all data was performed in SigmaPlot 13.0 using one-way or two-way

ANOVA:s followed by Holm-Sidak post-hoc tests. P-values of less than 0.05 were considered significant.
3.3 Results
3.3.1 Synthesis and Characterization of Lipogold

To prepare Lipogold NPs, we adapted a robust method invented by Troutman et al.®* Using
extruded pure DPPC liposomes as a template, the GNP shell was created by sequentially adding different

ratios of gold chloride precursor and ascorbic acid. By varying the ratio of gold to ascorbic acid, a variety
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of blue-green colored nanoshells were produced, with more gold resulting in more intense and red-shifted
plasmons (Figure 17A and B). For consistency, we selected Lipogold prepared at an AA:Au ratio of 2:1
for further experiments. The mean {-potential was found to be very close to neutral (-0.7 = 1.1 mV). The
intensity-weighed DLS results indicated that the average size of the uncoated DPPC liposomes was ~137
+ 40 nm, while the Lipogold NPs were ~422 + 166 nm Figure S2A). However, a small number of
aggregates can skew DLS measurements using intensity alone (scattering power increases with size to the
6™ power), the number-weighted values were also compared, suggesting the bare liposomes were ~87 + 23
nm, which increased slightly to 96 + 20 nm following GNP coating (Figure S2B).%* Thus, the majority of
the liposomes were around 100 nm, regardless of gold deposition. The polydispersity index (PDI) of the
Lipogold NPs was measured at 0.266 + 0.056. Transmission electron microscopy (TEM) of the Lipogold
suggested an average particle size of 134 + 43 nm (Figure S17C). Following storage at 4 °C, small changes
in plasmon intensity were observed, suggesting Lipogold agglomeration (Figure S1).*4* Additionally,
during storage, Lipogold was observed to settle at the bottom of the tubes and aggregate to form a semi-
stable gel like substance. This gel could easily be redispersed with pipetting (Figure S2C). In contrast,
repeated centrifugation (2+ times) could result in more significant agglomeration.
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Figure 17: Characterization of Lipogold. A) UV-vis spectra of Lipogold prepared with different ratios of
tetrachloroauric acid (Au) to a fixed concentration of ascorbic acid (AA). B) Visual depiction of the Lipogold samples
(from left to right; 1:1, 2:1, 4:1, 8:1, and 16:1 AA:Au ratio) following synthesis. C) TEM images of Lipogold prepared
at an AA:Au ratio of 2:1.

3.3.2 Acute and Chronic Cytotoxicity

Next, we evaluated the toxicity of the Lipogold using the MTT assay, a commonly used approach
to measuring cytotoxicity via cellular metabolism (Figure 18A).%* When incubated with Lipogold for 24

h, cytotoxicity was observed through a decreased rate of MTT reduction; however, interestingly, a longer
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incubation period (48 h) showed no significant toxicity. Since the reduction of MTT can be confounded by
NPs and stress,**9%8 we thus aimed to corroborate these results using the Trypan blue and clonogenic
assays, which measure cell membrane integrity and reproductive capacity, respectively (Figure 18B). When
examined under the microscope after incubation with Trypan blue, the total number and ratio of live-to-
dead cells following incubation with Lipogold was found to be unchanged, suggesting that while the cells
may possess acute metabolic responses to Lipogold, their membrane integrity is largely uncompromised.
Light microscopy without staining also indicated that clusters of Lipogold NPs could be observed in the
cells, with different cells showing various levels of Lipogold uptake (Figure 18C and D). Using the
clonogenic assay, we found no significant inhibition to growth and replication for both PC-3 and DU-145
cells (Figure 18B and Figure S3B). Together, these results suggest that Lipogold alone is largely non-toxic,

although oxidative stress following uptake may occur and impact the radiation response.
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Figure 18: In vitro toxicity of Lipogold to PC-3 cells. A) MTT assay performed after 24 and 48 h of incubation. B)
Comparison of toxicity markers (cell membrane integrity, metabolism, and reproductive capacity) using different
assays. n = 3 with errors bars representing the standard deviation. n > 3 with errors bars representing the standard
deviation. *p < 0.05. Visual appearance of PC-3 cells before (C) or after (D) incubation with 125 pg Au/mL Lipogold
for 24 h.
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3.3.3 NIR-Activated Photothermal Therapy and Drug Release

We evaluated the in-vitro photothermal performance of the Lipogold using the PC-3 cell model.
Compared to water or bare DPPC liposomes, NIR irradiation of Lipogold had a significant effect, rapidly
raising the solution temperature to hyperthermic levels capable of inducing cell death (Figure 19A). For
Lipogold (0.5 mg/mL of DPPC and 0.25 mg/mL of Au), one minute of irradiation (1.5 W/cm?) was
sufficient to increase the temperature above the phase-transition temperature of pure DPPC (41.3°C),
allowing for degradation of the nanostructure to form small GNPs (< 5 nm) (Figure 19B-C and Figure S4),
consistent with previous observations. 93694094199 After 5 minutes of irradiation, photothermal therapy alone
was sufficient to kill 62.2 + 5.4% of the cells as determined via the clonogenic assay (Figure 19D).
Similarly, 5 minutes of irradiation was sufficient to fully release encapsulated DOX from the Lipogold
(Figure 19E), whereas non-irradiated DOX@Lipogold showed a slow-release profile over the course of 72
h at 37°C (Figure S5). When stored at 4°C, only minimal leakage was observed (~5-7%).
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Figure 19: Photothermal performance of Lipogold. A) Temperature increase under NIR irradiation. B) Degradation
of Lipogold as measured via the loss of the LSPR during continuous exposure to an 808 nm laser. C) TEM image of
irradiated Lipogold, showing an intact nanoshell, a degraded/burst nanoshell, and the individual GNPs making up the
nanoshell. The small GNPs are highlighted at a higher resolution. D) Clonogenic survival of PC-3 cells following

PTT. E) Comparison of DOX release efficiency. n = 3 with errors bars representing the standard deviation.

3.3.4 CT Contrast Efficacy

Previously, it was demonstrated in proof-of-concept experiments that concentrated Lipogold could
provide CT contrast; however, its performance has not yet been quantitatively evaluated.®-° Importantly,
this quantification depends not only on the elemental composition of the contrast agent, but also the X-ray
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energies produced by the scanner (Figure 20A).%%2 \When compared to iohexol, a widely used clinical
contrast agent, gold (and Lipogold) at the same weight concentration (w/v% of Au or 1) produced lower CT
contrast than iodine at low tube voltages (e.g., 21 HU/mg of Au vs 51 HU/mg of I at 70 kVp), and
comparable contrast with iodine at high tube voltages (e.g., 24 HU/mg of Au vs 26 HU/mg of | at 120 kVp)
(Figure 20C and D). Notably, although lower tube voltages can provide a smaller radiation dose to the
patient, generating less harm, they also produce significantly noisier images than those gathered at higher
voltages (Figure S6A and B).
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Figure 20: Performance of Lipogold as a platform for radiology. A) X-ray spectrum produced at 70 and 120 kVp with
the mass attenuation coefficients of iodine (33.2 kV) and gold (80.7 kV) plotted separately for reference. B) Scan of
the X-ray phantom showing the physical setup for irradiation, with chloroauric acid, iohexol@Lipogold, Lipogold,

and iohexol in the center wells from left to right. The outer wells contain water. The image was taken at a tube voltage
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of 120 kVp. C) Measured CT contrast of iodine (iohexol) and gold (HAuCls) at 70 and 120 kVp. D) Representative
images of contrast provided by iodine and gold. E) CT contrast provided by Lipogold, and iohexol@Lipogold at 70-
140 kVp. n > 8 slices. F) The in vitro release profile for iohexol from Lipogold at 4C and 37C. n = 3. Errors bars

represent standard deviation.

Importantly, Lipogold can encapsulate many different small molecules to enhance its therapeutic
and diagnostic efficacy. Therefore, to improve the X-ray contrast effect of Lipogold, which normally is
dependent on the GNP coating alone, we prepared iohexol-encapsulated Lipogold (iohexol@Lipogold). By
having both gold and iodine combined into a single formulation with extended circulation, iohexol-
encapsulated Lipogold may provide better contrast and limit the toxicity risks associated with high
concentrations of either element on its own. Interestingly, when GNP synthesis was conducted in the
presence of high concentrations of free iohexol, the color of the Lipogold was found to blueshift and greatly
increase in intensity (Figure S9). Based on the UV-NIR spectra, no characteristic signals from individual
GNPs (characteristically between 500-600 nm) were observed except in the absence of the liposome
template, suggesting the iohexol can alter, but not inhibit gold nanoshell formation. Calibration with iohexol
and gold salts at 70 and 120 kVp respectively indicated that the coating efficiency of the Lipogold was
approximately 89.6 + 10.4% and the total lipid:GNP:drug molar ratio was ~1:1.69:0.17. During CT
scanning, encapsulation was found to significantly improve the contrast effect of the Lipogold through an
additive effect of gold and iodine (Figure 20E). Leakage analysis showed that the release kinetics of
Lipogold exhibited a two-phase pattern, with a fast release of ~20-30% of the entrapped iohexol within the
first 6 h prior to a slower leakage of the remaining amount (Figure 20). Similar release profiles have been
previously observed for non-GNP coated liposomes loaded with iohexol and iodixanol.%50.%1.93964 After 1
week of storage at 37°C, ~58% of the iohexol remained within the Lipogold. lohexol release was

significantly lowered by storing Lipogold at 4°C, with ~72% remaining after 1 week.
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3.3.5 X-Ray Radiosensitization / Auger Radiation Therapy
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Figure 21: Dose survival curve under different doses of 6 MV X-ray irradiation. n > 5 with errors bars representing
the standard deviation. *p < 0.05.

While the overall size of Lipogold is relatively large (100-200 nm), the individual GNPs forming
the nanoshell are small (<5-10 nm; Figure 19C). As a result, when irradiated, more Auger electrons can be
released to the environment rather than being re-adsorbed in the bulk NP core (Table 4).°%° Therefore, it
was hypothesized that Lipogold may serve as an effective platform for tumor radiosensitization via Auger
therapy. To confirm this, we employed a clinical linear accelerator (a Varian TrueBeam) to irradiate PC-3
cells treated with or without Lipogold and then evaluated their survival via clonogenic assays. Since many
of the effects of radiation are delayed, MTT or other assays for acute cytotoxicity would be unsuitable for
evaluating the efficacy of RT.%*%® As seen in Figure 21, Lipogold was found to be a highly effective
radiosensitizer under low doses of radiation, with the largest decrease in survival (~2.65 fold difference)
observed at 1.5 Gy. Above 10 Gy of irradiation, no survival was observed for PC-3 with or without Lipogold
using seeding densities of 100,000 cells per flask. It is important to note this limitation given the increasing
use of stereotactic RT, wherein the behavior of both conventional and new radiosensitizers under high

radiation doses are poorly understood.

Table 4: Comparison of different gold nanomaterials for X-ray-based imaging and radiotherapy.

Nanomaterial Advantages Disadvantages
Large Spherical GNP -Longer circulation time -High organ retention
-Large Au content per NP for -Large core reabsorbs many
imaging Auger electrons
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-Lower Toxicity -Low cellular uptake

Small Spherical GNP -High surface area-to-volume -Short circulation time
for Auger electron emission -Low Au content per NP for
-Low organ retention imaging
-High cellular uptake -Higher toxicity

Gold Nanoshell -Longer circulation time -High organ retention
-Plasmonic (NIR) -Some Auger electrons
-Moderate surface area-to- absorbed by NP core
volume for Auger electron -Non-biodegradable
emission metal/silica core
-Moderate Au content per NP
for imaging

Lipogold -Longer circulation time -Some Auger electrons
-Plasmonic (NIR) absorbed by liposome

-Moderate surface area-to-
volume for Auger electron
emission

-Moderate Au content per NP
for imaging

-Degradable into small NPs
-Can load secondary contrast
agents or drugs in hollow core
-Biodegradable liposome core

3.4 Discussion

Currently, one significant limitation of IGRT is a lack of viable contrast materials that can provide
accurate delineation of the tumor’s margins, with large gold-based implants being the current method of
choice; however, these large physical markers come with side effects such as inflammation, swelling, and
bleeding that can complicate treatment prognosis.®> Small molecule contrast agents containing iodine,
while common in regular X-ray and CT imaging, have limited use in IGRT due to their poor biological
half-life, lack of tumor targeting, and potential renal toxicity.®’ An ideal CT contrast agent for IGRT should
not only maximize the contrast provided for a tumor, but also sufficiently maintain that contrast throughout
the course of the daily IGRT application, which usually takes several hours. As most RT schedules are
fractionated, this period can be extended to several days or a month. As such, even if a tumor could be seen
using iodine, extremely high concentrations of iodine would need to be injected over a long period of time,
resulting in kidney toxicity.®® To further advance the technology of IGRT, CT contrast agents that can
overcome these deficiencies are needed. Furthermore, as contrast agents will nevertheless have some limit
to their ability to accurately define the tumor volume, radiosensitizers that can simultaneously reduce the

therapeutic radiation dosage required will further advance this treatment option. Herein, we demonstrate
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the viability of Lipogold for IGRT by enhancing both 3D CT imaging and Auger RT using modern clinical
tools.

Under therapeutic X-ray irradiation (6 MV from a Varian TrueBeam), Lipogold was found to have
the strongest effects on cells exposed to lower doses (<2 Gy) of radiation. At higher doses, a greater
variation in survival was observed and the effects of Lipogold were far less significant. Due to the low
survival under higher levels of irradiation, a large number of cells is required to observe small effects.
Additionally, as the uptake of Lipogold among different cells was uneven (Figure 18D), the radiosensitizing
effect will also be unequal amongst the cells. While uptake could be improved using various targeting
ligands, the difficultly of low survival remains for quantifying stereotactic doses. In our observations,
irradiation with 10 Gy yielded <10 colonies when 50-100,000 cells were plated, and no colonies were
observed above 10 Gy, regardless of the presence of Lipogold. Many cell lines exhibit variable or low
plating efficiencies, and further scale-up of clonogenic assays can present several issues. In addition to the
larger volumes and plating dishes required, we observed that many clustered dead cells, appearing enlarged
but still with an intact structure, could remain attached to the plates/flasks and be stained at the end of the
assay, thus being miscounted as living colonies. For PC-3 cells, the clusters of dead cells were clearly
distinguishable from the smaller living colonies; however, this difference may not be as pronounced for
other cell lines or at higher seeding densities. Due to the increasing popularity of stereotactic RT, further
research is clearly needed to identify if radiosensitization can be consistently observed at very high doses.
However, a lack of access to clinically relevant radiation facilities (such as the Varian TrueBeam utilized
in our work) can prevent researchers from such screening assays. As such, radiosensitization research is
often performed using orthovoltage units that produce only X-rays with kV energies. These units have the
advantage of availability, imaging modes, and an output energy most likely to excite the k-edges of different
elements; however, kV X-rays have poor tissue penetration and thus can only be used for treating tumors
close to the surface. For most cancers, MV X-rays are used due to their deep tissue penetration and these
beams contain only a small fraction of kV photons produced by scattering. As such, the influence of the
Auger effect is much smaller during MV RT than during kV RT. Under MV irradiation, the chemical and
biological effects of NP uptake (e.g., reactive oxygen species (ROS) dysregulation, metabolic changes, cell

cycle arrest, etc.) likely play a much greater, but less understood role.

In addition to radiosensitization, Lipogold was also able to load a high concentration of gold and
iodine for CT imaging and IGRT. As shown in Figure 20D, very low concentrations of iodine or gold do
not provide notable contrast over the noise, and thus a minimum concentration of ~4 mg/mL of Au, 2-4
mg/mL of I, or a combination of both, is required to provide at least 100 HU at any given tube voltage. For

iohexol, sold under the tradename Omnipaque, concentrations of 140-300 mg I/mL are typically used due
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to its rapid dilution and excretion from the blood and into the urine. This high dose can present renal toxicity
for at-risk patients, and thus by combining both elements into a single formulation with extended
circulation, lower concentrations of each individual element are needed to generate the same level of
contrast. %% As such, Lipogold could limit the toxicity of traditional iodinated contrast agents, and the
potential toxicity of high concentrations of gold.*”® Importantly, as noted in Figure 20F, iohexol leakage
from the liposomes during dialysis was significant, even when stored at 4 °C; however, since the blood
half-life of iohexol is only 2 h, this retention in the Lipogold, even at 37 °C, still marks an improvement
over the free drug and allows for extended imaging windows.® Previous studies have reported different
leakage rates of iohexol liposomes, with some showing very low levels of leakage.®®*°* These differences
are likely due to differences in liposome composition, such as using mixtures of different lipids and the
inclusion of cholesterol and PEG. Additionally, since dialysis produces a concentration gradient across the
liposome membrane, the first phase of iohexol leakage may be mitigated by storing liposomes without
removing the unencapsulated iohexol molecules. Interestingly, as iohexol does not appear to inhibit GNP
formation on the liposome surface, it does not have to be removed prior to the nanoshell synthesis, thus
minimizing the purification steps required for Lipogold. In our experiments, the presence of iohexol could
even enhance the formation of the surface plasmon (Figure S9). Since Lipogold can also be prepared from
a wide range of liposomes in a simple and easy one-step reaction (combine liposomes, gold, and ascorbic
acid) following drug encapsulation, other liposomal formulations may also be used as templates to form
Lipogold to boost their performance under radiation without significant changes to their preparation. Since
iohexol@Lipogold samples were prepared in small amounts (25 mmol lipids/batch) and the loading method
of iohexol is passive (unlike DOX) the encapsulation efficiency was relatively low (~2%); however, the
drug-to-lipid ratio indicates the loading capacity of the Lipogold NPs was similar to liposomes prepared at
higher lipid concentrations (200 mmol lipids/batch).®® Herein, increasing or decreasing the iohexol
concentration did not significantly change drug% encapsulation, and thus lipid concentration, i.e., the
volume available for drug entrapment, may act as the dominant factor. More recently, other preparation
methods such as microfluidics have also emerged as an option to produce high-encapsulation efficiency

liposomes without requiring excessive drug concentrations.®®*

The Lipogold formulation was found to be relatively non-toxic, consistent with previous works,
although a stress mechanism was implied via the reduced metabolism of MTT at 24 h compared to 48 h
(for comparison, the doubling time of PC-3 cells range from ~24-36 h).901:940:942.945947.948 G| is known to
be highly reactive to antioxidants containing sulfur moieties and can also catalyze the breakdown of
molecules such as H,0; into ROS when the surface is fully exposed.®”? As such, Lipogold can likely induce

some level of sub-lethal oxidative stress during uptake, which may even contribute to its radiosensitization
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effect. As such, care should be taken in following in vivo studies, although encouraging work by Rengan
et al. and Luo et al. showed that PEGylated DPPC/cholesterol-based Lipogold was largely non-toxic in
mice.%0%8 As each patient’s tumor is unique, the need to develop customizable NPs to target different
tumor phenotypes becomes apparent. In the case of Lipogold, customization can be made to the API
encapsulated, the liposome composition, and the GNP shell functionalization. Importantly however, once
NPs enter the body they rapidly absorb blood components onto their surface, affecting their uptake and
immunogenicity.**%* The proteins that absorb and their effects can heavily depend on the NP’s
composition as well as the patient’s individual proteome.®” In addition, such parameters can also affect
drug loading and leakage, NP agglomeration/aggregation, and plasma stability.*’5°’” Thus, while Lipogold
is a highly customizable platform, enabling it to adapt to different needs, each potential application of

Lipogold must consider how the selected NP parameters will affect its performance.
3.5 Conclusions

In this work, our results indicate that Lipogold can be a powerful and highly customizable
nanomedicine for IGRT in addition to phototherapy and chemotherapy. By combining gold and iodine for
broad-spectrum CT imaging and maximizing Auger electron emission, Lipogold is an ideal platform for
IGRT and its related combination strategies. While further work is needed to validate its efficacy in vivo,
improve its tumor targeting, and identify the optimal formulations for encapsulating different small

molecules, the application of Lipogold to clinic could significantly improve patient outcomes.
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~ Chapter 4 ~

Synergistic Multimodal Cancer Therapy Using

Glucose Oxidase@CuS Nanocomposites

The work presented in this chapter has been published as:

Singh, P.", Youden, B.*, Yang, Y., Chen, Y., Carrier, A., Cui, S., Oakes, K., Servos, M., Jiang, R. and Zhang, X.
Synergistic multimodal cancer therapy using glucose oxidase@CuS nanocomposites. ACS Applied Materials &
Interfaces, 2021, 13 (35), pp.41464-41472. DOI: 10.1021/acsami.1c12235.

*These authors contributed equally to this work.

Chapter Summary

Multimodal nanotherapeutic cancer treatments are widely studied but are often limited by their costly and
complex syntheses that are not easily scaled up. Herein, a simple formulation of glucose-oxidase-coated
CuS nanoparticles was demonstrated to be highly effective for melanoma treatment, acting through a
synergistic combination of glucose starvation, photothermal therapy, and synergistic advanced
chemodynamic therapy enabled by near-infrared irradiation coupled with Fenton-like reactions that were

enhanced by endogenous chloride.
4.1. Introduction

Cancer is a family of complex and dynamic diseases that evolves as it progresses.®’%° Therefore,
effective monomodal treatment is challenging because of cellular heterogeneity, rapid metastasis, and the
strong possibility of developing resistance to therapeutics. However, these challenges can be addressed
through multimodal synergistic therapies that employ combinations of treatments.®* Combination therapies
are ideal as they can maximize treatment efficacy while minimizing adverse side effects. Among these
treatments, glucose oxidase (Gox)-based catalytic nanomedicine is has emerged as an excellent technical

platform for powerful multimodal cancer therapies.?%%3

An important hallmark of most cancerous cells is an increase in glucose uptake.!* Unlike normal
cells, which often rely on mitochondrial oxidative phosphorylation to obtain energy, cancerous cells exhibit
a preference towards aerobic glycolysis to drive their proliferation.®®* However, this process is much less
efficient at generating ATP overall and thus requires higher levels of glucose to meet the same energy
demands. Gox catalyzes glucose oxidation by molecular oxygen to form gluconic acid and hydrogen
peroxide (H.0,) (Equation 1). Gox can therefore suppress tumor growth by depleting glucose, i.e., cancer

starvation therapy.%%%¢ This also lowers the local pH of tumor sites and generates H,O>, which not only is
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toxic by itself to tumor cells but also serves as the precursor to generate even more toxic reactive oxygen,
chlorine, and nitrogen species (ROS, RCS, and RNS), e.g., singlet oxygen (*O,),%"%8 hydroxyl radicals
("OH),%° hypochlorous acid (HOCI),**° and nitric oxide (NO)*! through Fenton-like reactions. These
reactive species can kill tumor cells more efficiently than H.O.. Therefore, as recently reviewed by Wang
et al., combining Gox with a nano-catalyst to form a catalytic nanomedicine formulation that accelerates
H»O, decomposition for reactive species generation, may present an effective multimodal synergistic cancer

treatment.%%?

G
Glucose + 0, + H,0 = Gluconic acid + H,0, (1)

Compared to conventional chemotherapeutics, catalytic nanomedicine may be better tolerated by
patients because the constituting therapeutic agents (Gox and nano-catalyst) are not toxic until combined.
Thereafter, powerful short-lived reactive species are generated in situ to attack tumor cells in the tumor
microenvironment (TME), which minimizes systemic toxicity while remaining effective in the tumor sites.
Thus far, catalysts used in combination with Gox are either encapsulated enzymes, e.g., chloroperoxidase,
catalase,®® peroxidase,* or catalytic nanoparticles (NPs), e.g., FesO4 NPs,’%:%% amorphous Fe NPs, single-
atom Fe nanocatalysts,*% porous hollow Prussian blue NPs,**® Mn-doped Cas(PO4)2 NPs,**® Ag NPs,1000
Pt NPs,%1 MnO, NPs,%%2 FesC, NPs,%% etc. (more examples in Table S2). Although these catalysts are
effective cancer therapeutics, they have technical and economic concerns, €.g., complex materials synthesis

and high cost, which hinder their translation to large-scale clinical applications.

Copper sulfide nanoparticles (CuS NPs) are an emerging theranostic platform that have great
translational potential because of their excellent photothermal properties,® consistent near infrared (NIR)
absorption from the d-d energy transition of Cu?* ions that is independent of the NP size, shape, and
surrounding environment, low toxicity, biodegradability, and scalable and cost-effective synthesis.%% CuS
NPs are promising low-temperature photothermal and photodynamic therapeutics,°® excellent contrast
agents for photoacoustic and magnetic resonance imaging,'®4%” and a promising radiotherapy
sensitizer.1%% Recently, our group discovered that chloride ions accelerate Cu-based Fenton chemistry (Cl-
Cu Fenton),1%®° generating reactive species including hydroxyl and chlorine radicals, and singlet
oxygen.’84987.1010 Thjg effect was observed for both Cu ions and CuO NPs, and the effect of chloride on
ROS production has been further investigated in other systems with differing results.1®*10% We
hypothesize chloride-accelerated Cu-Fenton may also apply to the catalytic activity of CuS NPs in the tumor
sites, especially when Gox is introduced simultaneously to produce H»O- in situ. In addition, because NIR
irradiation can generate electron-hole pairs'®* and the Cu-Fenton reaction rate increases with

temperature,'®® we believe the photothermal effect from NIR irradiation of CuS NPs will enhance the
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radical generation, resulting in a more effective and efficient treatment (Scheme 2). In this work, we
validated these hypotheses, resulting in a very simple, safe, and highly effective novel nano-formulation,
i.e., Gox-coated CuS nanocomposites (Gox@CuS) that integrates cancer starvation therapy (ST), Cl-
accelerated CuS-Fenton based chemodynamic therapy (CA-CDT), and dual photothermal-photodynamic
therapy (PTT-PDT) into a simple nanoplatform.

CA-CDT
PDT-PTT

Starvation
Therapy

&

< Chloride-Accelerated Chemodynamic Therapy (CA-CDT)
« Dual Photodynamic & Photothermal Therapy (PDT-PTT)

Scheme 2: The catalytic therapeutic mechanisms of Gox@CuS NPs for the generation of lethal reactive oxygen

species (ROS) and glucose depletion for tumor therapy.

4.2 Materials and Methods
4.2.1 Materials

Copper chloride dihydrate (CuCl,-2H,0) was purchased from Shanghai Medin Co., Ltd. (Shanghai,
China). Sodium citrate and glucose oxidase (Gox, Lot No. L470S90) were purchased from J&K Chemical
Co., Ltd. (Beijing, China). Sodium sulfide nonahydrate (Na.S-9H.0), 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonate) (ABTS), fluorometric H,O, assay kit (Sigma-Aldrich, catalog No.
187037), and HEPES buffer were purchased from Sigma Aldrich Co., Ltd. (Shanghai, China). Cell growing
media (DMEM and RPMI-1640) were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
CCK-8 and (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) were purchased from
Beyotime Co., Ltd. (Jiangsu, China). Liver toxicity assay kits (ALT and AST assay Kits) were obtained

91



from Elabscience Biotechnology Co. Ltd. (Wuhan, China). Fetal bovine serum (FBS) was obtained from
Invitrogen Life Technologies (Carlsbad, CA, USA). Human breast cancer MD-MB-231 and melanoma cell
line B16F10 were obtained from China Infrastructure of Cell Line Resource (Beijing, China). CellROX®
green reagent was purchased from Life Technologies Inc. (Grand Island, NY, USA). Hoechst 33258 was
obtained from ThermoScientific (Waltham, MA, USA).

4.2.2 Gox@CuS NPs fabrication

Citrate-capped CuS NPs were synthesized using a previously reported method with slight
modification.?® Briefly, CuCl,-2H,0 (10.77 mg) and trisodium citrate (10 mg) were dissolved in 30 mL
of nanopure water (prepared by using MilliQ water purification system, Merck). After 15 min of stirring,
50 uL of aqueous NaxS-9H,0 (743.92 mg/mL) was rapidly added to the solution under vigorous stirring.
The solution was transferred to a water bath (90°C) and stirred for an additional 30 min until the solution
turned dark green, indicating the formation of CuS NPs. The synthesized NPs were purified from the crude
mixture via overnight dialysis against nanopure water. The amount of synthesized CuS was determined by
measuring the free Cu ions remaining in the crude mixture using the colorimetric method previously
developed by our group.®® Briefly, to separate the free Cu ions from the highly dispersible NPs, an equal
volume of ethanol containing 100 mM NaCl was added to the crude NP mixture and centrifuged at 10,000
RPM for 10 minutes. The clear supernatant was carefully removed, diluted, and then added to a series of
CuCl, standards solutions (final concentration 0-200 nM) for analysis. Afterwards, 20 L of each standard
solution was added to a mixture containing the substrate 3,3',5,5'-tetramethylbenzidine (TMB, 750 mM),
NaCl (100 mM), and MES Buffer (2 mM, pH 5.5). As a result of the TMB, DMSO composed 10% of the
final reaction volume. To this, 50 pL of 3% H,O, was then added to bring the final volume to 200 pL.
Immediately after adding H.O-, the oxidation of TMB was monitored at 650 nm using a Tecan Infinite
M1000 Pro microplate reader (Mannedorf, Switzerland) and the concentration of Cu in the sample was

calculated (n = 3).

Gox (10 mg) was conjugated onto the CuS NPs by adding it to 30 mL of the prepared CuS NPs and
shaking for 10 min. The conjugate material was then separated from the free NPs and enzymes by size-
exclusion chromatography using Sephadex G-50 pre-equilibrated with MilliQ water, and 0.1X PBS (pH
7.4). After separation, the nanocomposite was freeze-dried and stored in a freezer (-20 °C) for future use.
To determine the loading capacity of Gox on the CuS NPs, the Bradford assay was used to calculate the

unconjugated protein remaining following conjugate synthesis and separation (n = 3).
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4.2.3 Characterization of CuS NPs
4.2.3.1 Particle size and zeta potential measurement

The particle size and surface charge of the freshly synthesized CuS NPs and Gox@CuS NPs were
measured using a Malvern Zetasizer, Nano series (Nano ZS90) in triplicate.

4.2.3.2 Optical characterization

The UV-Vis and IR spectra of CuS NPs and Gox@CuS NPs were measured using a UV-Vis-NIR
spectrophotometer (Shimazdu, UV-3600 plus 220/230 VC) and FTIR spectrometer Thermo-scientific
system Nicolet FT-IR spectrophotometer (FTIR) in the region of 4000 to 400 cm™, respectively. The data

were processed using Origin Pro 8 software.

4.2.3.3 Gox@CuS NPs structure and composition

The morphological characterization of as-synthesized NPs was performed with transmission
electron microscopy (TEM, JEM-1400 TEM, 40-120 kV). To check the composition of Gox@CuS NPs

energy dispersive X-ray analysis (EDX) was also performed.
4.2.4 pH Effect of Gox@CuS NPs

To measure the ability of the Gox@CusS conjugates to reduce the pH of the local environment (n =
3), 500 pL of the Gox@CusS conjugates was added to 4.5 mL of 0.1X PBS (pH 7.44) containing various
concentrations of glucose (0-5 mM). The solutions were incubated for 2 h at ambient temperature with

gentle shaking and the pH was monitored using a pH meter.

4.2.5 CuS NPs in vitro photothermal activity

To determine the photothermal activity of the NPs, 200 uL of Gox, CuS NPs, or Gox@CuS NPs
were added to a 96 well plate and irradiated with an 808 nm diode laser (1.5 W/cm?) for up to 10 min. The
temperature of the various solutions was measured using a digital thermometer. For thermal imaging,
solutions of PBS, CuS NPs, and Gox@CuS NPs were taken into an microtube and subjected to NIR
irradiation (980 nm, 5 W/cm?) for 5 min. Then the temperature change of the NP solutions was recorded by
a forward-looking IR Camera (class 2 laser product, FDA approved). The thermal images were further

processed by Image J software.

For analysis of PC-3 cells (n = 3), 5000 cells were seeded per well in a 96-well plate and allowed
to attach for 24 h before being introduced to CuS NPs (30 pg/mL). After a further 24 h, the cells were
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exposed to an 808 nm diode laser (1 W/cm?) for 5 min. The cells were then washed with PBS and allowed
to grow for another 24 h, after which viability was assessed via the MTT assay with cells not exposed to
CuS NPs serving as a comparison.

4.2.6 The Fenton-like catalytic activity of CuS NPs

To evaluate the catalytic properties of CuS NPs under various conditions, the Kkinetics of the
oxidation of the chromogenic substrate molecule ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulfonate)) was recorded with light absorbance at A = 420 nm using a Tecan Infinite M1000 Pro microplate
reader (Mannedorf, Switzerland) for the oxidized ABTS. The kinetics of this reaction were investigated at
different pH values, H,O, and glucose concentrations, in the presence or absence of NaCl, and with or

without NIR irradiation.

Generally, all experiments (n = 3) were performed in 96-well microplates with final reaction
volumes of 200 pL. The oxidation of 250 uM ABTS was monitored at 420 nm in the presence or absence
of one or more of the following: CuS NPs or Gox@CuS NPs (10 pg/mL), NaCl (100 mM), and H,O; (200
mM). The pH was adjusted between 3.6-5.6 using differently buffered 0.1 M acetate buffers. Reactions at
pH 6-8 were conducted using 0.1X phosphate buffer. NIR excitation was achieved by exposing the sample
wells to a diode laser (808 nm, 1.5 W/cm?) continuously for 3 min. An appropriate amount of water was

added following laser excitation to account for evaporation from the photothermal effect.

To study if the Fenton reactivity was from Gox@CuS nanocomposite or leached Cu?*, the separated
Gox@CuS nanocomposite was added into acetate buffer (10 mM, pH 4.0) containing 300 mM NaCl and
incubated for 30 min at ambient temperature before centrifuging the solutions to precipitate the Gox@CuS
NPs and collect the supernatant. The precipitated Gox@CuS NPs were redispersed in the same volume of
acetate buffer. Afterwards the same volume of Gox@CuS NPs and supernatant were tested for their
catalytic reactivity in the Fenton reaction with or without a 5 min NIR irradiation, where the final
concentrations of ABTS, H,0», and NaCl were 250 uM, 200 mM, and 300 mM, respectively.

A H,0, assay was performed to determine the H.O. production by Gox at different glucose
concentrations. Briefly, 30 pL of different glucose concentrations and 20 pL of 10 pg/mL of Gox or an
equivalent amount of Gox@Cu$S was added to 50 pL of H,O- assay buffer (Sigma Aldrich, USA) and the
fluorescence of the samples was measured at Aem 590 nm (Aex 540 Nm). The catalytic properties of the CuS

NPs were also measured for different time periods. All the samples were measured in triplicate.
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4.2.7 The cell-killing activity of CuS NPs

MDA-MB-231 and PC-3 cells were cultured in the complete RPMI-1640 medium, containing 2000
mg/L glucose, 10% FBS, 100 U/mL of penicillin and streptomycin. B16F10 cells were cultured in high
glucose (4500 mg/L) DMEM supplemented with 10% FBS, 100 U/mL penicillin and streptomycin. The
cells were incubated at 37 °C in a humidified 5% CO; atmosphere. The media was changed every 2 d during
incubation. Cells for experiments were taken from an exponentially growing phase and harvested from

plates with trypsin-EDTA. The cells were counted using a hemocytometer.

To check the in vitro cytotoxicity of Gox@CuS NPs (h = 3), B16F10 and MDA-MB-231 cells were
seeded into 96 well plates (5000 cells/well) and incubated for 24 h in cell media for attachment.
Subsequently, the media was replaced and supplemented with 10 pL of Gox@CuS NPs (0.25, 0.5, 1, 2.5,
5, 10, 25, and 50 nM) prepared in HEPES buffer. After 12 h of incubation, MTT reagent was added to each
well and incubated for another 4 h. Afterwards, the cells were gently washed with PBS three times and
replaced with 200 puL of DMSO to dissolve the formazan crystals whose absorbance was measured at 590
nm and 650 nm using a microplate reader (SpectraMax Mb5e, Molecular Devices, San Jose, CA, USA).
Similarly, we analyzed the cytotoxicity at different glucose concentrations.

4.2.8 H,0; production by Gox

The H20; concentration produced in cell medium by Gox was quantified with a fluorometric H,O>
assay kit. B16F10 cells were cultured in DMEM (containing 4.5 g/L of glucose) and seeded into 96 well
plates (5000 cells/well; n = 3). After 24 h, Gox solutions of different concentrations were added to each
well and incubated for a further 12 h. Then, 20 pL of the medium was added to another 96 well plate
containing 30 pL of nanopure water. To quantify H,O,, 50 uL of the H,O, detection reagent was added and
incubated in the dark for 30 min. The fluorescence intensity of the samples was finally measured at 590 nm

(Aex 540 nm) using a microplate reader. The concentration was quantified against H,O- standard solutions.

4.2.9 Intracellular ROS levels

The detection of intracellular ROS analysis was performed with B16F10 cells. After the B16F10
cells were incubated with Gox, CuS with or without laser (30 s irradiation without increasing the medium
temperature), and Gox@CuS with or without laser, they were treated with CellROX® Green Reagent
according to the manufacturer’s instructions. Then, the treated cells were fixed in 4% (W/v)
paraformaldehyde for 10 min and stained with Hoechst 33258 staining solution (5 pg/mL). After rinsing

with PBS, images were taken under a confocal laser scanning microscope (Nikon, Japan) with the excitation
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channels at 405 and 488 nm for the quantitative determination of ROS levels. The fluorescence intensity

was analyzed using ImageJ software.

4.2.10 In-vitro Uptake

Quantification of the amount of CuS NPs internalized by cells was performed using PC-3 cells. To
detect the NPs, a variation of our method for detecting Cu?* ions was used. Briefly, after incubating the
CuS NPs for 24 h in RPMI-1640 media (10% FBS) with or without cells (5000 cells/well in triplicate), the
media was carefully removed and analyzed for the oxidation of TMB at 652 nm. NPs incubated without
cells were serially diluted to form a standard curve and the amount of CuS NPs not internalized or degraded

by cells (i.e. remaining in the media) was calculated based on the relative rate of oxidation.
4.2.11 In-vivo evaluation of the synergistic cancer therapy

All of the animal studies were performed in the laboratory animal center, Cancer Hospital, Chinese
Academy of Medical Sciences, Shenzhen Center. The experimental procedures were based on the
guidelines on animal care and use of Principles of Laboratory Animal Care (NIH publication no. 86-23,
revised 1985) and approved by the institutional animal care committee at Cancer Hospital, Chinese
Academy of Medical Sciences, Shenzhen Center (No. NCC2019A006).

Male BALB/c-nu/nu mice (11-13 g, 21-28 days) were supplied by the Southern Medical School
Laboratory Animal Center (No. 44002100020556). When their body weight reached 15-18 g, 0.1 mL of
B16F10 cells (108 cells/mL) were injected into the back of each mice to establish the subcutaneous tumor
xenografts. The tumors were allowed to grow to a size of 80-100 mm? before the start of the experiment.
For therapeutic evaluation, all of the mice were randomly assigned into 7 groups (n=6): (1) Saline, (2)
Saline with NIR irradiation, (3) Gox, (4) CuS NPs, (5) CuS-NPs with NIR laser irradiation, (6) Gox@CuS
NPs, and (7) Gox@CuS NPs with NIR laser irradiation. The mice were injected with 100 L saline solution

from the tail vein.

The Gox@CuS NPs along with control (saline solution) were injected into the mice intravenously
via the tail-vein. The body weight and tumor volumes were measured on alternate days to evaluate the
therapeutic efficacy. The Gox (2.2 mg/kg body weight) and Gox@CuS NPs (200 nM, 100 uL, dosage: 2
Ma/kg body weight) were injected on alternate days. After 1 h of drug administration, NIR laser irradiation
was applied on the tumor site for 10 min at a setting of 5 W/cm?. After 10 d, the mice were sacrificed, and
the tumors were separated from the skin. Their blood was collected for liver toxicity and blood glucose
level determination. The blood glucose level of the mice was measured with a glucometer before and after

administration of the therapeutics.
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4.2.12 Liver toxicity assay

The day after the last treatment, the blood of each group’s mice was collected directly from the
eyes 24 h post-injection. The blood samples were stored at 4 °C overnight and centrifuged at 3000 rpm for
20 min to separate the plasma. The plasma levels of AST and ALT in mice were assayed according to the
protocols recommended by the manufacturer. The absorbance was measured with a plate reader at 510 nm.

4.2.13 Histological analysis

Histological analysis of different organs was performed using a microscope for which tissue
samples of different organs were collected and fixed with paraformaldehyde (3%). The biopsies were
embedded into paraffin blocks and then sliced into the sections (~4 um). These sections were stained with
H&E stains for histological examination. The stained sections were observed under a bright light field with

a microscope (Leica DM6b, Germany) and the images were processed using Leica LAS X software.
4.2.14 Statistical analysis

Data were expressed as mean values with standard deviation. One-way ANOVA was used to

compare two or multiple groups, and p < 0.05 was considered significant.

4.3 Results and Discussion

The synthesized CuS NPs were spherical with an average size of 8 + 2 nm (Figure S10 and Figure
22B) as measured by transmission electron microscopy (TEM) and dynamic light scattering (DLS). The
citrate capping ligand yielded a negative surface charge (§ = -28 mV, Figure S11), but displacement by
Gox conjugation greatly reduced this (§ = -2 mV). Gox conjugation also increased the hydrodynamic size
up to 13 £ 3 nm (Figure S12) and was further supported by FTIR (Figure S13) and energy dispersive X-
Ray (EDX) spectroscopy showing increased C, N, and O signals from the protein together with Cu and S
(inset in Figure 22B and Table S1). As Cu?* ions can be detected using a highly sensitive colorimetric assay
based on the Cu-Cl Fenton reaction (Figure S14), the concentration of the CuS NPs was determined by
measuring the free Cu?* left over from the NP synthesis via the standard addition calibration method.'%%
Approximately 73% of the free Cu was consumed during particle synthesis, and the Bradford assay
indicated a high loading capacity of the CuS NPs (0.61 g of Gox per g of CuS, Figure S15), likely owing

to the formation of disulfide bonds between the comparably sized particle and enzyme. Importantly, Gox
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adsorption did not significantly change the NIR absorption (A > 800 nm) of the plasmonic CuS NPs (Figure
22A), which is responsible for their strong photothermal effect (Figure S16).
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Figure 22: Characterization of CuS and Gox@CusS nanoparticles (NPs). (A) UV-Vis spectra of CuS and Gox@CuS
NPs. Inset: a photograph of the NP solutions. (B) Transmission electron micrograph of Gox@CuS NPs showing

ultrasmall particle size (scale bar = 20 nm). Inset: Energy dispersive X-ray spectrum of the Gox@CuS NPs.

The Fenton activity of the CuS and Gox@CuS NPs was examined by monitoring the oxidation of
the chromogenic substrate 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS, A = 420 nm) by ROS
in the presence or absence of H,O; and CI- (Figure 23A and Figure S17). As previously observed by Liu
et al.,’%*” ROS produced on the surface of CuS show negligible activity towards the negatively charged
ABTS compared to other substrates; however, the presence of CI- in this study demonstrates the accelerated
oxidation of this probe by ROS under mildly acidic conditions provided by the glucose oxidation reaction
catalyzed by Gox as described in Equation 1 (Figure S18). Importantly, we observed that this catalytic
activity was primarily from the reactions facilitated by the NP surface and not from the acid-led degradation
of H,0,, surface adsorption of ABTS, or leached Cu?* (Figure S19).”® The Cl-accelerated Fenton reaction
could be further enhanced via NIR irradiation, owing to the combination of local heating and electron-hole
pairs generated by the excitation of the CuS plasmon (Figure 23B). Though conjugation with Gox did
inhibit the Fenton reaction significantly by blocking reactive sites on the NP surface, NIR irradiation was
able to restore this activity (Figure 23B).
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Figure 23: The catalytic activity of Gox@CuS nanoparticles (NPs). ABTS oxidation catalyzed by CuS NPs (10
pg/mL) (A) in the presence and absence of NaCl, and (B) with or without NIR irradiation (A = 808 nm, 1.5 W/cm?).
(C) The decrease in pH over 2 h as a function of glucose concentration. (D) The temperature change of the CuS NP
solutions under NIR irradiation over 10 min. Error bars indicate standard deviation (n = 3).

The catalytic activity of the surface-adsorbed Gox was confirmed by the reduction of pH resulting
from gluconic acid generation (Figure 23C). In the presence of typical blood-glucose concentrations, the
Gox@CuS NPs were able to reduce the pH of the buffered sample volume from physiological to mildly
acidic conditions sufficient to activate the NP’s Fenton-like activity. Meanwhile, H,O, production also
increased in a glucose dose-dependent manner (Figure S20). The H.O, produced by Gox was catalytically
decomposed by CuS NPs or Cu?* within 1 h through Fenton-like chemistry (Figure S21), generating
intermediate ROS, including superoxide radical anion (O2"), “OH, and 'O, which could induce oxidative
damage to local biological structures. When considering the high levels of endogenous glucose and Cl- in
the interstitial fluid of solid tumors (~100-110 mM)*® as well as select organelles (e.g. ~118 mM in human
lysosomes),1® Gox@CuS shows promise as a powerful nanocascade system. The ultimate products of
H,O, degradation catalyzed by the CuS NPs are H,O and O, the latter of which is recycled back into

glucose oxidation by Gox and the reformation of H,O, (Scheme 2). Cancerous cells featuring normal or
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elevated levels of antioxidant enzymes, such as catalase and superoxide dismutase, are also expected to
partially contribute to H.O. production, degradation, and O, recycling through these enzymes.1% In
addition to the catalytic activity of the NPs, the CuS and Gox@CuS NPs solution temperatures increased
~40 °C within 5 min during NIR irradiation (Figure 23D), indicating a strong photothermal effect. The
temperature increase not only kills cells directly, but also enhances the Fenton reaction as previously

mentioned (Figure 23B), contributing to the multimodal cancer therapy.

The synergistic therapeutic effects of Gox@CuS NPs were first demonstrated in two human cancer
cell lines, i.e., melanoma (B16F10 cell line) (Figure 24) and triple negative breast cancer MDA-MB-231
cell line (Figure S22). The cells were treated with Gox, CuS NPs, or Gox@CuS nanocomposite in the
presence of various supplemented glucose concentrations (0-5 mM). Only the Gox@CuS nanocomposite
exhibited high cytotoxicity, which increased with higher glucose or nanocomposite concentrations (Figure
24). The anticancer effect of the nanocomposite was quite strong, with 2.5 nM (~0.19 pg/mL) of Gox@CuS
NPs capable of eliminating ~90% of the B16F10 cells during the short treatment period (Figure 24B). The
composite also showed toxicity to cancerous cells when no exogenous glucose was added, where we
presume the toxicity was from depletion of endogenous glucose and oxidative stress generated in the chain

reaction that we would expect in vivo.

The Gox@CuS composite was significantly more effective than either CuS or Gox alone, with a
calculated combination index of ~0.19 using the Chou-Talalay method, indicating the strong synergy of the
chain reaction mechanism.1%2%1922 The H,0, production in B16F10 cell medium was dependent on the Gox
concentration (Figure 24C). The 1C50s for B16F10 and MDA-MB-231 cells were calculated to be ~0.14
and 0.38 pg/mL, respectively. We then tested the activity enhancement of a brief NIR irradiation (5 s) with
Gox@CusS treatment using confocal microscopy (Figure S23), which showed fewer viable cells after
treatment than those treated with Gox, CuS, or Gox@CuS NPs alone. More ROS was generated inside cells
treated with Gox@CuS NPs (with or without NIR irradiation), which was visible as bright green
fluorescence and could be attributed to Cl-accelerated Fenton reactions. The uptake and photothermal
performance of the CuS NPs by PC-3 prostate cancer cells was also evaluated. Following a 24 h incubation
period with 30 pg/mL CusS, ~17.7% (~5.3 pg/mL) was found to have been internalized or degraded by the
cells using the CA-Fenton reaction in the media for quantification, of which the standard curve was shown
in Figure S14B. Following NIR irradiation (808 nm) at a power setting of 1 W/cm? for 5 min, cell viability
was reduced from 61.7 + 7.26% to 26.2 + 3.36% (Figure S24). In comparison, NIR treatment alone showed

no reduction in viability.
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Figure 24: The toxicity of Gox@CuS nanoparticlrs (NPs) with different (A) glucose and (B) Gox@CuS NPs
concentrations, towards B16F10 melanoma cells. (C) H2O, produced by different Gox concentrations in the cell

medium. Error bars indicate standard deviation (n = 3).

Because B16F10 cells showed a higher susceptibility towards the Gox@Cus treatment than MDA-
MB-231 cells, we next tested the therapeutic efficacy of the Gox@CuS nanocomposite using a mouse
model of the melanoma B16F10 cells (Figure 25A). Tumor-bearing mice were randomly placed into seven
groups (6 mice per group) and were treated with the following strategies: saline (negative control), saline
+ NIR irradiation, Gox, CuS NPs, CuS NPs + NIR irradiation, Gox@CusS, and Gox@CusS + NIR irradiation.
Saline and the three individual therapeutic solutions (CuS and Gox@CuS NPs, 200 nM, 100 pL, Gox = 2.2
mg/kg of body weight) were intravenously (IV) introduced to the mice. NIR irradiation (10 min, 5 W/cm?)
was applied to the tumor area of the mice 1 h after injection. The change in body temperature was recorded
with a forward-looking infrared camera. Although the camera measured the mouse skin temperature, their
body temperature should exceed their skin temperature, and the images showed the accumulation of CuS
and Gox@CusS NPs in the melanoma, which significantly increased the local tissue temperature under NIR
irradiation (Figure S25). This low-temperature photothermal effect improved the suppression of tumor
growth significantly (Figure 25B), attributable to both the locally produced heat and the NIR-enhanced
catalytic activity of the CuS NPs and Gox@CusS nanocomposites (Figure 23B and D). In contrast, without
NIR irradiation, CuS NPs did not inhibit tumor growth. When combined with the NIR irradiation, the
Gox@CuS nanocomposite showed the highest efficacy compared with the other groups, further
demonstrating the synergistic effect of ST, Cl-accelerated Fenton-based CDT, and dual PDT-PTT for
melanoma treatment (Figure 25B, Figure 25C, and Figure S26).
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Figure 25: In vivo mouse model for efficacy evaluation of the Gox@CuS nanocomposite. (A) Schematic
representation of in vivo antitumor experiments. (B) Tumor volume during the treatment. (C) Extracted tumor images
after 9 d of treatment from sacrificed mice. (D) The mouse body weight during treatment. (E) Observed changes in

blood glucose level 1 h after treatment. Error bars indicate standard deviation (n = 6).

No signs of acute systemic toxicity were observed as a result of treatment with Gox@CusS during
the 10-day treatment period. First, no significant loss of body weight was observed (Figure 25D). Second,
the nanocomposite did not induce a noticeable or persistent drop of peripheral blood glucose after 1 h of IV
injection (Figure 25E). Third, the blood aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) levels, indicators of liver function, were not elevated (Figure 26A and B), indicating no harmful
effect on the liver. Last, potential pathological damage to the major organs, i.e., the heart, lungs, liver,
spleen, and kidneys by the Gox@CusS + NIR treatment was evaluated using the histological images of the
dissected organs. Compared to the saline treated control group, no significant tissue damage was observed
(Figure 26C), which further substantiated the biosafety of Gox@CuS NPs during treatment. After 10 d of
treatment using Gox@CusS NPs + NIR, all tumor bearing mice were cured (Figure S27) with only residual
scar tissue remaining, while all other treatment groups retained some level of tumor growth. Overall, the

results suggest the effectiveness and biosafety of the Gox@CusS nanocatalyst for tumor treatment.
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Figure 26: The (A) AST and (B) ALT concentrations of healthy nude mice after 10 d of treatment to evaluate liver
function. (C) H&E staining of different organs of B16F10 tumor bearing mice after 10 d of treatment. Scale bar = 100

pm. Error bars indicate standard deviation (n = 6).

4.4 Conclusions

Altogether, by integrating ST, Cl-accelerated CDT/PDT, and PTT using the Gox@CuS
nanocomposite, a very simple, highly effective, and non-toxic nanomedicine formulation was demonstrated
for synergistic combinatory cancer therapy. These unique attributes, especially the cost-effectiveness and
scalable fabrication, make the nanoformulation very promising for industrial manufacturing and clinical

applications.
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~ Chapter 5 ~

Photoresponsive Polymeric Microneedles: An Innovative Way to

Monitor and Treat Diseases

The work presented in this chapter has been published as:

Singh P.*, Youden, B.*, Carrier, A., Oakes, K., Servos, M., Jiang, R., Sujing, L. Nguyen, T.D., and Zhang, X. Photo-
Responsive Microneedles: An Innovative Way to Treat Diseases. Journal of Controlled Release, 2023, 353, 1050-
1067. DOI: 10.1016/j.jconrel.2022.12.036.

*These authors contributed equally to this work.
Chapter Summary

Microneedles (MN) technology is an emerging technology for the transdermal delivery of therapeutics.
When combined with photoresponsive (PR) materials, MNs can deliver therapeutics precisely and
effectively with enhanced efficacy or synergistic effects. This review systematically summarizes the
therapeutic applications of PRMNSs in cancer therapy, wound healing, diabetes treatment, and diagnostics.
Different PR approaches to activate and control the release of therapeutic agents from MNs are also
discussed. Overall, PRMNs are a powerful tool for stimuli-responsive controlled-release therapeutic

delivery to treat various diseases.
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Scheme 3: The light activation and medical applications of photoresponsive microneedles.
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5.1 Introduction

Photosynthesis, circadian periodicity, sight, and melanin secretion are a few examples of
photoresponsive biochemical reactions.% Inspired by nature, biomedical researchers have gained an
increased understanding of light-matter interactions and their effects on biological systems, developing
phototherapies (or light therapies) for medical applications.'%* Phototherapies are used to treat diseases,
such as skin wounds and cancer, through the conversion of light energy into reactive oxygen species (ROS;
photodynamic therapy (PDT)) or heat (photothermal therapy (PTT))%25-292 These therapies are highly
effective and have motivated further exploration in the field of photomedicine.102410%0-1032 Thyjs js especially
empowered by nanotechnology, materials sciences, advanced micro- and nano-engineering, and artificial-
intelligence-assisted design,110:885:910.10251033-1035 Eqr example, organic semiconducting materials (OSMs)
consisting of optically active n-conjugated building blocks have emerged as promising phototherapeutics
because of their excellent optical properties, high photostability, and great biocompatibility.10%
Additionally, thermosensitive lipid nanoparticles (NPs), which are widely used for drug delivery,’%” have
also been found to be highly effective for controlled drug release in combination with various types of
PTT.%8

Visible and near-infrared (NIR) lasers are the most common light sources for phototherapies
because of their low ionizing potential and greater tissue penetration than UV light (up to 5 mm vs <0.2
mm).10%8.103% Ag sych, phototherapies are best used for transdermal and subcutaneous drug delivery for the
treatment of superficial diseases. Microneedles (MNs), in combination with phototherapies, are therefore a
promising drug delivery technology. Conventional transdermal delivery, e.g., topical gels/creams, is limited
by the diffusion of drugs across the outermost skin layer, the stratum corneum.'®® Therefore, polymeric
MNs use arrays of hundreds-to-thousands of micron-scale needles (<4 um) made of degradable polymers
containing encapsulated therapeutics, or non-degradable structures coated with drug formulations, to
deliver therapeutic cargos through the superficial layers of the skin to treat diseases.'%*%%42 Compared to
subcutaneous injections, MN technologies offers painless, self-administrable, and effective treatments of
both local and systematic diseases with minimal skin damage.'**1%* MNs also avoid mucosal irritation,
first-pass hepatic metabolism, gastrointestinal degradation of therapeutics, systemic side-effects, and the
need for specialized practitioner training.1%® Its advantages over traditional transdermal drug delivery
systems (TDDSs) also include highly uniform dose distributions and controlled drug-release profiles. %43
Interest in MNs has grown significantly over the last four decades, with many preclinical and clinical studies

showing that MNss effectively deliver vaccines, insulin, and hormones through the skin,1046-1049
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Recently, polymeric MN technologies have successfully used photoresponsive materials (PRMS)
for disease treatment and controlled transdermal drug delivery. These photoresponsive microneedles
(PRMNs), as a novel TDDS, can minimize the toxicity of active pharmaceutical ingredients (APIs), trigger
drug release on command, and enhance therapeutic efficacy through synergistic mechanisms. In 2020, Zhi
et al. published the first instructive review on the use of PRMNs for PDT, PTT, and combination
therapies.!® Many novel PRMN formulations and strategies have emerged over the last three years.
However, the photoresponsive mechanisms, PRMN design considerations, and the focused applications of
PRMNs have not been systematically reviewed. To fill the gap, this critical review focuses on the
fundamental mechanisms and principles behind PRMN development and summarizes the most common

applications of PRMNSs in cancer therapy, wound healing, diabetes treatments, and diagnostics.

5.2 PRMN Fundamentals

The use of PRMs for phototherapies, both with and without MNs, depends on many factors relating
to light-matter interactions. Different wavelengths of light correspond to the energy of photons, with longer
wavelengths indicating lower energy. Photons with high energies, including X-rays (<10 nm) and
ultraviolet (UV, <400 nm) light, are ionizing and can directly break chemical bonds. These forms of light
can therefore be used for the treatment of malignant tissues and pathogens because of their cytotoxic effects,
e.g., radiation therapy.16%1051.1052 By comparison, visible and NIR light typically do not have enough energy
to degrade molecules, and instead only interact with a small number of endogenous PRMSs, such as melanin,
cytochrome C oxidase, or heme, which can absorb visible or NIR photons to indirectly exert physical or
chemical effects.’®* Depending on the PRM properties and the light source, these effects are primarily
induced by luminescence (scattered light), heat (photothermal transduction), or ROS generation
(photocatalysis).”031054-10% The yse of light alone for phototherapies (photobiomodulation) has been
explored for many years, although many studies report conflicting levels of efficacy.1%71%8 One method to
increase the efficacy of phototherapies is to introduce specific PRMs that act as an antenna and amplifier,
preferentially absorbing and converting the light energy.1%241%° Additionally, delivered PRMs can be
designed to interact with photons of certain wavelengths that have minimal biological absorbance to
increase penetration depth.%6%-1%2 |n this section, we review the fundamental principles governing the use
of PRMNSs, including light-matter interactions, light-sources, and the design and functions of PRMN

patches. These principles determine the efficacy and safety of PRMNs for each application.

5.2.1 Phototherapy Mechanisms & Materials

PRMs are broadly classified as either organic or inorganic materials. Organic PRMs commonly

include dye molecules, pigments, and polymers containing aromatic chromophore groups whereas
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inorganic PRMs are most often metal- or carbon-based nanomaterials.11010541063.1064 Both categories of
materials can absorb visible (400-700 nm) and near-infrared (NIR, >700 nm) light, although the
wavelengths involved can differ significantly between molecule or particle types.’° Fundamentally, the
light spectrum absorbed by a PRM is determined by the specific arrangement of its molecular orbitals and
therefore the ability of the photons to excite an electron into a higher energy state (Figure 27A and B).
Such excited states are unstable and quickly relax either radiatively, emitting the absorbed energy as a
photon (fluorescence), or non-radiatively (vibrationally), generating heat.!'° They can also be used as redox
sites to react with dissolved O, and H.O; to produce ROS via photocatalysis for type-1 PDT,7031066-1069
Excited organic PRMs can also undergo intersystem crossing, enabling type-1l PDT through non-radiative
energy transfer.2’° In most situations, molecular oxygen is involved in this reaction, being converted from
the triplet ground state to an excited singlet state.®® Without a molecule to absorb the energy,
phosphorescence can occur, emitting the photon at a longer wavelength. Depending on both the photon
energy and the PRM’s electronic structure, one or more of the above mechanisms may dominant. Heat and
ROS can have both stimulatory and inhibitory effects on cells,!*° and therefore significant efforts are needed

to optimize the photoresponsive mechanisms for each application.
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upconverting mesoporous silica microrods with controlled release via azobenzene isomerization. Reprinted with

permission from Ref 1°7* (Copyright Elsevier, 2022).

In addition to delivering PRMs for phototherapies, the fluorescence, heat, or ROS produced may
enable physical or chemical changes of other components of the PRMN. Photocleavage,
photoisomerization, and photopolymerization are such photoresponsive mechanisms that can be used for
PRMNSs, of which the latter is only used for MN casting.1°’? Photocleavage uses specific wavelengths of
ionizing UV light to break the linker bond of a drug conjugate to liberate and activate the drug molecules
for controlled release.X°”® Conversely, photoisomerization uses light to produce reversible conformational
changes of drug molecules.1%%1974 Both strategies can be induced directly by irradiation; however, this may
damage healthy tissue. By comparison, upconverting PRMs can use these mechanisms safely through
luminescence. For example, Zhou et al. used upconverting mesoporous-silica microrods and L-DOPA to
relieve Parkinson’s disease symptoms.?”* Upon NIR irradiation, the silica microrods were excited to emit
UV light. Following this, a molecular motor (similar to a gate) bound to the NP surface was excited via
photoisomerization to release L-DOPA in a controlled manner (Figure 27C). In this way, multiple PRMs
excited by different wavelengths can be combined into a composite PRMN. More commonly,
thermosensitive compounds, such as lauric acid (LA) can be added to porous or hollow nanomaterials,
allowing for controlled release of drugs, e.g., chemotherapeutic agents, during PTT (Figure 28A).
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Figure 28: A) Heat-induced drug release using lauric acid as a thermosensitive trigger. Reprinted with permission
from Ref 1975 (Copyright American Chemical Society, 2018). B) Proposed mechanisms for persistent luminescence-
induced photocatalysis in Zn,GeO4:Cu?* nanorods. Reprinted with permission from Ref 7 (Copyright American

Chemical Society, 2022).

Many different inorganic nano-PRMs have been used within MNs to trigger thermal effects,
including gold,1%7-198 magnetite (Fes04),1%* Prussian blue (PB, Fes[Fe(CN)s]s),2%% graphene oxide (GO),
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copper sulfide (CuS), molybdenum disulfide (MoS,),'%® lanthanum hexaboride (LaBs), "% and bismuth
sulfide (Bi»Ss).1%° Inorganic nanomaterials are attractive because of their multifunctionality, easy synthesis,
chemical stability, mechanical strength, and tunability. For example, our lab recently reported a dissolvable
polymeric PVA/PVP MN system that contained graphene oxide (GO) as the PRM and HA15 as a
chemotherapeutic agent.’*®® The GO photothermal effect not only activated drug release at the melanoma
tumor site, but also killed bacteria in situ to prevent infections during MN application. The GO also
improved the tensile strength of the microneedles, improving their skin penetration. In non-MN
applications, several inorganic NPs have shown strong photodynamic activities,**”1%?* although the lack of
FDA approval and concerns over biocompatibility may be hinder their adoption.’*®? Regarding PDT in
inorganic PRMs, higher-energy UV-Vis photons are usually required as they can easily induce interband
transitions, enabling type | PDT. Comparatively, lower-energy NIR photons can only produce intraband
transitions, which more rapidly dissipate their energy as heat via vibrational relaxation. However, NIR-
driven PDT can still occur for inorganic PRMs when redox-sensitive molecules are adsorbed onto their
surface, forming a charge-transfer complex.1066:1069.1093.1094 NR-driven PDT can also be performed in
composite materials, wherein a Schottky junction forms and traps the electrons excited by NIR.1095:10%
Dopants and impurities can also form electron-hole traps.1%9"1%% Certain dopants, such as lanthanide ions,
can endow upconverting properties to some materials, allowing them to absorb multiple low-energy
photons to produce emissions of greater energy.%%®-1101 Alternatively, up-conversion PRMs can be used for
PDT. For example, Gong et al. recently used Zn,GeO4:Cu?* luminescent nanorods for the treatment of
methicillin-resistant Staphylococcus aureus (MRSA) infected wounds.'%® Following pre-irradiation of the
MNs with UV light, the nanorods displayed a persistent luminescence-induced PDT effect, generating ROS

for several hours to eliminate wound bacteria (Figure 28B).

Organic pigments and dyes are also an important class of photothermal and photodynamic
PRMs. 10641102 Among them, indocyanine green (ICG) is a widely studied FDA-approved photothermal
agent for intravenous administration. Compared to inorganic NPs, organic dyes are biodegradable and safer
for 1V administration, but their rapid blood clearance and chemical stability are major disadvantages.!*
However, organic PRMs can also be assembled to form NPs or be conjugated with polymers to increase
their stability and size, further slowing their clearance, and generate high photothermal or photodynamic
efficiencies. For example, Lei et al. developed melanin@SiO, NPs for skin tumor PTT and wound healing
using hyaluronic acid MNSs. Following PTT, the released NPs could scavenge ROS to reduce inflammation
and stimulate skin regeneration.!!% In addition to dyes, other organic PRMs used with MNs include
polydopamine (PDA) NPs (Figure 28B) and 5-aminolevulinic acid (ALA).107511041105 Once delivered, ALA
can be endogenously converted to protoporphyrin 1X, a precursor to heme and chlorophyll, through a series

of reactions in the cell.!'% This molecule is responsive to red light (~630 nm) and has been widely used for
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PDT. Organic molecules with similar structures, e.g., phthalocyanines and metal-center porphyrins, have
also been explored for phototherapies with PRMNs,1092.1107-1109

5.2.2 Light Sources for Phototherapies

As mentioned earlier, visible and NIR light are typically chosen for most applications due to their
low mutagenicity and greater tissue penetration than UV. Photons of these energies can be produced using
several sources, with light emitting diodes (LEDs) and diode lasers being the most common. Both LEDs
and lasers use electron-hole recombination to generate light, although the mechanisms and output differ
significantly. In lasers, electron-hole pairs are generated and then amplified by stimulated emission.11%
Stimulated emission is the process wherein a photon with the correct energy to generate an electron-hole
pair can also induce recombination, generating a second photon with equal energy, phase, and direction. In
LEDs, an electric current is used to generate the hole-pairs, which then recombine at a semiconductor
junction.**! The light output of these sources is usually measured in watts (joules per second) per cm? of
surface area (power density); however, it is important to note that power drops off with distance due to light
scattering and diffraction, and thus the source-to-skin distance can also be an important clinical parameter.
Depending on where the PRMN patch is located, patient movements, such as during breathing, could cause
fluctuations in delivered power. While LEDs are significantly more cost effective, have a greater choice of
emission wavelengths, and can treat larger areas than lasers, they also tend to have larger bandwidths, lower
coherence, and low power densities. Therefore, LEDs are desirable for low-intensity therapies over large
treatment areas. They are also easy to mass produce and implement. Conversely, lasers are preferred for
phototherapies wherein high intensity light and/or small spot sizes are needed. However, lasers can pose

additional risks, particularly to ocular tissue, caused by the scattering of high-intensity beams.

The main concern when using LEDs and lasers is their safety and ability to damage healthy tissue.
While PRMs can preferentially absorb photons, the background absorbance of tissue can still be significant
enough to result in burns or photochemical damage.''!? Additionally, heating can also result in pain, even
below the threshold for thermal burns, that may reduce patient compliance. Although PRMs mostly exert
their effects locally, thermal expansion during high-intensity PTT could also result in damage to nearby
healthy tissue. For patients with darker skin complexions, non-specific heating will also be greater because
of the presence of a higher concentration of photoresponsive melanin in the skin. Joensen et al. notably
found that continuous wave irradiation (810 nm) in darker skinned patients could result in 3-6 times more
heating, with 62% of patients requesting exposure cessation.!'® Thus, while phototherapies are generally
considered safe, side effects can still occur and must be considered in designing experiments and clinical
procedures, particularly for PTT, for each patient. According to the American National Standards Institute
(ANSIZ136.1-2014), the safe power densities for visible and NIR is typically below 1 W/cm?, which is
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often exceeded in many published studies. Specifically, the safe power densities for light of 690, 808, 915,
980, and 1064 nm are ~0.20, 0.33, 0.54, 0.76, and 1 W/cm?, respectively.'**11” However, these limits
depend not only on total power, but also on the irradiation time and the tissue affected. For example, the
eyes are significantly more sensitive to irradiation than the skin, with the exposure limits for 532 nm light
being 0.0025 W/cm? and 0.2 W/cm?, respectively. Additionally, these standards are highly conservative
and typically below pain thresholds.!*® Notably, rapidly pulsed irradiation, which can reduce unwanted
tissue heating by introducing cooling phases, can significantly reduce burn risks, allowing significantly
more power (up to several W/cm?) to be delivered safely.!''*1120 For example, Santos Grandinétti et al.
found no significant heating in patients with light, medium, and dark human skin using pulsed red and
infrared lasers and LEDs.1!?! Therefore, pulsed lasers can be valuable for PDT and temperature-limited

PTT, although most published reports still use continuous-wave sources.
5.2.3 Integration of MNs and PRMs

Polymers developed for MNs do not interact significantly with visible or NIR light, and thus
PRMNs typically incorporate PRMs within their polymeric network or on their surface. Polymeric MNs
can be constructed from various biocompatible polymers, with polyvinyl alcohol (PVA),
polyvinylpyrrolidone (PVP), and hyaluronic acid (HA) being the most common for PRMNs. MNs can be
categorized as solid, coated, hollow, swelling, or dissolvable (Figure 29A).1122 Specifically, PRMNs use
coated, swelling, or dissolvable MNs to deliver PRMs. In addition to these categories, some MN patches
also feature a removable backing. Drug-coated MNs use water soluble drug formulations that dissolve off
the MNs following insertion, after which the MNs can be removed. Swellable MNs are made with swellable
polymers such as cross-linked hydrogels, that simultaneously extract interstitial fluid from the skin while
permitting the release of preloaded APIs.!'?® Dissolvable MNs are made from water-soluble or
biodegradable polymers that encapsulate APIs within the MN matrix that then dissolves after insertion,
thereby releasing the encapsulated drug payload. In addition to being delivered via conventional MNs,
photothermal PRMs allow for meltable MNs using thermosensitive polymers, such as polycaprolactone
(PCL), for controlled drug release (Figure 29B and C).}?* For example, Chen et al. used silica-coated
lanthanum hexaboride (LaBs@SiO>) NPs to thermally degrade PCL MNs over several cycles, progressively
releasing co-encapsulated doxorubicin (Figure 29D).11?> Depending on the dissolution rate of the PRMs
and the irradiation time, partial, total, or sustained drug release can be achieved. Photothermal PRMs can
also be used to accelerate drug release, MN dissolution, and hydrogel swelling in non-meltable MNs as heat
accelerates reaction kinetics and weakens chemical bonds.*'?¢-112 Once released into the skin, drugs and
PRMs either remain in place or enter the bloodstream through capillaries for systemic drug delivery. This

depends on the ability of the drug to diffuse through the different layers of skin. Polymeric MNs are most
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commonly fabricated through micromolding because of its excellent reproducibility, cost-efficiency, and
scalability; however, for many polymers, the involvement of heat or UV irradiation during fabrication can
pose issues for some encapsulated APls.112°
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Figure 29: Microneedle types and delivery methods. A) Conventional MN designs. Reprinted with permission from
Ref 1122 (Copyright Elsevier, 2021). B) Infrared camera images of meltable PRMNSs over 5 cycles. Reprinted with
permission from Ref 188 (Copyright American Chemical Society, 2016). C) Chemotherapy drug release via synergistic
photothermal therapy using dissolvable MNs. Reprinted with permission from Ref 1124 (Copyright Elsevier, 2022). B)
Cumulative drug release over several irradiation cycles using meltable PRMNs. Reprinted with permission from Ref
1125 (Copyright Elsevier, 2015).

In addition to drug delivery and direct PTT or PDT, PRMNs are also used for synergistic and
combination therapies. One example is PVP PRMNs that encapsulate CuO, NPs to treat superficial
cancer.!*® An advantage of this simple formulation is the multifunctional role of CuO2 NPs, including its
NIR-induced photothermal effect, Fenton toxicity, and glutathione depletion, thus combining PTT and CDT
for effective cancer cell killing. Elsewhere, Zhou et al. fabricated PRMNs delivering a zeolitic imidazolate
framework-8 (ZIF-8) metal-organic framework (MOF)-based core-shell nanomedicine for combined

starvation therapy, PTT, and PDT (Figure 30A).1*! The core of MOF encapsulated ICG and two enzymes,
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i.e., glucose oxidase (Gox) and catalase (CAT), that sequentially degraded glucose, upregulated by cancer,
into H,O, and then O,. The produced oxygen was then further converted to 'O, by ICG (type Il PDT).
Alternatively, the oxygen molecules could be used for glucose oxidation, forming a self-sustaining cycle,
and minimizing hypoxia. Recently, the application of a novel photomechanical property of GO-
encapsulated polymers, thermally triggered patch unfolding, was also exploited for MN technology to treat
myocardial infarction through minimally invasive surgery.!*? The PVA-based PRMN patch contained both
GO and endothelial growth factor (VEGF). The folded MN patch was introduced into the chest cavity
through a small incision (4 mm) and was unfolded with 10 s of NIR irradiation (Figure 30B). Importantly,
because of the GO-enhanced strength, the unfolded MN patch easily pierced the heart surface with a
sustainable release of VEGF, promoting neovascularization, reducing myocardial fibrosis, and restoring

cardiac function.
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Figure 30: A) Synergistic anti-cancer therapy using starvation therapy, PTT, and PDT. Reprinted with permission
from Ref 1'% (Copyright Elsevier, 2021). B) Unfolding of PVA PRMN patches containing GO. Reprinted with
permission from Ref 1132 (Copyright American Chemical Society, 2021).

One key limitation of MNs is their inability to deliver high volumes of drugs or PRMs. Individual
MNs typically carry a volume of ~10 nl each, which corresponds to a total patch volume of only 10 pl for
a patch containing 1000 needles.!*** Furthermore, within the MNs, only a small fraction of the volume is
usually available for API loading since excipients must be included to facilitate manufacturing, provide
mechanical strength, enable dissolution, etc. As such, PRMs with low potencies, i.e., poor quantum yield
or photothermal transduction, are unlikely candidates for use within MNs. PRM or API doses can be
increased either by increasing the number of MNs in each patch, which reduces their penetration ability, or
by increasing patch area, which makes it more difficult to apply the patch uniformly.!** Therefore, more
research is needed to develop fabrication methods and formulations that can maximize API loading and

delivery. Notably, some PRMs, such as graphene oxide (GO) and molybdenum sulfide (MoS:) nanosheets,
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can improve MN mechanical strength, reducing the need for additional excipients and thus likely improving
loading capacity.1%¢10% Nevertheless, drug loading is a known problem for MN technology, and further
work is needed to overcome this issue, although repeated dosing with painless patches may still be a
preferred option to conventional injections. The use of concentrated freeze-dried powders has also been
proposed as one method to improve API loading 1*51%; however, freeze drying may inhibit the activity of

some APIs, such as attenuated viruses (vaccines),*"11* thus making it unsuitable for some formulations.

5.3 PRMN Applications

MN-based DDSs can be activated and controlled by photoresponsive mechanisms for on-demand
release and thus have promising applications in many disease treatments. MNs are compatible with various
therapeutics, ranging from small molecules, such as doxorubicin (Dox), to macromolecules, including
proteins, DNA, and siRNA.1 Currently, there are several stimuli-responsive DDSs using pH, hypoxia,
ROS, and ultrasound, among others, to trigger cargo release '4!; however, several key challenges remain.
For example, pH-responsive DDSs can damage the endosomes of normal cells and high-intensity
ultrasound-responsive  DDSs may cause tumor metastasis.''¥ By comparison, low intensity
photoresponsive DDSs are non-invasive and safe, causing minimal damage to surrounding tissue while
offering excellent spatiotemporal control of drug release. In addition, PTT and PDT can be used for
therapeutic modes on their own, allowing for synergistic and combination treatments,*° while luminescent
PRMs can be used for diagnostics. In this section, we review recent applications of PRMNs to cancer
therapy, wound healing, diabetes treatment, and diagnostics, highlighting key innovations and common
treatment strategies. In addition to these main applications, limited reports have also published using
PRMNs for myocardial ischemia,'**? Parkinson’s disease," pain relief,2°”® and weight control 112611431144
Notably, as previously described, several of these works used unique photoresponsive mechanisms,
photocleavage, photoisomerization, and patch unfolding, to facilitate drug release.X0’*1132 Regarding weight
control, current PRMNs use sublethal/mild PTT for heat-stimulated browning of white adipose tissue in

combination with the small molecule drugs rosiglitazone or mirabegron.
5.3.1 PRMNs for Cancer Therapies

Cancer is a leading cause of death worldwide and its recurrent and aggressive nature requires
multimodal therapies for effective treatment.®*1121145 Cancers evolve as a disease over several stages and
can occur in any cell type of the body. The first two stages reflect the relative tumour size, while stage 11l
indicates the potential for metastasis. The exact difference between a diagnosis of stage 11 or 111 differs for
each cancer type. Finally, stage IV cancers are those that have spread to other parts of the body,

corresponding to a low survival rate. To successfully treat cancers, all malignant cells must be killed or
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made senescent, preventing their growth into new tumors. Traditional cancer therapies include
chemotherapy, radiotherapy, and surgery. Although generally effective, these treatments have key
limitations, such as systemic toxicity and limited selectivity. Additionally, tumors contain many
subpopulations of cancer cells which may have, or develop, resistance to individual treatments. PRMNs are
an alternative tool for superficial cancer treatment as they provide minimal invasiveness, low systemic
toxicity, easy application, and spatiotemporal control over API release.'%! Currently, several PRMNSs have
been successfully used for cancer therapies (Table 5). These include synergistic and multimodal
phototherapy combinations with enzymatic cascades, chemotherapy, and immunotherapy. Due to dose
limitations in MN patches, most PRMN formulations are ideal for treating localized early-stage cancers;
however, by combining immunotherapy for anti-tumor vaccination, systemic responses can be triggered
using PRMNSs.

Table 5: Selected PRMNs for cancer therapies.

MN PRM Light Source  Irradiation Therapy Adjunctive Ref
Materials / Wavelength Power Agent(s) .
(nm)
HA ALA N/A - 635 0.45W PDT - 1148
ALA N/A - 635 0.2W/cm?  PDT + CAT & Cu- 1147
CDT + Cas(PO4)2 NPs
Zn-phthalocyanine Laser - 660 N/A PDT + Anti-CTLA4 1107
Immunotherapy  antibodies
Chlorin e6 Laser - 660 0.6 W/cm?  PDT + - 1148
Immunotherapy
ICG Laser - 808 0.35 W/cm?  PTT + Anti-aPD- 1149
Immunotherapy  1/aPD-L1 &
anti-1-MT
antibodies
ICG Laser — 808 0.35W/cm? PTT + Paclitaxel 1150
Chemotherapy
ICG Laser — 808 1.0Wicm?>  PTT + Doxorubicin 1151
Chemotherapy
IR-780 Laser — 808 1.0wWicm?>  PTT + Paclitaxel 1152
Chemotherapy
IR-780 Laser — 808 1.0 W/cm?  PTT + Paclitaxel 1153
Chemotherapy
Au Nanocages Laser — 808 1.0 W/cm?  PTT + Doxorubicin lore
Chemotherapy
Au Nanorods Laser — 808 1.0 W/cm?  PTT + Doxorubicin 1077
Chemotherapy
Au Nanorods Laser — 808 1.5W/cm? PTT+ 5-Fluorouracil 1154
Chemotherapy
IR-820 Laser — 808 1.0wWicm?  PTT + p53 DNA 1155
Immunotherapy
IR-780 Laser — 808 1.0 W/cm?  PTT + Autophagy 1156
Immunotherapy inhibitor (CQ)
SiO,@GA-Fe/PDA Laser — 808 1.0W/cm? PTT+ Fe ions 1157
CDT +
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Chemotherapy

IR-820 Laser — 808 0.75W/cm? PTT + Curcumin 1158
Chemotherapy +
Wound Healing
Melanin NPs Pulsed (0.5 0.5W/cm? PTT + SiO4* 1108
ms) Laser - Wound Healing
808
PLLA Au Nanorods Laser — 808 20W/cm?  PTT + Docetaxel 1078
Chemotherapy
PCL LaBs@SiO; Laser — 808 5.0-7.0 PTT + Doxorubicin 1087
W/cm? Chemotherapy
LaBs@SiO- Laser — 808 5 W/cm? PTT + Doxorubicin 1125
Chemotherapy
Flav7 Laser — 808 1.0 W/cm?  PTT + Doxorubicin 1124
Chemotherapy
PB Nanocubes Laser — 808 1.6 W/cm?  PTT + Doxorubicin 1159
Chemotherapy
LaBs Laser — 808 50W/cm? PTT + Doxorubicin 1088
Chemotherapy
PVP ICG Laser — 808 0.34 W/cm? PTT + Doxorubicin 1160
Chemotherapy
CuO;, NPs Laser — 808 0.75W/cm? PTT + - 1130
CDT
Poly(cyclopentadith  Laser — 808 1.0 W/cm? PTT+ Polyinosinic— 1161
iophene-alt- Immunotherapy olvevtidvlic
benzothiadiazole) polycytidy
acid &
Hyaluronidase
Nb,C Nanosheets Laser - 1064 1.0 W/cm?  PTT - 1162
PVA/PVP ICG Laser - 808 0.35 W/cm? PDT + Indoleamine 1163
Immunotherapy  2,3-dioxygenase
ICG Laser - 808 1.0 W/cm? PTT + Paclitaxel 1164
Chemotherapy
NIR950 micelles Laser - 808 1.0 W/cm? PTT - 1165
ICG@ZIF-8 Laser - 808 1.0 W/cm? PDT + GOX & CAT 1131
PTT +
Starvation
Therapy
HA-CuS@ZIF-8 Laser - 808 1.0 W/cm? PTT + Camptothecin 1166
Chemotherapy
LA/PCL Ca0,@Mn-PDA Laser - 808 0.4-1.0 PTT + - 1167
Nanoshells W/cm? CDT +
Gas therapy
ICG Laser - 808 0.4Wicm? PTT+ Doxorubicin 1168
Chemotherapy
PVA/ Au@SiO, Laser - 808 1.7Wilcm? PTT + Doxorubicin 1080
Chitosan/  Nanoshells Chemotherapy
PVP
PVP/PCL  Cu-PDA NPs Laser - 808 1.6 Wicm?  PTT + - 1169
CDT
PVPVA IR820 Laser - 808 0.1W/cm?  PDT + Cisplatin 1170
Chemotherapy
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Polyserotonin Laser - 808 1.5wW/icm?  PTT + B-catenin 171
Immunotherapy  silencing
DNAzyme
MHA Melanin Laser - 808 1.0 W/cm?  PTT + Tumor lysate & 1172
Immunotherapy GM-CSF
BP-Gelatin Laser - 808 1.2W/cm? PTT+ Interferon y & 1
Microspheres Chemotherapy Dexamethasone
HA/PVP PDA Nanoshells Laser - 808 0.9 W/cm?>  PTT + GOX 14
Starvation
Therapy
PMMA SiO,@Au Laser - 808 0.5-1.0 PTT - 1081
Nanoaggregates W/cm?
PVP/CM/ GO Laser - 850 1.0Wicm?  PTT + HA15 1090
HA Chemotherapy

ALA, 5-aminolevulinic acid; CAT, catalase; CDT, chemodynamic therapy; CMC, carboxymethyl cellulose; CQ,
chloroquine; CW, continuous wave; GOX, glucose oxidase; GM-CSF, granulocyte-macrophage colony-stimulating
factor; HA, hyaluronic acid; ICG, indocyanine green; LA, lauric acid; MHA, methacrylated hyaluronic acid; MN,
microneedle; PCL, polycaprolactone; PDA, polydopamine; PDT, photodynamic therapy; PLLA, poly(l-lactide);
PMMA, polymethylmethacrylate; PRM, photoresponsive material; PTT, photothermal therapy; PVA, polyvinyl
alcohol; PVP, polyvinylpyrrolidone; PVPVA, vinylpyrrolidone—vinyl acetate copolymer; ROS, reactive oxygen

species; ST, starvation therapy.

Cancer immunotherapy involves activating or supressing the immune system to produce favorable
tumor responses, which has gained increasing attention over the past few decades. Both immunotherapy
and phototherapy benefit significantly from the high concentration of immune cells within the skin,
allowing for easy immune activation.!**® For example, Gu’s group fabricated PRMNs encapsulating
B16F10 tumor cell lysate (containing melanin) for sustained immunotherapy (Figure 31A).1"2 By using
the photothermal heating of melanin to stimulate the release of local damage signals, immune cells could
be stimulated to uptake tumor-antigens, promoting an immune response against both primary and metastatic
tumors. The patch could also co-deliver a vaccine adjuvant (granulocyte-macrophage colony-stimulating
factor, GM-CSF) that produced a synergistic immune response. In another example, Chen et al. exploited
PDT-enhanced immunotherapy for cancer treatment.*% In this work, HA MNs were integrated with pH-
sensitive dextran NPs containing Zn-phthalocyanine and anti-CTLA4 antibodies. When applied to skin
tumors, the low tumor pH stimulated API release. PDT was then used to trigger the release of damage
signals and tumor antigens whereas the antibodies served as an immune checkpoint inhibitor, enhancing
the antitumor response (Figure 31B). PRMN-facilitated immunotherapy is still a new topic with vast

opportunities for researchers to explore.
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Figure 31: Cancer immunotherapy using PRMNs. (A) A schematic of a photoresponsive microneedle (PRMN)-based
vaccination. Reprinted with permission from Ref 1172 (Copyright American Association for the Advancement of
Science, 2017) (B) A schematic of MN-based photodynamic and immunotherapy and a possible mechanism for

antitumor immune response. Reprinted with permission from Ref %7 (Copyright Elsevier, 2019).

5.3.2 PRMNs for Wound Healing

Chronic wounds include skin damage, fungal infections, chronic ulcers, and non-melanoma skin
cancers. Wound healing is a restoration process involving the replacement of destroyed or damaged tissue.
This complex process involves inflammation, granulation, and tissue remodeling. Failures in any aspect
may cause delayed healing.!*’>!'6 MNs are promising for facilitating wound healing and infection
treatment by altering inflammation, inactivating pathogens, and stimulating cell growth. Because of
complications associated with systemic delivery and the ease-of-access of skin injuries and wounds, the
logical strategy would be to apply therapies topically; however, any topical therapeutics must first diffuse
through the outermost layer of damaged or dead cells to access healthy cells. Commonly, passive
permeation requires the molecular weight of the API to be <0.5-0.6 kDa and be amphipathic.1 In addition,
some wounds are continuously exuding fluid and can wash delivered therapeutics out of the wound bed.1"”
As a result, the local bioavailability of delivered drugs is lower than expected when they are applied
topically. By comparison, MNs can effectively bypass the outermost skin layers and deliver specific doses

of therapeutics to the wound area.

To date, PRMNs have been used for photodynamic antimicrobial chemotherapy (PACT), PTT, and
gas therapy (Table 6). As biofilm development is often implicated in wound progression, potent therapeutic
methodologies are required to eradicate persistent bacteria and accelerate wound healing. PACT provides
an effective disinfection means for wound treatment via the PRMN platform. For example, Sun et al.
fabricated PRMNs loaded with MOF-derived peroxidase-like nanozymes that not only converted light to

heat but also increased its enzymatic activity to produce anti-bacterial ROS (Figure 32A).11% Wen et al.
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showed another PACT example using MN-based PDT to treat acne vulgaris, an inflammatory skin
disease.'*’® Therein, MNs delivered ICG encapsulated in a ZIF-8 MOF, which generated cytotoxic ROS,
induced oxidative damage, and disrupted the metabolic activity of Propionibacterium acnes during
irradiation. Additionally, Zn?" released from ZIF-8 at low pH had additional antimicrobial effects. Some
polymeric materials, such as hyaluronic acid (HA) and chitosan, have inherent antimicrobial activity and
their use in MN fabrication may synergize with PR mechanisms.!1*118 Moving toward clinical applications
of MNs, Petukhova et al. performed a small-scale clinical trial using ALA-encapsulated MNs for the
treatment of actinic keratoses (pre-cancerous growths resulting from sun exposure) on 32 human

participants.t!8! This system showed a high efficacy without causing pain as is often seen in conventional

treatment methods.

Table 6: Selected PRMNSs for wound healing.

MN materials Wound PRM Light Irradiation  Type of Adjuvant Ref.
Type source / Power therapy Agent(s)
Wavelength
N/A Acne Scars  ALA Laser - 633 0.08-0.1 PACT - 1182
W/cm?
Gantrez Infection MB LED - 635 0.1 Wicm?  PACT - 1183
A-139
copolymer
PVA Infection Zn,GeOy: N/A - 254 N/A PACT - 1076
Cu?* NPs nm
Infection PDA NPs Laser - 808 0.5-2.0 PTT Levofloxacin 1184
W/cm? + a-amylase
Muscle Carbonized Laser - 808 3.0Wicm?> PTT Prostaglandin 1%
Damage wormwood E2
Infection Metal-center  Laser - 808 1.0 W/cm?  PACT - 1108
Porphyrin
Infection GO Laser-808 0.24 W/cm? PTT + Nitric oxide 1186
GT
MHA Ischemic Au Laser - 808 1.0 W/cm? PTT + Nitric oxide 1082
Perforator ~ Nanorods GT
Flaps
Infection FesO4 NPs/ Laser - 808 1.3W/cm? PTT+ - 1187
GO CDT
Nanosheets
PVP/Col 111 Infection AMP- Laser - 808 1.5W/cm? PTT - 1188
Cypate
peptide
PCL/Gelatin Physical CaO,@PDA  Laser - 808 1.6 Wicm?  PTT + Metformin 1189
(Diabetes)  Nanoshells GT +
& IMT
Infection
HA Infection ICG Laser - 808 0.3W/cm?> PACT+ ZIF-8 178
CDT
Cancer Melanin NPs  Pulsed (0.5 0.5W/cm?  PTT + Si04* 1103
Therapy & ms) Laser - Wound
Infection 808 Healing
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Scar SiO2 UCNPs  Laser - 980 0.5W/cm?  LPPC MRNA 1190
Healing
PEG Physical Mxene N/A -808 N/A PTT Adenosine 1191
diacrylate
Gelatin Physical BP Quantum  N/A - 808 1.56 W PTT + Hemoglobin 1192
Methacryloyl  (Diabetes)  Dots GT
PEGDA Physical GO-MOF N/A - 808 0.89 W/cm? PTT + Nitric Oxide 1198
(Diabetes) GT
Infection FesO4 NPs Laser - 808 1.0W/cm? PTT+ Doxycycline los4
CTx
ALA, 5-aminolevulinic acid; BP, black phosphorus; Col Ill, recombinant human type Ill collagen; CDT,

chemodynamic therapy; CTx, chemotherapy; CW, continues-wave; GT, gas therapy; GO, graphene oxide; HA,
hyaluronic acid; ICG, IMT,
methylene blue; MN, microneedle; MOF, metal-organic framework; NPs, nanoparticles; PACT, photodynamic

indocyanine green; immunotherapy; LPPC, long-persistent photocatalysis; MB,
antimicrobial chemotherapy; PDA, polydopamine; PDT, photodynamic therapy; PEG, polyethylene glycol; PEGDA,
polyethylene glycol diacrylate; PRM, photoresponsive material; PTT, photothermal therapy; PVA, polyvinyl alcohol;

PVP, polyvinylpyrrolidone; UCNP, upconverting nanoparticle; ZIF-8, zeolitic imidazolate framework-8.
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Figure 32: PRMNSs for in vivo wound healing. (A) Bacterial wound healing using a metal-center porphyrin PRMN:
(i) PRMN wound healing schematic, (ii) thermal images of PRMN-treated mice, and (iii) Staphylococcus-aureus-
infected wounds on different days. Reprinted with permission from Ref 1% (Copyright Wiley-VCH, 2021). (B)
PRMNs using black phosphorus (BP) and hemoglobin (Hb) to facilitate wound healing: (i) Representative photos of
the skin wounds of different groups. Scale bars = 0.5 cm. (ii) Corresponding H&E staining of the wound beds. Scale
bars = 500 um. (ii) Quantitative analysis of the granulation tissue width. (d) Quantitative analysis of epithelial
thickness. Reprinted with permission from Ref 11%2 (Copyright American Chemical Society, 2020).

In addition to bacteria eradication, the ideal PRMN can also remodel the wound microenvironment
by promoting angiogenesis and suppressing inflammation. For example, Zhang et al. fabricated
gelatin/PVA MNs containing black phosphorus quantum dots (BP QDs) as the PRM and hemoglobin as an

oxygen delivery vehicle to facilitate wound healing.!*®> Wound oxygenation is considered a key
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determinant of healing outcomes as oxygen is required for almost every step of the wound healing
cascade.!®*11% Under NIR irradiation, the BP QDs increased the temperature of the MNs to facilitate
oxygen release from hemoglobin, improving the recovery from diabetic wounds in a mouse model (Figure
32B). This work provides an example of gas therapy, which is considered as a promising green therapeutic
strategy that minimize the adverse side effects to healthy tissues.''®” Recently, the same group provided
another excellent example using PRMNs deliver the therapeutic gas nitric oxide (NO). NO is an effective
therapeutic gas for diabetic wound management as it, like oxygen, is involved in many steps of the wound
healing process, including vasodilation and angiogenesis, signal transmission and integration, infection
elimination, and immunoregulation.1%-120 Therein, Yao et al. reported a porous PRMN that used the
photothermal property of GO-encapsulated MOF microparticles (GO-MOF MPs) to control the release of
chemisorbed NO.*3 The porous structure of the PRMN not only increased its surface area, leading to high
NO adsorption capacity, but also ensure efficient NO release and diffusion. Such examples demonstrate
that PRMN can provide multifunctional wound curing strategies by combining therapeutic delivery,
pathogen destruction, and reduced inflammation. However, PRMNs for wound healing have not yet been
extensively explored, and therefore there are many opportunities and gaps still available. Different
pathogens and wound types, e.g., burns, infections, and cuts), require different therapeutic strategies, and
comorbidities, such as diabetes or cancer, can further complicate treatment. Thus, further work on
developing synergistic and multi-disease therapies should prove highly valuable.

5.3.3 Diabetes Treatment

As one of the fastest growing and most serious chronic diseases today, diabetes mellitus has gained
intense research interest to develop effective yet economical therapies for its treatment. Diabetes is a
metabolic disorder caused by either insufficient insulin production (type I, genetic autoimmune disorder)
or utilization by the body (type I, adult-onset). This can result in several serious effects including delayed
wound healing, nerve damage, cognitive impairment, hyperglycemia, and death. Currently, the main
treatments for diabetes include insulin (a peptide hormone, 5.81 kDa) and metformin (a biguanide
antihyperglycemic drug, 0.13 kDa). Importantly, insulin can be used to treat both type | and type Il diabetes,
but metformin can only be used for type Il. Metformin is commonly delivered orally, while insulin must be
delivered by injection. MN-based treatments can effectively deliver both drugs with high bioavailability by
avoiding first-pass hepatic metabolism, gastrointestinal degradation, and providing precisely controlled
drug release.’?! Notably, like many drugs, the exact dose required for each patient depends on several
factors, such as their body mass, metabolism rate, age, and diet. Infants can require as little as 5 1U of

insulin, whereas overweight patients can require over 80 1U.'*** Therefore, for MN patches, different doses
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should be evaluated for efficacy, rather than a simplified ‘one-dose fits all” approach. In the clinic, such

flexibility is key to widespread adoption.

Recently, PRMNs have also been adopted for diabetes treatments via the controlled delivery of
metformin and insulin.1202120% Zhang et al. fabricated PVP PRMNs that could deliver metformin
encapsulated in PDA- and LA-coated mesoporous SiO, NPs (Figure 28A).27 In vitro and in vivo analyses
demonstrated photo-controllable drug release and an improved bioavailability of metformin compared to
subcutaneous administration. Alternatively, Liu et al. used photothermal bismuth nanodots to control
metformin release.’®®® These MNs produced a remarkable in vivo hypoglycaemic effect; however,
compared to PDA, bismuth nanodots have some toxicity concerns.!?%412%> Therefore, dosage-dependent
toxicity and photothermal efficacy must be balanced. Notably, despite insulin being a heat-sensitive protein,
Demir et al. successfully managed to deliver insulin via photothermal hydrogel MNs containing
molybdenum sulfide (MoS;) nanosheets (Figure 33A).1% The presence of MoS, improved the mechanical
strength of MN patches and restricted the passive or burst release of insulin, minimizing unwanted dosing
in both mice and pig models. Upon photothermal heating (980 nm, 0.5 W/cm?, 10 min), insulin could be
released without a noticeable loss in activity, which was attributed to the immaobilization of insulin within
the polymeric network of polyethylene glycol diacrylate (PEGDA). This strategy protects insulin and other
biomolecules by providing a non-interacting environment that stabilizes their conformation via Van der
Walls forces, hydrogen bonding, covalent bonding, etc.12%6-1208 Fan et al. also fabricated photothermal
hydrogel-based PRMNs containing PEG-immobilized insulin and BP for diabetes treatment without a loss
of insulin activity after PTT (Figure 33B).12° As such, use of PRMNs for insulin or metformin delivery
may prove highly promising, although further work is needed to fully understand the heat response of drugs
in different MN formulations. Recently, Montoya et al. published a review covering the use of different
porous inorganic materials and organic polymers to improve the thermal stability of proteins, enzymes, and
vaccines.?” These include several organic polymers that could be incorporated into PRMNs. Importantly,
proteins can also be denatured upon physical contact with PRMs. Lee et al. demonstrated that insulin is
denatured upon n-n adsorption on graphene whereas no denaturation was observed for electrostatic binding
to GO.12101211 By comparison to GO, MoS; nanosheets were calculated to have weaker interactions with

insulin, further enhancing its stability.10%
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Figure 33: PRMNSs for diabetes treatments. (A) Insulin loading and releasing using photothermal MoS; PRMNSs: (i)
Insulin loading at 4 °C over 8 h; (ii) passive drug release profile from the patch into PBS; (iii) in vitro release using
different laser power densities at 980 nm for 10 min; and (iv) an SEM image of the patch after photothermal release
experiments. Reprinted with permission from Ref %8 (Copyright Royal Society of Chemistry, 2022). (B) In vivo
antidiabetic study: (i) thermal imaging after PRMN insertion during NIR irradiation; (ii) dorsal skin photograph after
MNs application; (iii) blood glucose level of diabetic mice undergoing different treatments; (iv) blood glucose level
changes during treatment; and (v) a magnified view of daytime blood glucose changes. Reprinted with permission
from Ref 12%° (Copyright Wiley-VCH, 2021).

5.3.4 Diagnostics

Another key application for PRMNSs is imaging-based diagnostics. Unlike phototherapies, wherein
heat or ROS are used, diagnostics use the luminescent properties of PRMs to provide important medical
data in response to disease conditions. Some types of PRMs can also be used for photoacoustic, X-ray, and
MRI imaging. One simple example of a diagnostic PRMN was provided by Babity et al., who used the
decrease in detectable fluorescence as a marker for lymphedema monitoring.*?? Lymphedema is a disorder
characterized by a build-up of interstitial fluid in the extremities due to impaired lymphatic drainage. The
authors used dissolvable PVP MNs to tattoo PEGylated Cy7.5 (an NIR fluorescent PRM) to the skin,
allowing them to follow lymphatic drainage using in vivo mouse and rat models (Figure 34A and B). It
was also determined that the MN length and the location of the PRM within the tips were critical to limit
the background signal when the dye was not drained from the application site. Additionally, the authors
also demonstrated this monitoring using a portable detection technology. This method was later used for a
proof-of-concept clinical trial.'** Another interesting diagnostic tool for PRMNs is the use of surface-
enhanced Raman spectroscopy (SERS) 2%4; a highly sensitive analytical technique that can enhance the
detectable Raman signals of analytes by several orders of magnitude. This enhancement is due to the

interaction of incoming light waves with localized surface plasmons, collective electron oscillations present
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on NP surfaces. At particular wavelengths, the incoming photons and the surface plasmon can resonate,
greatly enhancing the Raman scattering signal intensity of surface adsorbed analyte molecules.’?® If the
adsorbate is located in a nanogap between NPs, i.e., a ‘hotspot,” the scattering intensity can be further
enhanced. Charge transfer between NP surfaces and the adsorbed molecules is also believed to contribute
to signal enhancement.’?® Under ideal circumstances, this enhancement can allow for single-molecule
detection.?!” Using this technique, several papers have documented SERS PRMNs for the detection of

bacteria and their metabolites,'?!8121° pH and redox potential, 221221 and glucose.!??2
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Figure 34: Diagnostic PRMNs. A) Fluorescent PRMs delivered via MNs for the monitoring of lymphatic drainage in
mice, showing a decline over time. B) Comparison of fluorescence time for mice with functioning and impaired

lymphatic drainage. Reprinted with permission from Ref 222 (Copyright Elsevier, 2020). C) Representative
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microscopy images of a MN patch tattoo. Top: (i) PDMN mold with a “4” pattern; (i) PRMN loaded with Cy7.5; (iii)
porcine skin tattooed by the MN patch ex vivo. Bottom: UV PRMN tattoos in (i) daylight, (ii) in the dark with UV,
and (iii) in the day with UV. Reprinted with permission from Ref 122 (Copyright Cell Press, 2022).

Key to the successful use of PRMNs for disease monitoring is using probes with fluorescence
wavelengths that are not absorbed by biological tissue, i.e., NIR light. As such, Liu et al., developed Er®*
up-conversion NPs with both excitation (1530 nm) and emission (980 and 1180 nm) in the NIR-Il window
for the in vivo biosensing of H.0,.122* Furthermore, upon specific conditions, such as low or high pH, non-
PRMs may undergo chemical changes into fluorescent PRMs, or vice versa, that can be detected under light
irradiation. By using such conditions as a turn-on signal, the background noise of the probes can be
minimized, and specific disorders could be detected. For example, tumor microenvironments are often
hypoxic and acidic, diabetes results in higher glucose concentrations,*??® and inflammation results in the
production of ROS. As such, Babity et al. used Cy5 as a turn-on ROS-sensitive probe for the detection of
skin inflammation.*??®® Turn off probes have also been developed, with Li et al., for example, using the
quenching of fluorescent carbon QDs to measure interstitial Cu?*.2?” The integration of various stimuli-
responsive materials to form smart MNs therefore hold good potential for disease monitoring and sensing.
By adding fluorescent PRM to sensing MN sensors, the emitted light can be used as an indicator for when
to apply follow-up treatments or use PTT for drug release; however, due to the low volume of the needles,
multifunctionality must be balanced against chemical complexity and API loading capacity. Furthermore,
some stimuli-responsive materials may generate painful toxic products. For example, glucose oxidase, an
enzyme widely used for glucose sensing, produces both H.O- and gluconic acid, which may damage tissue
and cause pain or discomfort for patients.®9211311228 |deally, smart sensing systems should use a combination
of materials to reduce the amount or type of unwanted products. In another approach Zheng et al., used
fluorescent aptamer-coated hydrogel MNs to detect glucose, adenosine triphosphate, I-tyrosinamide, and

thrombin ex vivo.1?? In this way, multiple biomarkers could be detected without generating toxic products.

Diagnostic PRMNSs can also be used to deliver medical tattoos containing patient information, such
as identity, vaccination status,'?° or the number of drug doses received. Importantly, the use of fluorescent
PRMs allows for tattoos only visible using intense illumination of a specific wavelength (Figure 34B),??3
although the ethics and risks of such a system should be carefully evaluated. For example, non-visible QR-
code tattoos can provide an easy approach to access patient information for clinicians using specialized
detectors; however, such devices could be used to discreetly obtain information without patient knowledge.
Additionally, the chemotoxicity and phototoxicity of the long-lasting implanted materials must be carefully
evaluated to ensure safety. Conventional tattoo ink is typically composed of multiple components, including

nanomaterials, chemical binders, and pigments that are then injected into the dermis for long-term retention.
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While these inks may be used with MNs, their interactions with any co-delivered therapeutics, e.g.,
vaccines, must be assessed for treatment efficacy. Notably, PRMNs could be used to create temporary
medical tattoos that are slowly removed by lymphatic clearance. This approach could significantly improve
security and patient compliance; however, because hospital stays can be of various lengths, the clearance
rates of different PRMs should be more closely evaluated to optimize the number of patch applications.
MN length should also be evaluated, as PRMs delivered at shallow depths can also be removed by the
growth of new skin cells. For this reason, tattoo artists typically deliver ink to a depth of ~1.5-2 mm to

avoid fading.
5.4 Conclusions and Outlook

While PRMNs have already demonstrated great promise for disease monitoring, controlled drug
release, and potent multimodal disease treatments, the technology is still in its preliminary stage and several
issues must be addressed to further advance its applications. First, the key to success in clinical applications
is the development of a fundamental understanding of the mechanisms governing light-matter interactions.
Such knowledge is critical for PRMN fabrication, optimization, and application while achieving high
efficacy and low toxicity. For example, light penetration depth is mainly determined by its wavelength but
is also affected by the materials used to prepare the backing layer of the MN patches and the properties of
the skin, which varies among different body locations and patients. Sandby-Mgller et al. found the mean
thickness of the epidermis were 56.6, 70.3, and 81.5 pum at the forearm, shoulder, and buttock,
respectively.'?! Laurent et al. found that the average overall skin thickness (dermis + epidermis) was 2.54,
2.02, 1.91, and 1.55 mm at the suprascapular, deltoid, waist, and thigh.!2 Many light wavelengths can
therefore pass through the stratum corneum and epidermis of most patients; however, only certain
wavelengths, i.e., NIR, can penetrate deeply into the dermis. The light source must be powerful enough to
excite the PRMs to generate the expected therapeutical outcome, but not so strong as to induce adverse
effects on the skin tissue. As noted by Joensen et al., consideration of the patient’s skin pigmentation is also
important for phototherapy safety.**® Factors, such as uneven or wrinkled skin, can further alter the average
skin thickness and prevent uniform dose distribution. Patient age and sex are also known to influence skin
thickness.!?® Individual pain thresholds, immune responses, and APl dose requirements should be
considered in these designs. Finally, large-scale MN manufacture and storage with various compositions,
particularly those containing temperature sensitive APIs, is still a critical issue that must be addressed
before MNs can be widely and cost-effectively applied in clinical settings. While further work is needed,
understanding and overcoming these issues can promote the development of personalized MN and PRMN
patches. Compared to conventional MN patches, personal PRMN and smart-PRMN patches can offer

improved control of drug release.
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PRMNs also have inherent limitations. Like any other MN, they suffer from limited API loading
capacities and thus are only applicable for delivering highly potent therapeutics that are effective at low
doses. As such, released PRMs that have high reactivity, but poor clearance, may present chemical- or
photo-toxicity. The discoloration of skin is another issue related to dyes, pigments, and NPs. Tatovic et al.,
for example, found that ultrasmall gold nanoparticles delivered via a MN system resulted in local changes
in skin pigmentation for several months.??** More efforts are required to study the diffusion and clearance
of various nanomaterials and therapeutics, including small molecules, polymers, and biologics with
different physicochemical properties, within the skin (epidermis and dermis) and subcutaneous tissues.
Therapeutics that are notably light- or heat-liable are also unsuitable for many PRMN designs. In addition
to PTT, UV photo-crosslinking and heat treatments are commonly used for MN fabrication, which may
inactivate encapsulated biologics or drug compounds. Unintended protein absorption onto nanomaterial
surfaces could also lead to inactivation and unwanted immune responses.!'® Furthermore, due to the limited
penetration of light compared to X-rays, invasive techniques are needed to deliver light to internal tumors

or disease sites.

In summary, the combination of MNs with light may offer advanced technologies for
phototherapies and medical diagnosis. Although several photoresponsive strategies have been exploited by
PRMNSs, there are still many photochemical reactions and photobiological approaches that can be used in
novel PRMN designs. For example, UV-PRMNs may be explored as previous research showed great
promise using UV-responsive polymers/drugs to treat wounds, although the technical concerns regarding
the high phototoxicity and poor UV penetration must first be addressed. In addition, non-photoresponsive
MNs have been explored for scalp, ocular, oral mucosal, gastrointestinal, ungual, anal, and vaginal drug
administration 12351237 As many of these locations can be easily irradiated with light, PRMNs could also
be deployed for such treatments. While there are limited reports of MNs being used to deliver
radiosensitizers, this strategy has not yet been examined using PRMNs; however, PDT and PTT have
previously been reported to enhance RT. The use of PRMNSs for vaccination against diseases other than
cancer may also have advantages owing to the immunostimulatory effects of mild photothermal therapy.

As such, further research into this technology should prove extremely valuable for global healthcare.
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~ Chapter 6 ~

Accelerated Cascade Melanoma Therapy using Enzyme-Nanozyme-

Integrated Dissolvable Polymeric Microneedles

The work presented in this chapter has been published as:

Singh, P.*, Chen, Y.*, Youden, B.*, Oakley, D., Carrier, A., Oakes, K., Servos, M., Jiang, R., and Zhang, X.
Accelerated Cascade Melanoma Therapy using Enzyme-Nanozyme-Integrated Dissolvable Polymeric Microneedles.
International Journal of Pharmaceutics, 2024, 652, 123814. DOI: 10.1016/j.ijpharm.2024.123814.

*These authors contributed equally to this work.
Chapter Summary

Dissolvable polymeric microneedles (DPMNSs) have emerged as a powerful technology for the localized
treatment of diseases, such as melanoma. Herein, we fabricated a DPMN patch containing a potent
enzyme-nanozyme composite that transforms the upregulated glucose consumption of cancerous cells
into lethal reactive oxygen species via a cascade reaction accelerated by endogenous chloride ions and
external near-infrared (NIR) irradiation. This was accomplished by combining glucose oxidase (Gox)
with a NIR-responsive chloroperoxidase-like copper sulfide (CuS) nanozyme. In contrast with
subcutaneous injection, the microneedle system highly localizes the treatment, enhancing nanomedicine
uptake by the tumor and reducing its systemic exposure to the kidneys and spleen. NIR irradiation further
controls the potency and toxicity of the formulation by thermally disabling Gox. In a mouse melanoma
model, this unique combination of photothermal, starvation, and chemodynamic therapies resulted in
complete tumor eradication (99.2 + 0.8% reduction in tumor volume within 10 d) without producing signs
of systemic toxicity. By comparison, other treatment combinations only resulted in a 42—-76.5% reduction
in tumor growth. The microneedle patch design is therefore not only highly potent but also with regulated

toxicity and improved safety.
6.1 Introduction

Malignant melanoma is an aggressive cancer that causes ~75% of skin-cancer-related deaths and
commonly occurs among the Caucasian population.?3-1240 Current therapies including surgery,
chemotherapy, and radiotherapy, have several limitations such as-high costs and complex infrastructure
requirements, severe side effects, long recovery times, scarring, and disappointing outcomes resulting from

innate drug or radiation resistance.'?*! Therefore, the development of cost-effective, safe, and minimally
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invasive treatment strategies is needed. In the past two decades, significant research efforts have been drawn
to highly tunable nanomedicines that can combine multiple treatment modes into a single package. 512421243
Among these, catalytic platforms using chemodynamic therapy (CDT) that exploits potent reactive oxygen
species (ROS) generated in situ, have gained particular attention,1549811244-124% Thege strategies use metallic
nanoparticles (NPs) with enzyme-like activities (nanozymes), which have the advantages of low cost, high
stability, and durability.1°%12501251 However, similar to many chemotherapeutics, concerns over the delivery

efficiency and systemic toxicity of nanomedicines have limited their development and application.

Recently, copper sulfide (CuS)-based nanomaterials have emerged as catalytic platforms based on
their peroxidase-like reactivity, which accelerates the conversion of the less toxic endogenous chemical
hydrogen peroxide (H20,) to potent ROS. Notably, the ROS generation of Cu-based Fenton-like systems
is significantly enhanced by endogenous CI- (=110 mM).112784987.1009.1010 This ynique chloroperoxidase
(CPO)-like activity has implications for the design and optimization of Cu-based Fenton therapeutics,
particularly in the skin due to the presence of salt in sweat; however, this property has largely neither been
studied nor accounted for.1%% Additionally, compared to free copper ions, which can generate ROS at
circumneutral pH and are thus toxic, CuS has demonstrated good biocompatibility due to its low dissolution
rate and weak activity above pH 4-5.1252125 The composition and crystal lattice of CuS also allows for
photothermal therapy (PTT; the generation of heat by NIR photons). Together, these properties make CuS
highly attractive for cancer therapy.

Despite their potential, a key limitation towards in vivo use of CuS and similar nanozymes is the
low concentration of endogenous H,O; in tumors (< 100 uM), which is insufficient for killing cancerous
cells that are normally resistant to oxidative stress.!?>12% To overcome this, our group developed a glucose
oxidase-copper sulfide nanocomposite (Gox-CuS NC) that used tumor glucose as a source of H,O,. Due to
their altered metabolism, cancer cells are highly susceptible to changes in glucose concentration, enabling
Gox to act as a therapeutic agent by starving the tumor. The H,O,-could then be exploited by the CuS NPs
for ROS generation in combination with external NIR irradiation and endogenous CI. Therefore, this simple
enzyme-nanozyme composite synergistically combined starvation therapy (ST), CDT, and PTT for
effective melanoma treatment following intravenous injection. However, intravenous applications of Gox
come with their own risk of systemic toxicity due to Gox’s non-tissue-specific catalytic activity, resulting
in side effects such as hypoglycemia. As such, it is challenging to deliver optimal doses that are safe but

effective.124

Since most superficial tumors are easily accessible, we propose the use of dissolvable polymeric

microneedles (DPMNSs) to deliver Gox-CuS. DPMNs are self-administrable arrays of micron-scale needles

130



that can painlessly deliver therapeutics through the superficial layers of the skin to treat both local and
systematic diseases (depending on needle design),1041:1043-1045,1133.1140.1257 Compared to injections, MNs can
avoid mucosal irritation, first pass metabolism, and the need for specialized practitioner training.
Furthermore, many DPMNs can retain the bioactivity of proteins, such as enzymes and antibodies,
immobilized in the DPMN matrix under ambient storage conditions, facilitating their distribution and use
in remote communities without the need for cold supply chains, 104312581262 The yse of MNs to deliver agents
for phototherapies has also recently demonstrated significant success, 2116711891263 | the case of Gox-Cus,
DPMNs would allow the nanomedicines to be efficiently delivered to skin tumor sites, reducing the need
to protect Gox during circulation. Once the treatment has been applied, Gox can be denatured in the
tumor/skin before entering the blood or lymph, either through photothermal deactivation or endogenous
proteases. In this way, the NCs become self-limiting to prevent chronic or systemic toxicity. In combination
with biocompatible CuS, endogenous Cl-, and external NIR to generate significant levels of ROS and heat,
the activity of even a small amount of Gox can be fully exploited in a controllable means without the risk
of long-term toxicity. We hypothesized that delivering the Gox-CuS NCs using DPMNs may be a powerful
strategy for melanoma treatment (Scheme 4) as it enhances the localized cargo delivery, thus improving
both its treatment efficacy and safety. Herein, we validate the hypothesis and demonstrate the efficacy of
this approach using a mouse model, highlighting an inexpensive, simple, and multimodal platform for

cancer treatment.

Dual-Accelerated Mlcf‘om?edle Localized
h Application &

kCascade Therapy NIR Irradiation Treatment /

Scheme 4: Schematic for melanoma treatment using Gox-Cus in dissolvable polymeric microneedles (DPMNSs).
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6.2 Experimental
6.2.1 Materials

Copper chloride dihydrate (CuCl,+2H,0) was purchased from Shanghai Medin Co., Ltd. Sodium
citrate was purchased from J&K Chemical Co., Ltd. Polyvinylpyrrolidone (PVP 30K, MW = 30000 g/mol)
and poly(vinyl alcohol) (PVA 30K, MW = 30000 g/mol) was obtained from Sangon Biotech (Shanghai,
China). Glucose oxidase (Gox) was purchased from J&K Chemical Co. Ltd., (China) 3-[4, 5-
dimethylthiazol-2-yl]-2,5-dipheny! tetrazolium bromide (MTT) was purchased from Beyotime Institute of
Biotechnology (Haimen, China). The MN mold was supplied by Zhongcheng 3D Technology Co., Ltd.
(Beijing, China). The human breast cancer cell line MDA-MB-231 and human skin melanoma cell line
A375 were obtained from the China Infrastructure of Cell Line Resource (Beijing, China). Fetal bovine
serum (FBS) and the cell culture medium were obtained from Invitrogen Life Technologies (Carlsbad, CA,
USA). ALT and AST assay kits were obtained from Elabscience Biotechnology Co. Ltd., (Wuhan, China).
Sodium sulfide nonahydrate (NaS<9H.0), acetic acid, sodium acetate, sodium chloride, 3,3'5,5"-
tetramethylbenzidine (TMB), 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), SnakeSkin™
10 kDa molecular weight cutoff dialysis tubing, hydrogen peroxide (H20-), isopropyl alcohol (IPA), and
singlet oxygen sensor green (SOSG) were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
Sodium hydroxide (NaOH), hydrochloric acid (HCI), coumarin, and dimethyl sulfoxide (DMSQO) were

purchased from Alfa Aesar. All chemicals were used as received without further purification.

Sodium acetate buffers (NaOAc buffer, 0.1 M, pH 3.6-5.6) were prepared by mixing acetic acid
and sodium acetate and adjusting the pH using HCI and NaOH. Stock solutions of terephthalic acid (TPA)
were prepared by dissolving the pure sample in water, slowly adding 1 N NaOH with mixing until the
sample dissolved, and then neutralizing the pH with an equal volume of 1 N HCI. Stock solutions of
coumarin were prepared by dissolving the powder in water and stirring under low heat (<60 °C). All UV-

sensitive compounds were stored in the dark until use.

6.2.2 Fabrication and Characterization of CuS NPs and Gox-CuS NCs

CuS NPs were prepared as previously reported.'210% Briefly, 10 mg of CuCl,*2H,0 and 10.7 mg
of trisodium citrate were first dissolved into 30 mL of nanopure water and mixed using a magnetic stir bar.
To this solution, 50 pL of a 743.92 mg/mL solution of Na,S+9H>0 was rapidly added and the temperature
increased to 90 °C. Following the addition of Na.S, the pale blue copper solution rapidly turned to a dark
golden brown, and then dark green indicating the formation of CuS. After 30 min of reacting under heat,

the solution was removed from the hotplate, allowed to briefly cool, and then dialyzed against 2 L of
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nanopure water to remove most impurities. The NPs were then stored at 4 °C until use. For most

experiments, NPs were used within 48 h to minimize the risk of Cu ion dissolution.

Gox (10 mg) was conjugated onto the CuS NPs by adding it to 30 mL of the prepared CuS NPs and
shaking for 10 min. The nanocomposite was then separated from the free NPs and enzymes by size-
exclusion chromatography using Sephadex G-50 pre-equilibrated with 0.1X PBS (pH 7.4). After separation,
the nanocomposite was freeze-dried and stored in a freezer (-20 °C) for future use. The synthesized NCs
were also characterized by transmission electron microscopy (JEM-1400 TEM, 40-120 kV) to confirm the

particle size and morphology.

6.2.3 CuS Catalysis and ROS Detection

All experiments were performed in 200 pL volumes in 96-well plates. To analyze ROS production
broadly, ABTS and TMB oxidation were measured at 420 and 652 nm respectively with different
combinations of NaCl (50 mM), CuS (200 uM), and H.0, (200 mM) in NaAc buffer (pH 4.0, 50 mM).
Coumarin oxidation to form umbelliferone (Aex = 325 nm, Aem = 452 nm) was performed as above by
replacing ABTS or TMB with coumarin. SOSG oxidation (Aex = 485 nm, Aem = 504 nm) was performed in
pH 5.5 MES buffer (100 mM) with 400 mM H:0, and NaCl due to its lower sensitivity. For kinetic
experiments, absorbance or fluorescence measurements were made every 30 s over 5-10 minutes. Hydroxyl

radical scavenging experiments were performed as above but with the additional presence of 10% v/v IPA.

6.2.4 Fabrication of DPMN Patches

Briefly, the MN molds were treated with O, plasma (Mingheng Science and Technology
Development Co., Ltd., Chengdu, China) for 20 s, and then 150 pL of polymer solution (50:50 PVP/PVA)
was added immediately after. The MN polymerization was set at 40 °C for 24 h. After that, the surfaces of
the MNs were attached to adhesive tape and the MNs were gently peeled off from the mold and stored in a
desiccator until use. To load the patches with Gox, CuS NPs, or Gox-CuS NCs, the above was performed
with polymer solutions containing various concentrations of the therapeutics. Polymer solutions were
sonicated to ensure polymer dissolution. All solutions were also centrifuged at 8000 rpm for 5 min to

remove air bubbles.

6.2.5 Characterization of DPMN Patches

To check the dimensions and morphology of the Gox-CuS loaded MNs, the DPMN patches
containing 50 nM CuS-Gox were broken into pieces and scattered onto conductive tape along with CuS

and Gox-loaded patches. The samples were sputter-coated with 8 nm of platinum using a Leica SCD500
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cryo sputter coater (Leica Microsystems, Vienna, Austria) for 30 s. After that, the samples were imaged
under a ZEISS SUPRA 55 scanning electron microscope (SEM; Carl Zeiss, Oberkochen, Germany). Images
were also taken using a cellphone camera and a 45x hand-held loupe microscope (YIMOO, Shenzhen,
China). The distribution of the CuS NPs in MNs was also examined using FTIR.

The mechanical strength of DPMNSs patches was measured using a Universal Testing Machine (Al-
7000S, Gotech, Taiwan), with a plate moving speed and a maximum loading force of 10 um/s and 50.0 N,
respectively. Measurements were taken every 0.001 s to obtain the stress-true strain relationship. All the

tests were performed in triplicate.

To examine the photothermal nature of the CuS-loaded DPMNSs, patches were irradiated with NIR
light (850 nm) at a power density of 1.5 W/cm? for 10 min. During irradiation, the temperature and

morphological changes in the MNs were recorded by a FLIR infrared thermal imaging camera.

6.2.6 SKin Insertion Ability of the Gox-CuS DPMN Patches

PVP/PVA MNs with different CuS-Gox NP concentrations were applied to test the skin penetration
ability. Initially, the abdominal skins of healthy Kunming strain mice (15-20 g, the Laboratory Animal
Center of Southern Medical University) were isolated and washed with 75% ethanol followed twice by
0.9% NaCl. Residual water on the skin surface was removed using filter paper, and the skins were fixed on
glass slides for use. Next, the DPMN patches were inserted into the skins gently and vertically, and a 200
g weight was placed on the surface of the patches for 5 min. After another 10 min for complete polymer
dissolution, the patches were removed. The isolated skin sections were then put into a -80 °C freezer for
about 10 min before being embedded in an Opti-Mum Cutting Temperature (OCT) compound in a cryostat
mold. The frozen samples were cut into 10 um thick sections using a cryotome (Leica RM 2235, Leica
Microsystems Nussloch GmbH, Nussloch, Germany) and viewed under an inverted microscope (Leica
DMI4000B, Leica Co. Ltd., Bensheim, Germany).

6.2.7 Cell culture

MDA-MB-231, A375, and HEK-293 cells were cultured in RPMI-1640, DMEM, and EMEM
media, respectively, supplemented with 10% FBS, 100 pg/mL penicillin, and 100 pg/mL streptomycin.

The cells were cultured at 37 °C in an atmosphere of 5% CO; and passaged every 2—4 d.
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6.2.8 In Vitro Cytotoxicity assay

Cell viability was determined using the MTT assay. Briefly, MDA-MB-231 cells and A371 cells
were first seeded in 96-well plates at a density of 5x10° cells/well. After attaching overnight, the medium
was changed with fresh medium containing MN and CuS-Gox-MN solution. After an overnight treatment,
MTT solution (0.5 mg/mL) was added into each well and incubated for 4 h. The solution was then replaced
by 1-200 puL of DMSO and the absorbance was measured using a SpectraMax Mb5e (Molecular Devices,
San Jose, CA, USA) at 570 nm. Samples were prepared in triplicate.

6.2.9 In Vivo Antitumor Efficacy of the DPMN Patches

The experimental procedures were designed based on the guidelines on animal care and use of
Principles of Laboratory Animal Care (NIH publication no. 86-23, revised 1985) and approved by the
Committee on Ethics of Shenzhen Glorybay Biotech Co., Ltd. (No. 12W-IACUC-22-0024).

Female BALB//c-nu/nu nude mice (11-13 g, 21-28 d) were supplied by Zhuhai BesTest Bio-Tech
Co., Ltd. (Guangdong, China). The mice were used to evaluate the antitumor efficacy of CuS-Gox DPMNs
in vivo when their body weight reached 10-13 g. In detail, 100 pL of a 5x10° cells/mL A375 cell suspension
were subcutaneously injected into the left flank of the BALB/c-nu/nu mice. When the tumor volume grew
to 70-100 mm?, the mice were randomly divided into six groups (six mice per group): 1) a saline (PBS)
control, 2) CuS NPs DPMNs, 3) CuS NPs DPMNs with NIR irradiation (A = 850 nm, 1.5 W/cm?, 10 min),
4) Gox DPMNSs, 5) Gox-CuS DPMNSs and, 6) Gox-CuS DPMNSs with NIR irradiation. Each DPMN patch
was inserted into the skin near the tumor site with a thumb press for 5 min and left in place for 20 min
before being removed. The mice were treated and examined for tumor volume and body weight every 2 d,
with a humane endpoint being established at a maximum tumor size of 2 cm in any direction. For larger
tumors, animal behavior and signs of ulceration were also monitored to avoid undue stress. Based on these

considerations, on day 11 all mice in each group were euthanized for further analysis.

6.2.10 Monitoring of Blood Glucose Levels

To evaluate the therapeutic efficacy of Gox delivery (starvation therapy) by DPMNSs, the blood
glucose level of each mouse was measured every other day with a glucometer (Sinocare Inc.) and digital

glucose chip. The blood was collected from the tail of the mice to measure the blood glucose level.
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6.2.11 In Vivo Toxicity Evaluation

Histological and hepatotoxicity evaluations were performed to examine the toxicity of the DPMN
patches. For histological evaluation, on the day after the last treatment, two mice per group were euthanized
at random, and sections of the main organs were collected and stained with hematoxylin and eosin. To
examine liver toxicity, the blood of each group’s mice was collected directly from the eyes 24 h post-
injection. The blood samples were stored at 4 °C overnight and then centrifuged at 3000 rpm for 20 min to
separate the plasma. Plasma levels of AST and ALT were then assayed according to the protocols

recommended by the manufacturer.

6.2.12 Blood Plasma Concentration of Gox-CuS

To monitor the blood plasma level of the Gox-CuS NCs 2 h after administration by DPMNS, treated
mice were euthanized and blood was collected and stored in the refrigerator (4 °C) for 4 h. In the next steps,
samples were centrifuged at 3000 rpm for 20 min, plasma (100 pL) was collected, and then 2% v/v HNO;
and H,0O; (50 pL) were added and stored for 2 d at room temperature. After that, the solvent was heated to
evaporate until 5-10% remained. Finally, 1 mL water was added to the samples and sent for ICP-MS
analysis (Thermo Fisher Scientific, model iCAPQ, instrument no KJ/JC094). The conditions for analysis
in KED mode were: a radio frequency power of 1550 W, atomization chamber temperature of 2 °C,
sampling depth of 5.0 mm, and flow rates for plasma gas, carrier gas, auxiliary gas, and helium of 14.0

L/min, 0.80 L/min, 1.06 L/min, and 4.40 mL/min, respectively. All the samples were measured in triplicate.

6.2.13 Biodistribution Study

To evaluate the biodistribution of the Gox-CuS NCs 2 h after drug administration by DPMNs or
tail-vein injection, the mice were euthanized and the major organs (liver, spleen, kidney, lungs, and heart)
and tumor tissue were removed. Every organ was weighed and cut into small pieces and then treated with
1 mL of HNO; and 1 mL of H,0; to dissolve and release Cu?* into the medium. After 2 d incubation at 4
°C, the HNO; and H,0, were evaporated by heating to 100-110 °C until 5-10% of the solution remained.
To this, 2 mL of water was added to the samples, which were then centrifuged and filtered for ICP-MS

analysis.
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6.3 Results and Discussion
6.3.1 Synthesis and Characterization of CuS NPs and Gox-CuS NCs

CuS NPs were synthesized following an established approach using CuCl2*2H-0 and Na,S<9H,0
as Cu?* and S% precursors, respectively.'%® The resultant spherical NPs were ~8 + 2 nm in diameter (Figure
S28), which were well-dispersed in water with a significant negative surface charge from citrate capping (&
= -28 mV). Gox was conjugated to the CuS NP surfaces via adsorption by simple mixing (10 min) before
separating the NCs using size-exclusion chromatography. The conjugation of Gox, which has roughly the
same size as the NPs, approximately doubled the resulting NC size.*?

6.3.2 Catalytic Mechanisms of CuS NPs

Unlike Gox, whose mechanism is well established, the chloroperoxidase-like activity of CuS NPs
is less understood. We therefore first demonstrated the ability of the CuS NPs to effectively generate ROS
by monitoring the oxidation of the colorimetric probes TMB and ABTS and the fluorescent probes
coumarin and singlet oxygen sensor green (SOSG). TMB and ABTS are non-selective ROS probes that
generate blue/green-colored radicals (Amax = 652 and 420 nm, respectively) upon exposure to most oxidants,
with the notable exception of H.0,.12%* As such, their oxidation can be used to monitor the overall ROS
generated in the system. When either probe was mixed with H.O, alone, no significant changes were
observed; however, when both H,O, and CuS NPs were introduced in the solution under acidic conditions
(Figure S29), the probes could be oxidized to produce visible signals (Figure 35A and B). Notably, TMB
could be oxidized much more easily than ABTS, with significant oxidation of the latter only being observed
in the presence of NaCl (Figure 35B and Figure S30). We also demonstrate that Cl- can accelerate the
production of «OH that oxidizes coumarin in the presence of CuS and H,O; (Figure 35C). Herein, coumarin
is selectively converted to fluorescent umbelliferone (Aex = 325 nm, Aem = 452 nm) by reacting with «OH,
which has the highest redox potential of the possible ROS species.?%51266 However, interestingly, the use
of a high concentration of an *OH scavenger, isopropyl alcohol (IPA), did not inhibit TMB oxidation and
only partially inhibited ABTS oxidation (Figure 35A and B). This suggests that while *OH is generated,
other radicals, such as singlet oxygen, likely dominate. The generation of singlet oxygen was confirmed
when using SOSG as a selective probe %7; importantly, Cl- also accelerated the production of singlet

oxygen, consistent with previous research of nanozymes exhibiting CPO-like activity. 849871010
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Figure 35: Measurements of generated ROS by (A) TMB, (B) ABTS, and (C) coumarin in the presence of different

reactants and the *OH scavenger IPA. D) Measurements of singlet oxygen generation using SOSG.

The enhanced ROS production under NIR irradiation (808 nm, 1.0 W/cm?) was also demonstrated
using ABTS (Figure 36A). Notably, the enhanced ABTS oxidation rate due to NIR is independent of the
acceleration provided by CI'. The accelerative effect from NIR appeared to increase more strongly with
extended irradiation time, suggesting the acceleration may be due to the increase in temperature and thus
the reaction kinetics, instead of photocatalysis. In contrast, Cl-could rapidly increase the reaction rate from
the beginning, indicating a different catalytic mechanism where Cl-served as a co-catalyst. As such, the
two accelerants could be combined to produce a synergistic effect, resulting in the overoxidation of ABTS
into a yellow product (measured at 475 nm).1?¢8.126% This can also be observed as a decrease in absorbance
at 420 nm with increasing laser irradiation, showing a color change in sample solutions from blue to
green/yellow (Figure S31). During extended reaction times, the yellow product could also be degraded in
the presence of both accelerants. Since NIR irradiation is highly tunable in terms of its wavelength, power,
focal point, and irradiation time, personalized microneedle treatments can be achieved according to the
location, size, and depth of the tumor/skin lesion. Furthermore, NIR irradiation also provides a convenient
means to control the toxicity of the Gox-CuS NC by decoupling the catalytic chain reaction as it can

denature Gox via the strong photothermal effect on the CuS NP surfaces (Figure S32).
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Figure 36: Effect of NIR irradiation time on the oxidation of ABTS (A) and SOSG (B) in the presence of different
reactants. *p < 0.05. Error bars indicate the mean standard deviation (n = 3).

6.3.3 In Vitro Efficacy of the CuS NPs and Gox-CuS NCs

Due to their low dissolution rate and activity at circumneutral pH, CuS NPs are commonly found
to be nontoxic without Gox to present them with sufficient acid and H.O, concentrations.*?? Herein, we
demonstrate their biocompatibility using both an A375 melanoma cell model (Figure 37A; used to establish
the in vivo model) and an MDA-MB-231 breast cancer model (Figure 37B; an independent control).
Without Gox, CuS showed low toxicity; however, with Gox even a very dilute Gox-CuS NC solution (3-5
nM) could produce a significant cell-killing effect. Importantly, despite such potency, the ROS generated
by the NC are short-lived (< 3.5 ps with a diffusion distance of < 300 nm within the body %) and thus
localize their reactivity within the tumor site, minimizing their systemic toxicity. When delivered via
microneedles, this toxicity is further localized. Additionally, Gox as a protein will inevitably be degraded
by cellular proteases, thus limiting its long-term toxicity even in the absence of NIR irradiation-based
deactivation.
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Figure 37: Cell viability assays of (A) A375 cells and (B) MDA-MB-231 cells after exposure to CuS NPs and Gox-

CuS NCs. *p < 0.05. Error bars indicate the mean standard deviation (n = 3).
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6.3.4 Fabrication and Application of Dissolvable Polymeric Microneedles (DPMNSs)

Backing Layer Tape
Casting _mw Demolding (
12 Hr

Figure 38: (A) Simplified schematic of the PVP/PVA-based DPMN patch fabrication. (B) DPMN patch morphology
and (C) a single MN.

The microneedle (MN) fabrication procedure is simple and straightforward (Figure 38A).
Sufficient mechanical strength for skin penetration was achieved by a combination of two common
biocompatible polymers (1:1), polyvinylpyrrolidone (PVP) and polyvinyl alcohol (PVA), encapsulating the
Gox-CuS NCs (Figure 38). The DPMN patches (Figure 39A) consisted of 10 x 10 square pyramidal MNs
with a 250 pum base width, 700 um height, ~10 pum tip width, and 800 um needle center-to-center spacing.
The mechanical strength of the fabricated CuS-Gox-DPMNs had a failure force of 0.189 N, which is larger
than the threshold of 0.15 N required to penetrate the stratum corneum (Figure 39D inset). These low levels
of force enable easy application by medical personnel or individual patients without the need for an
applicator; however, caution must be made during transportation and handling to avoid prematurely
breaking the needles.’?* For application, the DPMN patches were applied to the mice manually for 5 min
and then left in place for another 20 min (Figure 39B) until the MNs completely dissolved within the skin
(Figure 39C).*2"2 The application of the patches did not result in any long-term damage to the skin, though
a temporary indentation was left immediately allowing patch removal (Figure 39D). Although the
probability of microorganisms to enter the skin via holes created by MNs is negligible, the introduction of

a self-sterilization mechanism into the MN design can minimize the risk.'?”® Similar to graphene oxide,*®
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CuS NPs have been demonstrated effective in antibacterial applications both with and without NIR
irradiation, which assisted in wound cleaning/healing.}?"4-127¢  After application, the patches can be easily

disposed of due to their non-toxic biodegradable components and lack of sharps waste.

Figure 39:Skin insertion of CuS-Gox-MNs in a hude mouse. Photographs of MNs (A) before and (B) after insertion
into the mouse skin, and the mouse (C) during and (D) after application, showing that MNs can puncture and then
dissolve completely with little trauma. Inset: A representative histological image of mouse skin following MN
insertion.

6.3.5 Photothermal Performance

The CuS NPs retained their photothermal properties after conjugation with Gox and encapsulation
in the DPMNSs. The photothermal performance of the patches was evaluated through laser irradiation of
blank and Gox-CuS DPMNs in solutions (A = 850 nm, 1.5 W/cm?, 10 min, Figure 40A-D). During
irradiation, the temperatures of the blank and Gox-CuS DPMNSs increased by 2 and 13 °C, respectively
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(Figure 40E). This photothermal activity also remained after the in vivo application of DPMNs in mice
(Figure 40F and G).
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Figure 40: Photothermal efficiency of CuS-Gox DPMNs in comparison with control blank DPMNSs. Thermal camera
images of (A and B) control DPMNs and (C and D) Gox-CuS DPMNs before and after laser irradiation (A = 850 nm,
10 min). (E) The temperature change of DPMNs as a function of irradiation time. Thermal camera images of (F) CuS
NPs and (G) Gox-CuS NCs delivered in vivo within DPMNs after laser irradiation (10 min).

6.3.6 In Vivo Efficacy of DPMNs for Melanoma Treatment

The in vivo efficacy of the CuS-Gox-DPMNs was demonstrated through the treatment of A375
melanoma xenografts in BALB/c-nu/nu mice. Once the xenografts reached an average diameter of 6-8 mm,
CuS-Gox or CuS DPMNs were applied and irradiated as described in Sections 2.4. and 2.5., respectively,
every other day for 11 d. At this point, the tumor growth of the control group reached the humane endpoint.
For treatment, laser irradiation (A = 850 nm, 1.5 W/cm?) was applied 10 min after patch application to allow
Gox to catalyze glucose oxidation that enabled the build-up of H,O,and a sufficient reduction in tumor pH.
Intravenously delivered CuS NPs and Gox-CuS NCs were also performed for comparison. Thermal images
(Figure 40F) following PTT indicated a significant amount of CuS or Gox-CuS NPs accumulated in the

tumor site following patch application. After the total treatment period, our results showed that DPMNs
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containing either CuS NPs, Gox, or Gox-CuS NCs showed various degrees of efficacy against the tumors
(41.8 £9.1%, 64.3 £ 11.9%, and 74.2 + 6.1% reductions in tumor growth/volume, respectively); however,
only the Gox-CuS NCs combined with NIR irradiation were able to completely eradicate the tumor mass
(99.2 £ 0.8%, Figure 41). NIR with CuS NPs alone was also only able to achieve a 76.5 + 9.6% reduction
in tumor growth. It is worth noting that the black and hard scar tissues dissected from the tumor sites in the
Gox-CusS plus Laser group (Figure 41A) were not actually residual tumors. This is consistent with our
previously reported observations for intravenous delivery and demonstrates the superior effectiveness of
the multi-modal synergistic therapy combining ST, CDT, and PTT.%!? Importantly, this work demonstrates
the efficacy of this multimodal nanoformulation delivered by DPMNS.
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Figure 41: Antitumor efficacies of DPMNSs for cancer therapies. (A) Digital photographs of representative tumor
replicates treated with DPMNSs. (B) Final tumor weights. (C) Changes to tumor volume during the treatment period.
Error bars indicate the mean standard deviation (n = 3).

6.3.7 Biodistribution Study

To determine the biodistribution of the NPs and NCs following intravenous and transdermal
delivery, we used ICP-MS to measure the total Cu content of the blood, tumors, and major organs of the
mice. Notably, tumor tissue typically contains a higher concentration of free Cu?* compared to normal
tissue, presumably because Cu?* can stimulate tumor cell proliferation.'?’"12® As such, CuS NPs are useful
for cancer therapy compared to other Cu NPs because of their lower dissolution rate.}?2 Injection is the
most common delivery method for nanomedicine due to its rapid delivery; however, this method often has

low patient compliance, poor tumor targeting, and results in a high systemic exposure via the bloodstream.
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Conversely, while DPMNSs are limited in their overall loading capacity they can directly deliver
nanomedicines to the target site at highly localized concentrations. The blood plasma concentration after 2
h was unchanged for either delivery method (Figure 42A). This indicates that Gox-CuS NCs can be rapidly
cleared from the blood when delivered via injection. In contrast, we observed very high concentrations of
Cu at the tumor sites for both delivery methods, although DPMNs showed significantly greater delivery of
Gox-Cus due to the localized application. This demonstrates the superior performance of DPMNs for

delivering nanomedicines to the tumor tissue despite their low overall dose.
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Figure 42: In vivo biodistribution of Gox-CuS NCs delivered via traditional injection or using DPMNSs. (A) Blood
plasma and tumor Cu concentration 2 h after administration. (B) Distribution of Cu in the liver, kidney, lungs, spleen,

and heart. *p < 0.05. Error bars indicate the mean standard deviation (n = 3).

Different trends were observed when examining the Cu concentration in the major organs (Figure
42B). Fundamentally, the kidneys rapidly filter the smallest NPs (<6 nm, i.e., NPs degraded by cells or NIR
irradiation) from the blood into the urine whereas the liver and spleen take up larger NPs for a slower
degradation.'?”® Liver and spleen uptake is also aided by the lymphatic system. As such, both delivery
methods resulted in NP or NC uptake by the liver. In addition, no increase in Cu was observed in the heart
or lungs for either method. Notably, while intravenously delivered Gox-CuS NCs resulted in a higher Cu
concentration in both the kidneys and spleen, no statistically significant increase was observed using
DPMNs. Overall, injections showed a much higher degree of systemic exposure, and thus higher risk of
toxicity, than DPMNs.

6.3.8 In Vivo Toxicity

Finally, we evaluated the off-target and systemic toxicity of the Gox-CuS DPMNs. The body
weight of the mice did not change significantly during treatment (Figure 43A) and no significant changes
to blood glucose were observed when using microneedles (Figure 43B and Figure S34A). This contrasted
with injections containing Gox, wherein acute drops in blood glucose (from ~5 mM to 3.1 mM after 2 h)

could be observed (Figure S34B). Despite being rapidly cleared from circulation, Gox can still impart toxic
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effects by consuming blood glucose. Because a high concentration of the NCs was found in the kidneys
following injections, we also evaluated the toxicity of the NPs and NCs to the kidneys using HEK-293 cells,
a non-cancerous cell model for kidney toxicity studies. As seen in Figure S33, while the CuS NPs alone
showed little toxicity to the kidney cells, the Gox-CuS NCs showed comparable toxicity to the cancerous
cell lines. However, it should be noted that in vitro experiments often do not fully capture the in vivo
toxicity. Histological images of the major organs did not show significant signs of damage following the
various treatment conditions (Figure 43D and Figure S35), indicating good biocompatibility for the Gox-
CuS DPMNs. The levels of liver enzymes aspartate transaminase (AST) and alanine transaminase (ALT;
Figure 43C), common indicators of liver function,*?®° were also similar to the control group for Gox-CuS
DPMNSs, suggesting no liver toxicity although the liver is the organ responsible for detoxifying the NCs.
However, a slight increase in AST and ALT was observed for CuS DPMNSs. The toxicity of CuS or Gox
may vary between organs due to their unique metabolism and biochemical environments, i.e., glucose or
H.O; levels. While CusS has a lower dissolution rate than other NPs, they can still likely be degraded in the
liver to produce toxic Cu?*. Once deactivated in vivo, Gox conjugation may slow the degradation of the
NPs by the liver, reducing their toxicity. Alternatively, the increased size of the NC relative to CuS NPs
due to Gox conjugation may slow its diffusion within tissue matrices, reducing the potential oxidative stress.
Overall, these results suggest the accumulation of Gox-CuS NCs in the organs does not pose a significant
toxicity risk when using DPMNSs.
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Figure 43: Toxicity of the Gox-CuS DPMNs. (A) Mouse body weight during treatment. (B) Changes to blood glucose
throughout the treatment period in comparison to injection. (C) Changes in aspartate transaminase (AST) and alanine
transaminase (ALT) levels (liver toxicity). (D) H&E histological staining of heart, liver, lungs, kidney, and spleen
tissue slices from tumor-bearing mice after an 11-d treatment period with Gox-CuS DPMNs with (right) and without

(left) NIR irradiation (scale bar = 100 um). *p < 0.05. Error bars indicate the mean standard deviation (n = 3).
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6.4 Conclusions

Herein, we have demonstrated a promising melanoma therapy using Gox-CuS NCs delivered by
DPMNs. The NCs and DPMNSs are easy to fabricate, store, and apply, and can generate sufficient levels of
heat and ROS using endogenous energy sources (glucose and CI). The efficacy of this approach stems from
the dual roles of each component. The Gox enzyme initiates ST and activates the CuS nanozyme to enable
chloride-accelerated CDT in a powerful cascade system. NIR irradiation can further enhance CuS-based
CDT and activate PTT. PTT can then finally deactivate Gox to prevent systemic and long-term effects.
Importantly, compared to delivery by injection, DPMNs improved NC uptake by the tumor tissue and

reduced systemic toxicity. The resulting microneedle patch design is therefore low-cost, effective, and safe.

Nevertheless, several considerations must be taken for clinical translation. Admittedly, the adoption
of a NIR light source, e.g., lasers, alongside the DPMN patches will increase the cost of the treatment;
however, such cost could be minimized by using LEDs.?11282 Other considerations include large-scale
DPMN manufacturing, dose reproducibility, and patient feedback. Because the properties of the skin can
vary significantly due to location, age, and co-morbidities, further work is needed to optimize this treatment
for patients of different demographics. While applicators were not deemed necessary in this work, some
scenarios may require them to ensure consistent delivery. Additionally, the co-loading of tracking dyes may
serve as a probe to monitor drug release in real-time,283-1285 glthough this must be balanced against the

limited delivery capacity of the MNs.
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~ Chapter 7 ~
General Conclusions & Outlook

Chapter Summary

Chapter 7 summarizes of the conclusions of this thesis and provides a perspective on the future of the

field of nanomedicine for the diagnosis and treatment of cancer and other diseases.
7.1 Research Conclusions

Nanomedicine is a diverse field that serves as an intersection of physics, biology, chemistry,
materials science, and medicine. By combining these different perspectives, nanomedicine has and will
continue to produce novel therapeutics and treatment strategies that will significantly improve oncology.
Among the various advances, inorganic nanomaterials represent a potential next generation of powerful
nanomedicines, taking advantage of fundamental physical and quantum effects for biomedical purposes.
However, due to the complexity of nanomaterials and biological systems, significant gaps exist in our
understanding of how nanoparticles (NPs) behave in the body, what risks they present, and under what
conditions. While inorganic nanomedicines have been widely demonstrated as effective anticancer tools,
legitimate concerns over their acute and long-term toxicity have hindered their emergence into the clinic.
Many questions over the optimal design of various nanomaterial types for different treatments and their in
vivo delivery also exist. In addition to slowing down research progress directly, this uncertainty also
impacts the regulatory environment these materials are tested in. To overcome these hurdles, multiple
perspectives must be combined and effectively communicated, both to academics and industry but also to
regulators and the wider public. This thesis therefore describes efforts to improve the understanding,
development, and design of novel next-generation metal-based nanomedicines for oncology using
structure-activity relationships (SARs). The use of emerging microneedle (MN) technology to improve

nanomedicine delivery was also evaluated and applied in this context.

In Chapters 1 and 2, the literature was comprehensively analyzed and a guiding framework for the
design, application, and evaluation of nanomedicines was developed (the NSAF).!° For clarity and
simplicity, this framework was delineated into three complementary and interconnected layers detailing
different levels of biological complexity. The NSAF can be viewed as both a general knowledge map and
as a template for the design of more complex machine-learning algorithms. This knowledge-based approach
can therefore be useful to academics, industry, and regulators in designing nanomedicines and evaluating

their potential risks through pathway analysis.

148



In Chapter 3, SARs and the NSAF framework were applied to rationally design a gold-based
nanomedicine (Lipogold) for image-guided radiation therapy (IGRT), photothermal therapy (PTT), and
drug delivery.'! Upon injection, nanomedicine circulation times and excretion rate are predominately a
factor of size, with larger NPs circulating longer than smaller NPs. Large GNPs also typically support
plasmons in the NIR region for phototherapies. Smaller GNPs, by contrast, can more easily penetrate cells
and be excreted from the body but lack NIR-absorbance. In the context of IGRT, large GNPs can absorb
more X-rays but are less effective at emitting Auger electrons than smaller NPs. For metallic nanomedicine,
typically only one size range can be chosen, limiting some aspect of the design. By manipulating
nanomaterial structure, this Chapter demonstrates one method to overcome this limitation by using
liposomes as a biodegradable scaffold for small NPs. This produced a nanomedicine with a customizable
core for drugs or contrast agents, the ability to biodegrade large Lipogold into small renal-clearable NPs,
NIR absorbance, and a thin gold shell to maximize Auger emissions. Using clinical radiation equipment
and in vitro models, the efficacy of each of these approaches were demonstrated. Lipogold was able to
sensitize radiation-resistance prostate cancer cells to low doses of 6 MV X-rays and provide strong imaging
contrast when combined with small molecule iohexol. PTT and drug delivery were also consistent with
other Lipogold formulations (containing different liposome types) reported in the literature, further
underscoring the customizability of the platform.
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Figure 44: Updated NSAF Phase 111 (Dysregulation) diagram, including the action of glucose oxidase (Gox). Adapted

with permission from Ref *° (American Chemical Society, 2022).

Chapters 4-6 document the preclinical development of a CuS-based nanomedicine for superficial
tumors such as melanoma. In Chapter 4, the CuS and Gox nanocomposite (Gox@CuS) was first developed

and examined in situ, in vitro, and in vivo.!? This formulation took advantage of both the properties of the
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individual nanomaterial components and the tumor microenvironment (TME), converting tumor glucose
into H,O; and then ROS via a cascade reaction. While previously identified for copper ions and CuO, the
chloride-accelerated Fenton-like reaction of CuS was also documented for the first time. Figure 44
illustrates Phase 111 of the NSAF updated for the use of Gox. The combined treatment of starvation therapy,
chemodynamic therapy, and photothermal therapy proved to be highly effective in a mouse melanoma
model. However, while the intravenous injections used in Chapter 4 showed few signs of toxicity, the blood
glucose level of the mice was found to vary widely. Gox’s mechanism of action relies upon glucose
consumption and the generation of H,O; and acid, which can induce local or systemic effects depending on
whether the reaction occurs in tissue or the blood. To improve the efficacy and safety profile of this simple
nanoformulation, Microneedles were examined as a transdermal method that maximizes local delivery and
limits pain, blood and off-target exposure, and first-past metabolism. In Chapter 5, another comprehensive
review of the literature was provided to establish the viability, design considerations, and fabrication
methods of microneedles containing light-responsive NPs such as Gox@CuS.*? Other types of treatments
were also examined to fully understand the advantages and limitations of this delivery system. Based on
this additional review of an emerging, i.e., next-generation, nanomedicine delivery system, the Phase |
diagram of the NSAF was updated to better reflect transdermal delivery pathways (Figure 45). Finally, in
Chapter 6, Gox@CuS microneedles were validated in another mouse melanoma model, demonstrating an
improved safety profile over injection without sacrificing potency.!** Further exploration into the catalytic
behavior of CuS was also performed, identifying the chloride-accelerated production of both "OH and *O,.
(and consequently Oy).
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Figure 45: Updated NSAF Phase | (Biodistribution) diagram, including intramuscular delivery and nanoparticle

diffusion in healthy tissue. Adapted with permission from Ref 1 (American Chemical Society, 2022).
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7.2 Nanomedicine Case Study: SARS-CoV-2 Vaccines

The recent SARS-CoV-2 pandemic provided a unique case study on the understanding and
application of nanomedicine. Indeed, the global pandemic response can be viewed as among the largest and
successful clinical trials in history, with millions of patients receiving multiple doses. Although mRNA
technology has much of the spotlight, the core feature of these vaccines that enable their efficacy are the
liposome nanocarriers, which protect the mRNA from degradation until internalization by immune cells.
Thus, it is difficult not to comment on this event and the implications for both organic and inorganic
nanomedicines for oncology. While vaccination is distinct from cancer therapy, the overarching principles
of using PEGylated liposomes for drug delivery, is shared between both applications. In the case of
immunotherapy (cancer vaccination), the two treatments have little distinction. As such, significant insights
can be gleamed from these nanomedicines (Spikevax® and Comirnaty®) and their application worldwide,
including for metallic and metal-organic hybrid NPs. This also presents an opportunity to evaluate and

further update the NSAF using more recent data.

First, in terms of efficacy, Spikevax® and Comirnaty® have given results comparable to that of
traditional (viral vector) influenza vaccines, providing strong initial responses but waning (~15-50%) with
time (1-6 months) as the virus evolves and antibody titers naturally decrease.!?®512%2 |n this light, the
vaccines can be considered a success and are attributed with a significant reduction in global deaths. When
viewed in the context of immunotherapy, Spikevax® and Comirnaty® suggest that repeated doses of
liposomal mRNA may be effective at inducing anticancer immune responses. In the case of hybrid
nanomaterials such as Lipogold, the multifunctional treatment approach may assist in reducing the number
of required doses. To assist in research to this end, the Phase | diagram of the NSAF has been updated to
include intramuscular delivery (Figure 45) , although this method is currently poorly studied for inorganic

nanomedicines.

Minor side-effects, including pain at and near the injection site and flu-like symptoms following
the activation of the immune system and inflammation, were commonly expected and are largely
unremarkable.*®?® Additionally, several serious side effects, i.e., PEG-induced anaphylaxis and CARPA,
were identified early on with warnings provided to health practitioners and the public. The early guidance
provided about this side-effect was based on the long history of liposome research both within and outside
oncology. As a result, most reports indicate a very low incidence of anaphylactic responses (<1 per
100,000),1294-12% although Spikevax® appears to have a notably higher immunogenicity and reactogenicity
compared to Comirnaty® due to a higher rate of inducing anti-PEG antibodies.'?*” While both vaccines are
PEGylated, differences in NP structure (i.e., PEG concentration or size), almost certainly cause this

difference. Importantly, these antibodies may induce an accelerated blood clearance (ABC) effect on
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subsequent doses or cause an increase in risk over time. Recent data suggests that two doses do not reduce
the efficacy of a booster due to anti-PEG antibodies, although the long-term effects of multiple boosters are
still unknown.2%12% Qverall, similarly rates of the above side-effects should also be expected for most
inorganic NPs, but the causes and prevalence of CARPA are still unknown. Results with SPIONs suggest
CARPA may be more common with inorganic materials due to ROS production, difference in NP coatings,
and/or the presence of aggregates.’3® Differences in patient demographics, i.e., genetic history, may also

play a role in determining the incidence of these effects.

Importantly, Spikevax® and Comirnaty® have also been associated with several unexpected side-
effects of significant concern, including the development of myo- and pericarditis in healthy young (<35-
40) men and thrombosis (blood clotting).t*0%13% |n this light, the SARS-CoV-2 pandemic highlights new
challenges, risks, and opportunities for nanomedicine research. Current estimates of the vaccine-induced
myo- and pericarditis in men range from 0.41-53.76 per 100,000,13%1%1° peaking in frequency following a
2" dose. Estimates of overall thrombosis range from 0.02-0.56 per 100,000.%311%12 For a side effect to be
considered ‘very rare’, it must typically occur in <0.1 per 100,000 individuals.®*!* By comparison, the age-
adjusted mortality rate of the SARS-CoV-2 virus in the United States was 61.3 per 100,000 in 2022.1%!% By
age, those <45 had a mortality of 0.5-5.2 per 100,000 while the risk above this range significantly increases
up to 1224.2 per 100,000 for those >85. Those with comorbidities also represent the largest fraction of
deaths overall. Thus, Spikevax® and Comirnaty® are critical for protecting many at risk groups, although
some younger demographics may not experience substantial benefits without further refinements to the
nanoformulations. While the incidence of these side-effects is low in comparison to the risks posed by
cancers, such risks should nevertheless be overcome to improve healing and the long-term prognosis of the
patient. Other serious side effects that have been reported but not yet casually established include
thrombocytopenia, Bell’s palsy, seizures, appendicitis, herpes zoster (shingles) reactivation, neurological
complications, and autoimmune disorders, e.g., Guillain—Barré syndrome and autoimmune

hepatiti5.1303’1314'1315

Considering mechanisms and the implications for inorganic NPs, it is important to note that SARS-
CoV-2 infections are also associated with both thrombosis and myo-/pericarditis at comparable or even
higher rates.*®!31¢ This implicates the transcribed spike protein as a likely cause in both cases.!?%
Considering the behavior of NPs using the NSAF (Phases | and I1), lipid NPs may diffuse into the blood
stream from the injection site and then accumulate near the heart and facilitate toxicity. This mechanism
suggests that metallic NPs are unlikely to induce myo- or pericarditis. Conversely, as noted in Phase | of
the NSAF (Figure 45), many NPs are associated with thrombotic events by NP interactions with blood cells.

Spikevax® and Comirnaty®also contain novel lipid components that have thus far been poorly studied. This

152



includes DMG-PEG-2000, ALC-0159, ALC-0315, and SM-102. Importantly, ALC-0315 and SM-102 are
both cationic lipids, which are known to possess some toxicity to cells due to their strong interactions with
cellular membranes. Since it is highly likely that these lipids will be used for additional liposomal
formulations soon based on their success during the SARS-CoV-2 pandemic, significant efforts should be
spent on studying the effects of these components on different organs and blood cells. For example, current
evidence suggests that high concentrations of intravenous ALC-0315 has long-term liver retention and acute
toxicity.31 Interestingly, recent evidence also implicates anti-platelet factor 4 antibodies for both SARS-
CoV-2 infection- and vaccine-induced thrombosis.?31® Anti-heart antibodies have also been suggested to
play a role in infection-induced myo- and pericarditis.®!8 In these cases, the reported side-effects may be
due to the cross-reactivity of anti-virus antibodies to tissue. This may be influenced by genetics and

formulation or batch-specific parameters.
7.3 Future Perspectives & Conclusion

In this thesis, a novel method of viewing and understanding nanomedicine and several new
nanomedicines for oncology applications were developed and tested. This provides both theoretical and
practical contributions to the field. However, significant efforts are still needed to translate these advances
into the clinic and regulatory use.

First, additionally work is needed to clarify, define, and integrate NSAF events with emerging data.
This includes new biological discoveries, such as tertiary lymphoid structures or other unique cancer
hallmarks, mechanisms of additional encapsulated/integrated APIs, and observations of
unexpected/reported side effects from large scale clinical trials. %2321 Following its initial development
(Chapter 2), the NSAF was updated using the mechanisms and insights gained from Gox, Spikevax®, and
Comirnaty® as examples of this process (Figure 44 and Figure 45). Additional delivery strategies, e.g.,
ocular and gastrointestinal delivery, should also be reviewed and integrated to account for a wider range of
cancer types. However, these collective updates will quickly cause each Phase diagram to become
increasingly visually cluttered. To minimize this issue, it is recommended that computer software be
adopted to exploit dynamic graphic user interfaces (GUIs), which can group and filter events, project in
3D, and scale indefinitely, i.e., zooming in and out. The user-friendliness of these interfaces is always a
challenge, although significant lessons can be derived from Al programs such as neural networks. This
would allow the NSAF to contain as much as or as little information and complexity as necessary for its
specific use. The development of a functional GUI could also help to accelerate the integration, evolution,

and application of machine-learning algorithms as detailed in Chapter 2.
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Following the proof-of-concept work in Chapter 3,1** the next steps for Lipogold would be to
optimize the liposome formulation for iohexol encapsulation and then evaluate IGRT in animal models.
Thus far, the viability of Lipogold for in vivo drug delivery and PTT has been demonstrated elsewhere,
which suggests good biocompatibility overall and a high likelihood of success.%019409481322 These works
also demonstrate the ability to form Lipogold on different liposome compositions. One key limitation
identified in Chapter 6 was that iohexol leakage was found to be very rapid, which possess a significant
barrier for the transport and storage. In supervised but unpublished work, cholesterol content and lipid tail
length were found to correlate with iohexol encapsulation, although more in-depth work is needed to
identify the optimal liposome composition, including PEGylation or other surface modifications.
Observations of non-lethal oxidative stress were observed in this work when cells were treated with
Lipogold for 24 h as opposed to 48 hs. Further study should also therefore aim to evaluate this potential
mechanism and minimize its risk. GNPs have been previously demonstrated as capable of depleting thiols
or generating ROS in vivo and thus this may be an intrinsic part of Lipogold as a nanomaterialt32*1324;
however, this may also be caused by other factors such as the ascorbic acid coating or shell thickness, which

may be fine-tuned in the future.

Finally, since copper is one of the most reactive metal species, it is likely to take center-stage in
chemodynamic therapies based on H,O, and the Fenton reaction.*?>'%2" Among the various forms of
nanocopper, CuS-based nanomedicines are emerging as a primary choice for nanomedicines due to their
NIR-responsiveness, high biocompatibility, and stability.1*?® In Chapter 4 and 6, the in vivo effectiveness
of Gox@CuS was demonstrated via conventional intravenous injection and a transdermal DPMN
patch.12114 Due to their higher safety profile, these results suggest that Gox@Cus are a good candidate for
clinical trials of melanoma and other superficial tumors. However, other recent work has suggested that
CuS is less stable in oxidizing conditions and may induce toxicity under specific circumstances, with local
O, and H20; concentrations being key parameters.132%13% Other works have reported transformation in the
CusS crystal structure following contact with H,O, that can impact plasmon stability and the ability to
perform PTT.13311332 Therefore, preliminary work is currently underway investigating the interactions of
H>O; and CusS. In doing so, this should help elucidate key treatment parameters such as toxicity and the
timing of PTT relative to the application of the DPMN patch and the generation of H.O.. Improvements to

the mass-manufacturing and sterilization of DPMN patches should also be explored.

In conclusion, nanomedicine has extraordinary potential for the diagnosis and treatment of cancer
and other diseases. Following the success of the SARS-CoV-2 pandemic, nanomedicines can be expected
to see additional investment and study across the world. This includes next-generation metal-based

nanomedicines that exploit unique chemical, physical, and quantum effects. For these nanomedicines to
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reach the clinic, a firm understanding of their SARSs is needed to optimize both their efficacy and safety. In
this thesis, a guiding framework (NSAF) was developed to integrate and illustrate nanomedicine SARs for
use by researchers, regulators, and industry. This provides structure and clarity to the complexity of the
nanomedicine field while also identifying knowledge gaps and research opportunities. Two next-generation
metallic nanomedicines, Lipogold and Gox@Cus, were then developed and evaluated for the first time,

providing new and improved strategies for cancer imaging and therapy.
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