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METHODS OF TREATMENT USING ULTRASMALL NANOPARTICLES TO INDUCE 

CELL DEATH OF NUTRIENT-DEPRIVED CANCER CELLS VIA FERROPTOSIS 

Cross Reference to Related Applications 

[0001] This application claims the benefit of U.S. Application Serial No. 62/168,636 

filed on May 29, 2015 and U.S. Application Serial No. 62/280,960 filed on January 20, 2016, the 

disclosures of which are hereby incorporated by reference in their entireties.  

Government Support 

[0002] This invention was made with government support under grant 1U54 CA199081

01, ROIGMI 11350, and 1R01CA161280-01A1 awarded by the National Institutes of Health 

(NIH) / National Cancer.  

Field of the Invention 

[0003] This invention relates generally to the use of nanoparticles, e.g., ultrasmall 

nanoparticles, to modulate molecular-level interactions (e.g., cellular/subcellular functions, e.g., 

cell death). In particular embodiments, the invention relates to methods of treatment with 

ultrasmall nanoparticles (e.g., C or C' dots) to selectively induce cell death in nutrient-deprived 

cancer cells via ferroptosis.  

Background 

[0004] The design and development of highly integrated, cancer-targeted nanomedicines 

promise to enhance disease-specific targeting and improve access to intracellular 
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pharmacological targets. However, a detailed understanding of molecular-level interactions 

(e.g., modulation of cellular/subcellular functions) driving the fate of nanomedicines in 

biological systems remains elusive. For example, the complex interplay between endocytosis 

and intracellular trafficking, physiologic, and/or metabolic pathways and how the targeted 

nanoparticles navigate these complex systems can be important to homeostatic regulation.  

Moreover, this interplay can vary due to the properties of the particle probe, surrounding 

biological conditions, and nature of the disease itself. Furthermore, particle uptake and 

accumulation within specific intracellular compartments may alter functional, metabolic, and/or 

energy homeostasis. For example, a number of particle-based probes undergoing endocytosis 

and intracellular trafficking have been shown to induce autophagy and to inhibit lysosome 

function. However, how these effects modulate cell survival over time remains unclear.  

[0005] Ultrasmall (e.g., having a diameter no greater than 20 nm, e.g., no greater than 15 

nm, e.g., no greater than 10 nm) FDA-approved fluorescent organo-silica particles (C dots) that 

were previously surface-adapted with PET radiolabels and the integrin-targeting peptide cyclo

(Arg-Gly-Asp-Tyr) (cRGDY) were found to be a working molecular cancer imaging agent in 

humans. For example, C dots were shown to preferentially accumulate within avP3 integrin

expressing primary and/or metastatic lesions in small and larger animal and human subject 

melanoma models in addition to demonstrating bulk renal clearance. Detail on C dots are 

described in U.S. Patent No. 8298677 B2 "Fluorescent silica-based nanoparticles", U.S.  

Publication No. 2013/0039848 Al "Fluorescent silica-based nanoparticles", and U.S. Publication 

No. US 2014/0248210 Al "Multimodal silica-based nanoparticles", the contents of which are 

incorporated herein by reference in their entireties. Moreover, ultrasmall poly(ethylene glycol)

coated (PEGylated) near-infrared (NIR) fluorescent silica nanoparticle, referred to as C' dots, 
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with diameters controllable down to the sub-10 nm range that were additionally surface-modified 

with a 14-mer peptide analog, alpha-melanocyte stimulating hormone (a-MSH) were found to 

target melanocortin-1 receptors (MCl-R) expressed on malignant melanoma cells. However, it 

remains unknown as to how these particles may modulate cellular function and intracellular 

trafficking.  

[0006] Thus, there remains a need to determine how variations in concentration and time

based processes influence the post-internalization fate of particle-based probes to improve the 

design of application-specific nanomedicine (e.g., C and C' dot) platforms.  

Summary 

[0007] Described herein is a method of induced cell death via ferroptosis by nanoparticle 

ingestion. Moreover, the present disclosure describes the administration of high concentrations 

of ultrasmall (e.g., having a diameter no greater than 20 nm, e.g., no greater than 15 nm, e.g., no 

greater than 10 nm) nanoparticles at multiple times over the course of treatment in combination 

with a nutrient-depleted environment, thereby modulating cellular metabolic pathways to induce 

cell death by the mechanism ferroptosis. Ferroptosis involves iron, reactive oxygen species, and 

a synchronous mode of cell death execution.  

[0008] It was found that treatment of cells with a-MSH-PEG-C' dots in a particular 

nutrient-deprived environment can induce ferroptosis in cancer cells (or PEG-C' dots without a

MSH, e.g., requiring a longer period of time compared to a-MSH-PEG-C' dots), even without 

the presence of a drug. Taken together, the results described herein indicated that cells cultured 

in the absence of amino acids and treated with a-MSH-PEG-C' dots undergo cell death by 
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ferroptosis. Ferroptosis in this context was observed to propagate from cell to cell in a wave-like 

manner. Without having to be bound by theory, this suggested cell to cell communication of a 

death-inducing signal.  

[0009] In one aspect, the invention is directed to a method of treatment of a subject, the 

method comprising: administering nanoparticles for accumulation at sufficiently high 

concentration in tumor tissue to induce ferroptosis (e.g., ferroptotic cell death involving iron

dependent necrosis or reactive oxygen species-dependent necrosis).  

[0010] In certain embodiments, the nanoparticles comprise ultrasmall nanoparticles (e.g., 

C dot, e.g., C' dot).  

[0011] In certain embodiments, the high concentration is greater than 1 piM, e.g., greater 

than 15 piM, e.g., greater than 60 piM. In certain embodiments, the high concentration is a local 

concentration within a range from 0.18 p.M to 1.8 p.M in the tumor tissue (e.g., wherein the high 

concentration is a local concentration in the tumor tissue of at least 0.18 piM, at least 0. 3 piM, at 

least 0.4 piM, at least 0.5 piM, or at least 0.6 piM; e.g., wherein the nanoparticles are silica-based, 

e.g., wherein the nanoparticles are C dots or C' dots).  

[0012] In certain embodiments, the tumor tissue is sufficiently amino acid (or 

metabolically) deprived.  

[0013] In certain embodiments, the tumor tissue is sensitized to the induction of 

ferroptosis.  

[0014] In another aspect, the invention is directed to a method of combinational 

treatment of a subject, the method comprising: administering a drug for transport to (and/or 
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accumulation in) a tumor tissue; and administering nanoparticles for accumulation at sufficiently 

high concentration in the tumor tissue (to induce ferroptosis).  

[0015] In certain embodiments, the drug comprises a chemotherapeutic agent (e.g., TAS

102).  

[0016] In certain embodiments, the nanoparticles comprise ultrasmall nanoparticles (e.g., 

C dot, e.g., C' dot).  

[0017] In certain embodiments, the high concentration is greater than 1 piM, e.g., greater 

than 15 piM, e.g., greater than 60 piM. In certain embodiments, the high concentration is a local 

concentration within a range from 0.18 p.M to 1.8 p.M in the tumor tissue (e.g., wherein the high 

concentration is a local concentration in the tumor tissue of at least 0.18 piM, at least 0. 3 piM, at 

least 0.4 piM, at least 0.5 piM, or at least 0.6 piM; e.g., wherein the nanoparticles are silica-based, 

e.g., wherein the nanoparticles are C dots or C' dots).  

[0018] In certain embodiments, the tumor tissue is sufficiently amino acid (or 

metabolically) deprived. In certain embodiments, the tumor tissue is sensitized to the induction 

of ferroptosis.  

[0019] In certain embodiments, administering the drug and administering the 

nanoparticles are accomplished by administering a composition comprising both the drug and the 

nanoparticles.  

[0020] In certain embodiments, the composition comprises nanoparticle drug conjugates.  

[0021] In another aspect, the invention is directed to a method of combinational 

treatment of a subject, the method comprising: depriving a tumor tissue (e.g., prostate cancer 
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tissue) of hormones; and administering nanoparticles for accumulation at sufficiently high in the 

tumor tissue to induce ferroptosis.  

[0022] In certain embodiments, the tumor tissue is deprived of hormones via castration 

(e.g., chemical castration).  

[0023] In certain embodiments, the nanoparticles comprise ultrasmall nanoparticles (e.g., 

C dot, e.g., C' dot).  

[0024] In certain embodiments, the high concentration is greater than 1 piM, e.g., greater 

than 15 piM, e.g., greater than 60 piM. In certain embodiments, the high concentration is a local 

concentration within a range from 0.18 p.M to 1.8 p.M in the tumor tissue (e.g., wherein the high 

concentration is a local concentration in the tumor tissue of at least 0.18 piM, at least 0. 3 piM, at 

least 0.4 piM, at least 0.5 piM, or at least 0.6 piM; e.g., wherein the nanoparticles are silica-based, 

e.g., wherein the nanoparticles are C dots or C' dots).  

[0025] In certain embodiments, the tumor tissue is sufficiently amino acid (or 

metabolically) deprived.  

[0026] In certain embodiments, the tumor tissue is sensitized to the induction of 

ferroptosis.  

[0027] In certain embodiments, the tumor tissue is selected from the group consisting of 

renal, prostate, melanoma, pancreatic, lung, fibrosarcoma, breast, brain, ovarian, and colon tumor 

tissue. In certain embodiments, the tumor pancreatic tissue comprises BxPC3 cells. In certain 

embodiments, the tumor lung tissue comprises H1650 cells.  
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[0028] In certain embodiments, the nanoparticles have an average diameter no greater 

than 15 nm. In certain embodiments, the nanoparticles have an average diameter no greater than 

10 nm. In certain embodiments, the nanoparticles have an average diameter from about 5 nm to 

about 7 nm (e.g., about 6 nm).  

[0029] In certain embodiments, the nanoparticles comprise from 1 to 20 targeting 

moieties, wherein the targeting moieties bind to receptors on tumor cells (e.g., wherein the 

nanoparticles have an average diameter no greater than 15 nm, e.g., no greater than 10 nm, e.g., 

from about 5 nm to about 7 nm, e.g., about 6 nm). In certain embodiments, the 1 to 20 targeting 

moieties comprises alpha-melanocyte-stimulating hormone (aMSH). In certain embodiments, 

the nanoparticles comprise a targeting moiety (e.g., aMSH).  

[0030] In certain embodiments, the nanoparticles are administered multiple times over 

the course of treatment.  

[0031] In certain embodiments, the method further comprises administering the 

nanoparticles every 3 or 4 days over the course of treatment.  

[0032] In certain embodiments, the administered nanoparticles have a drug (e.g., a 

chemotherapeutic agent) attached. In certain embodiments, the drug is attached via a linker 

moiety (e.g., attached covalently or non-covalently).  

[0033] In certain embodiments, drug delivery combines with native immunomodulation 

properties of the administered nanoparticles (e.g., wherein the nanoparticles comprise a-MSH

PEG-C' dots, e.g., wherein a-MSH is bound to a surface of the nanoparticles) (e.g., wherein the 

nanoparticles comprise an organic-polymer coating (e.g., polyethylene glycol (PEG))) to 
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increase the therapeutic potential of C dots in cancer treatment and/or tissue repair processes 

(e.g., wound healing).  

[0034] In another aspect, the invention is directed to a composition comprising 

nanoparticles (e.g., ultrasmall nanoparticles, e.g., C dot, e.g., C' dot) for use in a method of 

treating a subject, wherein the treating comprises delivering the composition to a tumor tissue of 

the subject for accumulation at sufficiently high concentration (e.g., greater than 1 piM, e.g., 

greater than 15 piM, e.g., greater than 60 p.M) in tumor tissue (e.g., wherein the high 

concentration is a local concentration within a range from 0.18 p.M to 1.8 p.M in the tumor 

tissue) (e.g., wherein the high concentration is a local concentration in the tumor tissue of at least 

0.18 piM, at least 0. 3 piM, at least 0.4 piM, at least 0.5 piM, or at least 0.6 piM; e.g., wherein the 

nanoparticles are silica-based, e.g., wherein the nanoparticles are C dots or C' dots) (e.g., that is 

sufficiently amino acid (or metabolically) deprived or otherwise sensitive to the induction of 

ferroptosis) to induce ferroptosis.  

[0035] In another aspect, the invention is directed to a composition comprising 

nanoparticles (e.g., ultrasmall nanoparticles, e.g., C dot, e.g., C' dot) for accumulation at 

sufficiently high concentration (e.g., greater than 1 piM, e.g., greater than 15 piM, e.g., greater 

than 60 piM) in tumor tissue (e.g., wherein the high concentration is a local concentration within 

a range from 0.18 piM to 1.8 piM in the tumor tissue) (e.g., wherein the high concentration is a 

local concentration in the tumor tissue of at least 0.18 piM, at least 0. 3 piM, at least 0.4 piM, at 

least 0.5 piM, or at least 0.6 piM; e.g., wherein the nanoparticles are silica-based, e.g., wherein the 

nanoparticles are C dots or C' dots) (e.g., that is sufficiently amino acid (or metabolically) 
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deprived or otherwise sensitive to the induction of ferroptosis) to induce ferroptosis for use in 

therapy.  

[0036] In another aspect, the invention is directed to a first composition comprising a 

drug (e.g., a chemotherapeutic agent, e.g., TAS 102) and a second composition comprising 

nanoparticles (e.g., ultrasmall nanoparticles, e.g., C dot, e.g., C' dot) for use in a method of 

treating a subject, wherein the treating comprises delivering the first composition for transport to 

(and/or accumulation in) a tumor tissue of the subject; and delivering the second composition to 

the tumor tissue of the subject for accumulation at sufficiently high concentration (e.g., greater 

than 1 piM, e.g., greater than 15 piM, e.g., greater than 60 p.M) in tumor tissue (e.g., wherein the 

high concentration is a local concentration within a range from 0.18 p.M to 1.8 p.M in the tumor 

tissue) (e.g., wherein the high concentration is a local concentration in the tumor tissue of at least 

0.18 piM, at least 0. 3 piM, at least 0.4 piM, at least 0.5 piM, or at least 0.6 piM; e.g., wherein the 

nanoparticles are silica-based, e.g., wherein the nanoparticles are C dots or C' dots) (e.g., that is 

sufficiently amino acid (or metabolically) deprived or otherwise sensitive to the induction of 

ferroptosis) to induce ferroptosis.  

[0037] In another aspect, the invention is directed to a first composition comprising a 

drug (e.g., any chemotherapeutic agent, e.g., TAS 102) for transport to (and/or accumulation in) 

a tumor tissue of a subject; and a second composition comprising nanoparticles (e.g., ultrasmall 

nanoparticles, e.g., C dot, e.g., C' dot) for accumulation at sufficiently high concentration (e.g., 

greater than 1 piM, e.g., greater than 15 piM, e.g., greater than 60 p.M) in tumor tissue (e.g., 

wherein the high concentration is a local concentration within a range from 0.18 p.M to 1.8 p.M 

in the tumor tissue) (e.g., wherein the high concentration is a local concentration in the tumor 
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tissue of at least 0.18 piM, at least 0. 3 piM, at least 0.4 piM, at least 0.5 piM, or at least 0.6 piM; 

e.g., wherein the nanoparticles are silica-based, e.g., wherein the nanoparticles are C dots or C' 

dots) (e.g., that is sufficiently amino acid (or metabolically) deprived or otherwise sensitive to 

the induction of ferroptosis) to induce ferroptosis for use in therapy.  

[0038] In another aspect, the invention is directed to a composition comprising 

nanoparticles (e.g., ultrasmall nanoparticles, e.g., C dot, e.g., C' dot) for use in a method of 

treating a subject, wherein the treating comprises depriving a tumor tissue (e.g., prostate tissue) 

of the subject of hormones (e.g., via castration (e.g., chemical castration)); and delivering the 

composition to the tumor tissue of the subject for accumulation at sufficiently high concentration 

(e.g., greater than 1 piM, e.g., greater than 15 piM, e.g., greater than 60 piM) in tumor tissue (e.g., 

wherein the high concentration is a local concentration within a range from 0.18 piM to 1.8 piM 

in the tumor tissue) (e.g., wherein the high concentration is a local concentration in the tumor 

tissue of at least 0.18 piM, at least 0. 3 piM, at least 0.4 piM, at least 0.5 piM, or at least 0.6 piM; 

e.g., wherein the nanoparticles are silica-based, e.g., wherein the nanoparticles are C dots or C' 

dots) (e.g., that is sufficiently amino acid (or metabolically) deprived or otherwise sensitive to 

the induction of ferroptosis) to induce ferroptosis.  

[0039] Elements of embodiments involving one aspect of the invention (e.g., methods) 

can be applied in embodiments involving other aspects of the invention (e.g., systems), and vice 

versa.  

- 10 -



WO 2016/196201 PCT/US2016/034351 

Definitions 

[0040] In order for the present disclosure to be more readily understood, certain terms 

are first defined below. Additional definitions for the following terms and other terms are set 

forth throughout the specification.  

[0041] In this application, the use of "or" means "and/or" unless stated otherwise. As 

used in this application, the term "comprise" and variations of the term, such as "comprising" and 

"comprises," are not intended to exclude other additives, components, integers or steps. As used 

in this application, the terms "about" and "approximately" are used as equivalents. Any 

numerals used in this application with or without about/approximately are meant to cover any 

normal fluctuations appreciated by one of ordinary skill in the relevant art. In certain 

embodiments, the term "approximately" or "about" refers to a range of values that fall within 

25%, 20%, 19%, 18%, 17%, 16%, 15%, 14%, 13%, 12%, 11, 1% , 9%, 8%, 7%, 6%, 5%, 4%, 

3%, 2%, 1%, or less in either direction (greater than or less than) of the stated reference value 

unless otherwise stated or otherwise evident from the context (except where such number would 

exceed 100% of a possible value).  

[0042] "Administration": The term "administration" refers to introducing a substance into 

a subject. In general, any route of administration may be utilized including, for example, 

parenteral (e.g., intravenous), oral, topical, subcutaneous, peritoneal, intraarterial, inhalation, 

vaginal, rectal, nasal, introduction into the cerebrospinal fluid, or instillation into body 

compartments. In certain embodiments, administration is oral. Additionally or alternatively, in 

certain embodiments, administration is parenteral. In certain embodiments, administration is 

intravenous.  
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[0043] "Biocompatible": The term "biocompatible", as used herein is intended to 

describe materials that do not elicit a substantial detrimental response in vivo. In certain 

embodiments, the materials are "biocompatible" if they are not toxic to cells. In certain 

embodiments, materials are "biocompatible" if their addition to cells in vitro results in less than 

or equal to 20% cell death, and/or their administration in vivo does not induce inflammation or 

other such adverse effects. In certain embodiments, materials are biodegradable.  

[0044] "Biodegradable": As used herein, "biodegradable" materials are those that, when 

introduced into cells, are broken down by cellular machinery (e.g., enzymatic degradation) or by 

hydrolysis into components that cells can either reuse or dispose of without significant toxic 

effects on the cells. In certain embodiments, components generated by breakdown of a 

biodegradable material do not induce inflammation and/or other adverse effects in vivo. In 

certain embodiments, biodegradable materials are enzymatically broken down. Alternatively or 

additionally, in certain embodiments, biodegradable materials are broken down by hydrolysis. In 

certain embodiments, biodegradable polymeric materials break down into their component 

polymers. In certain embodiments, breakdown of biodegradable materials (including, for 

example, biodegradable polymeric materials) includes hydrolysis of ester bonds. In certain 

embodiments, breakdown of materials (including, for example, biodegradable polymeric 

materials) includes cleavage of urethane linkages.  

[0045] "Cancer ": As used herein, the term "cancer" refers to a malignant neoplasm or 

tumor (Stedman's Medical Dictionary, 25th ed.; Hensly ed.; Williams & Wilkins: Philadelphia, 

1990). Exemplary cancers include, but are not limited to, acoustic neuroma; adenocarcinoma; 

adrenal gland cancer; anal cancer; angiosarcoma (e.g., lymphangiosarcoma, 

lymphangioendotheliosarcoma, hemangiosarcoma); appendix cancer; benign monoclonal 
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gammopathy; biliary cancer (e.g., cholangiocarcinoma); bladder cancer; breast cancer (e.g., 

adenocarcinoma of the breast, papillary carcinoma of the breast, mammary cancer, medullary 

carcinoma of the breast); brain cancer (e.g., meningioma, glioblastomas, glioma (e.g., 

astrocytoma, oligodendroglioma), medulloblastoma); bronchus cancer; carcinoid tumor; cervical 

cancer (e.g., cervical adenocarcinoma); choriocarcinoma; chordoma; craniopharyngioma; 

connective tissue cancer; epithelial carcinoma; ependymoma; endotheliosarcoma (e.g., Kaposi's 

sarcoma, multiple idiopathic hemorrhagic sarcoma); endometrial cancer (e.g., uterine cancer, 

uterine sarcoma); esophageal cancer (e.g., adenocarcinoma of the esophagus, Barrett's 

adenocarcinoma); Ewing's sarcoma; eye cancer (e.g., intraocular melanoma, retinoblastoma); 

familiar hypereosinophilia; gall bladder cancer; gastric cancer (e.g., stomach adenocarcinoma); 

gastrointestinal stromal tumor (GIST); germ cell cancer; head and neck cancer (e.g., head and 

neck squamous cell carcinoma, oral cancer (e.g., oral squamous cell carcinoma), throat cancer 

(e.g., laryngeal cancer, pharyngeal cancer, nasopharyngeal cancer, oropharyngeal cancer)); 

hematopoietic cancers (e.g., leukemia such as acute lymphocytic leukemia (ALL) (e.g., B cell 

ALL, T cell ALL), acute myelocytic leukemia (AML) (e.g., B cell AML, T cell AML), chronic 

myelocytic leukemia (CML) (e.g., B cell CML, T cell CML), and chronic lymphocytic leukemia 

(CLL) (e.g., B cell CLL, T cell CLL)); lymphoma such as Hodgkin lymphoma (HL) (e.g., B cell 

HL, T cell HL) and non Hodgkin lymphoma (NHL) (e.g., B cell NHL such as diffuse large cell 

lymphoma (DLCL) (e.g., diffuse large B cell lymphoma), follicular lymphoma, chronic 

lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL), mantle cell lymphoma (MCL), 

marginal zone B cell lymphomas (e.g., mucosa associated lymphoid tissue (MALT) lymphomas, 

nodal marginal zone B cell lymphoma, splenic marginal zone B cell lymphoma), primary 

mediastinal B cell lymphoma, Burkitt lymphoma, lymphoplasmacytic lymphoma (e.g., 
- 13 -
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Waldenstrom's macroglobulinemia), hairy cell leukemia (HCL), immunoblastic large cell 

lymphoma, precursor B lymphoblastic lymphoma and primary central nervous system (CNS) 

lymphoma; and T cell NHL such as precursor T lymphoblastic lymphoma/leukemia, peripheral T 

cell lymphoma (PTCL) (e.g., cutaneous T cell lymphoma (CTCL) (e.g., mycosis fungoides, 

Sezary syndrome), angioimmunoblastic T cell lymphoma, extranodal natural killer T cell 

lymphoma, enteropathy type T cell lymphoma, subcutaneous panniculitis like T cell lymphoma, 

and anaplastic large cell lymphoma); a mixture of one or more leukemia/lymphoma as described 

above; and multiple myeloma (MM)), heavy chain disease (e.g., alpha chain disease, gamma 

chain disease, mu chain disease); hemangioblastoma; hypopharynx cancer; inflammatory 

myofibroblastic tumors; immunocytic amyloidosis; kidney cancer (e.g., nephroblastoma a.k.a.  

Wilms' tumor, renal cell carcinoma); liver cancer (e.g., hepatocellular cancer (HCC), malignant 

hepatoma); lung cancer (e.g., bronchogenic carcinoma, small cell lung cancer (SCLC), non small 

cell lung cancer (NSCLC), adenocarcinoma of the lung); leiomyosarcoma (LMS); mastocytosis 

(e.g., systemic mastocytosis); muscle cancer; myelodysplastic syndrome (MDS); mesothelioma; 

myeloproliferative disorder (MPD) (e.g., polycythemia vera (PV), essential thrombocytosis (ET), 

agnogenic myeloid metaplasia (AMM) a.k.a. myelofibrosis (MF), chronic idiopathic 

myelofibrosis, chronic myelocytic leukemia (CML), chronic neutrophilic leukemia (CNL), 

hypereosinophilic syndrome (HES); neuroblastoma; neurofibroma (e.g., neurofibromatosis (NF) 

type 1 or type 2, schwannomatosis); neuroendocrine cancer (e.g., gastroenteropancreatic 

neuroendocrine tumor (GEP NET), carcinoid tumor); osteosarcoma (e.g., bone cancer); ovarian 

cancer (e.g., cystadenocarcinoma, ovarian embryonal carcinoma, ovarian adenocarcinoma); 

papillary adenocarcinoma; pancreatic cancer (e.g., pancreatic adenocarcinoma, intraductal 

papillary mucinous neoplasm (IPMN), Islet cell tumors); penile cancer (e.g., Paget's disease of 
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the penis and scrotum); pinealoma; primitive neuroectodermal tumor (PNT); plasma cell 

neoplasia; paraneoplastic syndromes; intraepithelial neoplasms; prostate cancer (e.g., prostate 

adenocarcinoma); rectal cancer; rhabdomyosarcoma; salivary gland cancer; skin cancer (e.g., 

squamous cell carcinoma (SCC), keratoacanthoma (KA), melanoma, basal cell carcinoma 

(BCC)); small bowel cancer (e.g., appendix cancer); soft tissue sarcoma (e.g., malignant fibrous 

histiocytoma (MFH), liposarcoma, malignant peripheral nerve sheath tumor (MPNST), 

chondrosarcoma, fibrosarcoma, myxosarcoma); sebaceous gland carcinoma; small intestine 

cancer; sweat gland carcinoma; synovioma; testicular cancer (e.g., seminoma, testicular 

embryonal carcinoma); thyroid cancer (e.g., papillary carcinoma of the thyroid, papillary thyroid 

carcinoma (PTC), medullary thyroid cancer); urethral cancer; vaginal cancer; and vulvar cancer 

(e.g., Paget's disease of the vulva).  

[0046] "Carrier": As used herein, "carrier" refers to a diluent, adjuvant, excipient, or 

vehicle with which the compound is administered. Such pharmaceutical carriers can be sterile 

liquids, such as water and oils, including those of petroleum, animal, vegetable or synthetic 

origin, such as peanut oil, soybean oil, mineral oil, sesame oil and the like. Water or aqueous 

solution saline solutions and aqueous dextrose and glycerol solutions are preferably employed as 

carriers, particularly for injectable solutions. Suitable pharmaceutical carriers are described in 

"Remington's Pharmaceutical Sciences" by E. W. Martin.  

[0047] "Chemotherapeutic Agent": As used herein, the term "chemotherapeutic agent" 

(e.g., anti-cancer drug) has its art-understood meaning referring to one or more pro-apoptotic, 

cytostatic and/or cytotoxic agents, for example, specifically including agents utilized and/or 

recommended for use in treating one or more diseases, disorders or conditions associated with 

undesirable cell proliferation. In many embodiments, chemotherapeutic agents are useful in the 
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treatment of cancer. In some embodiments, a chemotherapeutic agent may be or comprise one or 

more alkylating agents, one or more anthracyclines, one or more cytoskeletal disruptors (e.g., 

microtubule targeting agents such as taxanes, maytansine and analogs thereof, of), one or more 

epothilones, one or more histone deacetylase inhibitors HDACs), one or more topoisomerase 

inhibitors (e.g., inhibitors of topoisomerase I and/or topoisomerase II), one or more kinase 

inhibitors, one or more nucleotide analogs or nucleotide precursor analogs, one or more peptide 

antibiotics, one or more platinum-based agents, one or more retinoids, one or more vinca 

alkaloids, and/or one or more analogs of one or more of the following (i.e., that share a relevant 

anti-proliferative activity). In some particular embodiments, a chemotherapeutic agent may be or 

comprise one or more of Actinomycin, all-trans retinoic acid, an Auiristatin, Azacitidine, 

Azathioprine, Bleomycin, Bortezomib, Carboplatin, Capecitabine, Cisplatin, Chlorambucil, 

Cyclophosphamide, curcumin, Cytarabine, Daunorubicin, Docetaxel, Doxifluridine, 

Doxorubicin, Epirubicin, Epothilone, Etoposide, Fluorouracil, Gemcitabine, Hydroxyurea, 

Idarubicin, Imatinib, Irinotecan, Maytansine and/or analogs thereof (e.g., DM1) 

Mechlorethamine, Mercaptopurine, Methotrexate, Mitoxantrone, a Maytansinoid, Oxaliplatin, 

Paclitaxel, Pemetrexed, Teniposide, Tioguanine, Topotecan, Valrubicin, Vinblastine, Vincristine, 

Vindesine, Vinorelbine, and combinations thereof. In some embodiments, a chemotherapeutic 

agent may be utilized in the context of an antibody-drug conjugate. In some embodiments, a 

chemotherapeutic agent is one found in an antibody-drug conjugate selected from the group 

consisting of: hLL1-doxorubicin, hRS7-SN-38, hMN-14-SN-38, hLL2-SN-38, hA20-SN-38, 

hPAM4-SN-38, hLL 1-SN-38, hRS7-Pro-2-P-Dox, hMN-14-Pro-2-P-Dox, hLL2-Pro-2-P-Dox, 

hA20-Pro-2-P-Dox, hPAM4-Pro-2-P-Dox, hLL 1-Pro-2-P-Dox, P4/D10-doxorubicin, 

gemtuzumab ozogamicin, brentuximab vedotin, trastuzumab emtansine, inotuzumab ozogamicin, 
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glembatumomab vedotin, SAR3419, SAR566658, BIIB015, BT062, SGN-75, SGN-CD19A, 

AMG-172, AMG-595, BAY-94-9343, ASG-5ME, ASG-22ME, ASG-16M8F, MDX-1203, 

MLN-0264, anti-PSMA ADC, RG-7450, RG-7458, RG-7593, RG-7596, RG-7598, RG-7599, 

RG-7600, RG-7636, ABT-414, IMGN-853, IMGN-529, vorsetuzumab mafodotin, and 

lorvotuzumab mertansine. In some embodiments, a chemotherapeutic agent may be or comprise 

one or more of famesyl-thiosalicylic acid (FTS), 4-(4-Chloro-2-methylphenoxy)-N

hydroxybutanamide (CMH), estradiol (E2), tetramethoxystilbene (TMS), 6-tocatrienol, 

salinomycin, or curcumin.  

[0048] "Combination Therapy ": As used herein, the term "combination therapy" refers 

to those situations in which a subject is simultaneously exposed to two or more therapeutic 

regimens (e.g., two or more therapeutic agents). In some embodiments, two or more agents may 

be administered simultaneously; in some embodiments, such agents may be administered 

sequentially; in some embodiments, such agents are administered in overlapping dosing 

regimens.  

[0049] "Peptide" or "Polypeptide": The term "peptide" or "polypeptide" refers to a string 

of at least two (e.g., at least three) amino acids linked together by peptide bonds. In certain 

embodiments, a polypeptide comprises naturally-occurring amino acids; alternatively or 

additionally, in certain embodiments, a polypeptide comprises one or more non-natural amino 

acids (i.e., compounds that do not occur in nature but that can be incorporated into a polypeptide 

chain; see, for example, http://www.cco.caltech.edu/~dadgrp/Unnatstruct.gif, which displays 

structures of non-natural amino acids that have been successfully incorporated into functional ion 

channels) and/or amino acid analogs as are known in the art may alternatively be employed). In 

certain embodiments, one or more of the amino acids in a protein may be modified, for example, 
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by the addition of a chemical entity such as a carbohydrate group, a phosphate group, a farnesyl 

group, an isofarnesyl group, a fatty acid group, a linker for conjugation, functionalization, or 

other modification, etc.  

[0050] "Radiolabel": As used herein, "radiolabel" refers to a moiety comprising a 

radioactive isotope of at least one element. Exemplary suitable radiolabels include but are not 

limited to those described herein. In certain embodiments, a radiolabel is one used in positron 

emission tomography (PET). In certain embodiments, a radiolabel is one used in single-photon 

emission computed tomography (SPECT). In certain embodiments, radioisotopes comprise 

99mTc, "In, 64Cu, 67Ga, 1Re, 1"Re, 53Sm, 7Lu, 67Cu, 123, 124, 125, C, 3N, 10, 18F, 16Re, 

188Re, 53Sm, 66Ho, 17Lu, 49Pm, 90Y, 213Bi, 03Pd, 109Pd, 159Gd, 140La, 98Au, 199Au, 169Yb, 175y, 

165Dy, 66Dy, 67Cu, 105Rh, "Ag, 9Zr, 225Ac, and 192 Ir.  

[0051] "Subject": As used herein, the term "subject" includes humans and mammals 

(e.g., mice, rats, pigs, cats, dogs, and horses). In many embodiments, subjects are mammals, 

particularly primates, especially humans. In certain embodiments, subjects are livestock such as 

cattle, sheep, goats, cows, swine, and the like; poultry such as chickens, ducks, geese, turkeys, 

and the like; and domesticated animals particularly pets such as dogs and cats. In certain 

embodiments (e.g., particularly in research contexts) subject mammals will be, for example, 

rodents (e.g., mice, rats, hamsters), rabbits, primates, or swine such as inbred pigs and the like.  

[0052] "Substantially": As used herein, the term "substantially" refers to the qualitative 

condition of exhibiting total or near-total extent or degree of a characteristic or property of 

interest. One of ordinary skill in the biological arts will understand that biological and chemical 

phenomena rarely, if ever, go to completion and/or proceed to completeness or achieve or avoid 
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an absolute result. The term "substantially" is therefore used herein to capture the potential lack 

of completeness inherent in many biological and chemical phenomena.  

[0053] "Therapeutic agent": As used herein, the phrase "therapeutic agent" refers to any 

agent that has a therapeutic effect and/or elicits a desired biological and/or pharmacological 

effect, when administered to a subject.  

[0054] "Treatment": As used herein, the term "treatment" (also "treat" or "treating") 

refers to any administration of a substance that partially or completely alleviates, ameliorates, 

relives, inhibits, delays onset of, reduces severity of, and/or reduces incidence of one or more 

symptoms, features, and/or causes of a particular disease, disorder, and/or condition. Such 

treatment may be of a subject who does not exhibit signs of the relevant disease, disorder and/or 

condition and/or of a subject who exhibits only early signs of the disease, disorder, and/or 

condition. Alternatively or additionally, such treatment may be of a subject who exhibits one or 

more established signs of the relevant disease, disorder and/or condition. In certain 

embodiments, treatment may be of a subject who has been diagnosed as suffering from the 

relevant disease, disorder, and/or condition. In certain embodiments, treatment may be of a 

subject known to have one or more susceptibility factors that are statistically correlated with 

increased risk of development of the relevant disease, disorder, and/or condition.  

[0055] Drawings are presented herein for illustration purposes, not for limitation.  

Brief description of drawings 

[0056] The foregoing and other objects, aspects, features, and advantages of the present 

disclosure will become more apparent and better understood by referring to the following 

description taken in conduction with the accompanying drawings, in which: 
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[0057] FIGS. 1A-IK show silica-based and ultrasmall a-MSH-PEG-C' dot particles 

induce cell death in amino acid-deprived conditions.  

[0058] FIG. 1A shows that exemplary a-MSH-PEG-C' dots are ultrasmall, 6 nm diameter 

silica-based particles with a fluorescent (e.g., Cy5 encapsulated) core and polyethylene glycol 

(PEG) coating and alpha melanocyte-stimulating hormone (aMSH)-modified exterior.  

[0059] FIG. 1B shows that a-MSH-PEG-C' dots localize to lysosomal networks in cells.  

M21 melanoma cells expressing LAMP1-GFP( were treated with a-MSH-PEG-C' dots (15 pM) 

for 24 hours. Note that colocalization between nanoparticles (Cy5 fluorescence, pseudo-colored 

and LAMP1-GFP are merged in image. Bar--10 pm.  

[0060] FIGS. IC-1E show that a-MSH-PEG-C' dots are well-tolerated in nutrient-replete 

media and that M21 cells treated with the indicated a-MSH-PEG-C' dots concentrations and 

cultured for 40 hours. Nanoparticles had no significant effect on cell survival (FIG. ID) or cell 

proliferation (FIG. 1E). Bars indicate mean+/-standard error of the mean. N=3 biological 

experiments, with five independent fields of view for each. See FIGS. 1OA and lOB for 

individual experimental values. Scale error bars indicate S.D. Bar=10 pim.  

[0061] FIGS. 1F-1H show that autophagy and lysosome function in nanoparticle-treated 

cells are unperturbed. Blot shows LC3-I and -II in cells treated with increasing doses of a

MSH-PEG-C' dots for 24 hours compared to untreated and amino acid-starved (AA-st) cells, in 

the presence (+) and absence (-) of the lysosome inhibitor concanamycin A (ConA, 1 hour at 100 

nM). Levels of LC3-II (FIG. IG) are unaltered by nanoparticle treatment, and ConA-inducible 

LC3-II accumulation (FIG. 1H), a measure of autophagy turnover, is similar between treated and 
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control cells. SEM bars indicate mean+/-standard error of the mean. N=3 for each group. See 

FIGS. 10C and 1OD for individual experimental values.  

[0062] FIGS. 1I-1J show that nanoparticle treatment induces cell death of M21 cells 

cultured in amino acid-free media. Images show live control cells and dead (Sytox green

positive nanoparticle-treated cells in AA-st conditions. Scale bar = 10 rm.  

[0063] FIG. 11 shows percent Sytox green-positive cells in full media (Full) or AA-st 

conditions after 50 hours, as determined by time lapse microscopy (FIG. 1J). Bars indicate 

mean+/-standard deviation. N=4 for each group. Each replicate is from one biological 

experiment, quantified with five independent fields of view.  

[0064] FIG. 1K shows M21 cells treated with 15 pM a-MSH-PEG- C' dots in full media 

in culture for 72 hours prior to create xenografts in immunodeficient (SCID/Beige) mice 

demonstrate growth inhibition (inverted triangles) relative to untreated cells (circles). Schematic 

shows workflow, comprising (1) particle-loading M21 melanoma cells in culture and (2) 

injecting particle-loaded M21 cells into mice to assay xenograft tumor growth versus control 

cells. Data show mean tumor volume over 22 days of growth from three tumors per group. Bars 

indicate mean +/- standard error of the mean. Particle-treated M21 cells showed statistically 

significant (p<0.001) growth inhibition compared with controls over the study interval. P-value 

is from a Wald test in a regression model estimated by generalized estimating equations to take 

into account the longitudinal nature of the data.  

[0065] FIGS. 2A-2F show a-MSH-PEG-C' dot particle-induced cell death is not 

apoptosis, necroptosis or autosis.  
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[0066] FIG. 2A shows MCF1OA human mammary epithelial cells cultured in the absence 

of amino acids with 15 pM a-MSH-PEG-C' dots undergo cell death after 30 hours with necrotic 

features. Insets show a dying cell indicated by an arrow. Fluorescence images show Sytox 

green-labeling of dead cell nuclei. Bar=10 pim.  

[0067] FIGS. 2B-2F show quantification of cell death (Sytox green +) in MCF1OA and 

mouse embryo fibroblast (MEF) cultures in full media or amino acid-starved (AA-st) conditions 

in the presence or absence of 15 pM a-MSH-PEG-C' dots, and after 40 hours (MCF1OA) (FIG.  

2B) or 45 hours (MEF) (FIG. 2C), as determined by time-lapse microscopy. Bars indicate 

mean+/-standard deviation. N=5 per group. Each replicate is from one biological experiment, 

quantified with five independent fields of view.  

[0068] FIGS. 2D-2F show cell death assays (similar as the assays shown in FIGS. 2B

2C) indicate that inhibition of apoptosis by Bcl2 overexpression in MCF 1 OA (FIG. 2D), 

quantified after a 38 hour time-lapse experiment, or deletion of Bax and Bak in MEF (FIG. 2E), 

quantified after 45 hours, or inhibition of necroptosis by deletion of ripk3 in in MEF (FIG. 2F) 

quantified after 45 hours, or inhibition of autophagy by knockout of Atg5 in MEF after 45 hours 

(FIG. 2F) does not inhibit cell death induced by amino acid starvation and treatment with 15 pM 

a-MSH-PEG-C' dots. Bars indicate mean+/-standard deviation. N=5 per group. Each replicate 

is from one biological experiment, quantified with five independent fields of view.  

[0069] FIGS. 3A-3G show ferroptosis is the underlying mechanisms of a-MSH particle

induced cell death.  

[0070] FIGS. 3A-3C show quantification of cell death (Sytox green +) in MCF1OA cells 

cultured in full media (Full) or amino acid-starved (AA-st) conditions in the presence or absence 
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of 15 pM c-MSH-PEG-C' dots and (FIG. 3A) 1 pM Ferrostatin-1 (Fer-1) after 40 hours, (FIG.  

3B) 100 pM deferoxamine (DFO) after 38 hours, and (FIG. 3C) 50 pM butylated hydroxyanisole 

(BHA), 200piM ascorbic acid (AA), 100 pM Trolox, 10mM N-acetylcysteine (NAC), or 5 mM 

glutathione (GSH), after 40 hours. Bars indicate mean +/- standard deviation. N=5 per group.  

Each replicate is from one biological experiment, quantified with five independent fields of 

view.  

[0071] FIGS. 3D and 3E show images from time-lapse analysis of MCF1OA undergoing 

ferroptosis in amino acid-starved conditions with 15 pM a-MSH-PEG-C' dots. Note that death 

(Sytox green positivity) spreads cell-to-cell from the left side of the image to the right. Scale 

bar=10 rm.  

[0072] FIGS. 3F-3G show lipid ROS accumulate prior to death in cells treated with 15 

piM a-MSH-PEG-C'dots and amino acid withdrawal.  

[0073] FIG. 3F shows treated cells cultured in the presence of C1 1-BODIPY that detects 

lipid ROS. Note that the fluorescence intensity of C 1-BODIPY increases several hours before 

cell death (times indicated on each image prior to cell death in bottom image).  

[0074] FIG. 3G shows quantification of C1 1-BODIPY fluorescence in particle-treated 

and amino acid-starved cells (dotted line), or erastin-treated cells (black line). Mean intensities 

out of five cells +/- standard deviation are shown from one biological experiment. Time zero 

indicates the time of cell death determined by DIC microscopy. Note that C 1-BODIPY staining 

increases in intensity between three and four hours prior to cell death.  

[0075] FIGS. 4A-4G show a-MSH-PEG-C' dots can induce cell death in different types 

of cancer cells.  
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[0076] FIGS. 4A-4F show quantification of cell death (Sytox green +) in (FIGS. 4A-4B) 

BxPC3 pancreatic carcinoma cells after 40 hours, (FIGS. 4C-4D) H1650 lung carcinoma cells 

after 45 hours, and (FIGS. 4E-4F) HT1080 fibrosarcoma cells after 65 hours in full media (Full) 

or amino acid-free media (AA-st), in the presence or absence of 15 p.M a-MSH-PEG-C' dots.  

Bars indicate mean+/-standard deviation. N=5 per group. Each replicate is from one biological 

experiment, quantified with five independent fields of view. Scale bars=10 rm.  

[0077] FIG. 4G shows an exemplary model for a-MSH-PEG-C' dot nanoparticle

induced ferroptosis. Amino acid deprivation (I) and nanoparticle ingestion into lysosomes (II) 

both lead to depletion of glutathione (see FIGS. 7D-7E), contributing together to induce 

ferroptosis that is dependent on lysosomal iron, a known inducer of reactive oxygen species 

(ROS), and lipid peroxidation that is blocked by Ferrostatin-1 and liporoxstatin-1.  

[0078] FIGS. 5A-5K show that a-MSH-PEG-C' dots inhibit tumor growth in HT1080 

and 786-0 xenograft models.  

[0079] FIGS. 5A, 5B, and 5K each show a graphical summary of 786-0 (FIG. 5K) and 

HT1080 (FIG. 5B) average tumor volume measurements in a-MSH-PEG-C' dot-treated (T; n=5) 

and saline-treated (C; n=3) mice; error bars indicate standard deviation. Three, high-dose a

MSH-PEG-C' dot (or control vehicle) treatments were i.v.-injected (a; arrows) over a 10-day 

period. Individual HT-1080 tumor volume measurements from part (FIG. 5A) are shown in FIG.  

5B. Relative to control tumor volumes, data show marked inhibition of tumor growth and partial 

tumor regression after particle treatments (HT-1080: p<0.001; 786-OL P<0.01). P-values are 

from a Wald test in a regression model estimated by generalized estimating equations to take into 

account the longitudinal nature of the data.  
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[0080] FIG. 5C shows representative whole body Cy5 fluorescent imaging of a 

representative H1080 tumor xenograft.  

[0081] FIG. 5D shows a low-power view of H&E-stained tissue sections from 

representative control and treated tumors reveal control specimens to be disproportionately larger 

in size than the corresponding treated ones.  

[0082] FIGS. 5E-5H show immunohistochemical staining of tumor sections with Mac-2 

shows scattered macrophages (arrow) surrounding control tumor sections (T) on (FIG. 5E) low 

and (FIG. 5G) high power views, while corresponding (FIG. 5F) low and (FIG. 5H) high power 

views of Mac-2 stained treated sections show large numbers of Mac-2 positive cells 

circumscribing the tumor at similar locations (boxes, d, f, arrows). Small numbers of 

intratumoral Mac-2 positive cells are also noted.  

[0083] FIG. 51 shows graphical summary of individual HT1080 tumor volume 

measurements in mice undergoing combined inhibitor and particle treatment (T+L; n=3) versus 

particle treatment alone (T; n=3). Three high-dose a-MSH-PEG-C' dot treatments (with and 

without i.p.-injected inhibitor) over a 10-day period. Relative to particle treatment alone, marked 

progression of tumor growth is seen following combined inhibitor and particle treatment 

(p<0.001).  

[0084] FIG. 5J shows representative particle-exposed tumors reveal specimens to be 

disproportionately larger in size when additionally treated with Liproxstatin-1 (right tumor).  

Scale bars: 1 mm (FIG. 5D, FIG. 5E, and FIG. 5F); 50 [tm (FIG. 5G, FIG. 5H); 1 cm (FIG. 5J).  

[0085] Figs. 6A-6C show nanoparticle-induced cell death in 786-0 and HT-1080 cells, 

and vascularization of HT-1080 tumors. Quantification of cell death (Sytox green +) in (FIG.  

6A) SKOV3 ovarian carcinoma cells after 50 hours and (FIG. 6B) HT1080 fibrosarcoma cells 
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after 5 days. Cells were cultured in full media (Full) or amino acid-free media (AA-st) in the 

presence or absence of the indicated concentrations of a-MSH-PEG-C' dots. Bars indicate 

mean+/-standard deviation. N=5 per group.  

[0086] FIGS. 6C-6E show quantification of cell death (Sytox green +) in amino acid

starved 786-0 renal cancer cells in the presence or absence of 15 p.M a-MSH-PEG-C' dots.  

Bars indicate mean+/-standard deviation. N=5 per group. Each replicate is from one biological 

experiment, quantified with five independent fields of view. Scale bar = 10 pim. Necrotic cell 

deaths were determined by morphology and rapid Sytox green positivity (FIG. 6D), as compared 

to apoptotic deaths (FIG. 6E).  

[0087] FIGS. 7A-7K show that nanoparticles affect iron uptake and glutathione levels.  

[0088] FIGS. 7A-7C show MCF1OA cells treated with 15 pM a-MSH-PEG-C' dots in 

full media for 24 hours were examined by flow cytometry for levels of cytosolic ROS using 25 

pM HDCFDA (FIG. 7B) and lipid peroxidation using 2 pM C 1-BODIPY (581/591) (FIG. 7C).  

FIG. 7A shows Cy5 fluorescence of particle-treated cells (blue population).  

[0089] FIG. 7D shows quantification of reduced glutathione (GSH) levels in MCF1OA 

cells cultured in full media (Full) or amino acid-free media (AA-st) for 24 hours, in the presence 

or absence of 15pM a-MSH-PEG-C' dots or 400 pM buthionine sulphoximine (BSO), an 

inhibitor of y-glutamylcysteine synthetase, the rate-limiting enzyme for glutathione. Note that 

nanoparticle treatment and amino acid deprivation reduce glutathione levels alone and in 

combination, similar to treatment with BSO. Bars indicate mean+/-standard error of the mean, 

out of three independent experiments. See FIG. 12D for individual experimental values.  
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[0090] FIG. 7E shows total glutathione levels are reduced in nanoparticle-treated cells 

and relative levels of total glutathione in amino acid-starved cells, nanoparticle-treated cells 

(aMSH), and cells treated with the inhibitor of glutathione production BSO, after 24 hours.  

[0091] FIG. 7F shows quantification of cell death (Sytox green +) of MCF1OA cells 

cultured in AA-st conditions in the presence of 15 pM a-MSH-PEG-C' dots (white bars) or 

PEG-C' dots lacking the aMSH peptide (shaded bars) at 40 hours and 68 hours. Bars indicate 

mean+/-standard deviation. N=5 per group. Each replicate is from one biological experiment, 

quantified with five independent fields of view.  

[0092] FIG. 7G shows that a-MSH-PEG-C' dots bind iron and treated cells have 

increased iron levels. Data shows iron concentrations determined from aMSH nanoparticle stock 

samples and untreated cells (both are "Controls", below the limit of detection), a-MSH-PEG-C' 

dots purified from culture media (NP+ Media), and cells treated with nanoparticles (NP+ Cells).  

Iron concentration standards are shown as red data points. All measurements are means from 

one biological experiment performed in triplicate. Raw data are shown in Table 1.  

[0093] FIG. 7H shows ferritin heavy chain expression is increased in amino acid-starved 

(AA-st) cells by treatment with 15 p.M a-MSH-PEG-C' dots or by treatment with ferric 

ammonium citrate (FAC), and is decreased by treatment with DFO. Western blot shows ferritin 

heavy chain (FTH1) expression compared to actin loading control, 24 hours after treatment with 

the indicated reagents.  

[0094] FIG. 71 shows treatment of cells with iron (FAC) is sufficient to mimic a-MSH

PEG-C' dot-induced death in amino acid-starvation (AA-st) conditions. Graph shows 

quantification of percent cell death (Sytox green +) for cells treated as indicated.  

- 27 -



WO 2016/196201 PCT/US2016/034351 

[0095] FIG. 7J shows that pre-treatment with erastin sensitizes to nanoparticle-induced 

ferroptosis. Graph shows percent HT-1080 cell death (Sytox green+ cells) 18 hours (white bars) 

or 24 hours (shaded bars) after the indicated treatments. Pre-treatment with erastin for 4 hours is 

indicated as '-' or '+'. Note that erastin-pre-treatment does not induce cell death on its own ('No 

treat'), but sensitizes to both continued erastin treatment ('Erastin'), and the combination of a

MSH-PEG-C' dots (15 p.M) and amino acid starvation ('AA-st + aMSH'), as pre-treated cultures 

('+') undergo more cell death at 18 and 24 hours. Bars indicate mean+/-standard deviation. N=5 

per group. Each replicate is from one biological experiment, quantified with five independent 

fields of view.  

[0096] FIG. 7K shows GPX4 activity is not inhibited by particle treatment. Data show 

specific activity of GPX4 from cell lysates collected after the indicated treatments. Data are 

from three independent biological experiments; bars represent mean+/- standard error of the 

mean.  

[0097] FIGS. 8A-8G show control assays for apoptosis and necroptosis-inhibited cells 

and Liproxstatin-1.  

[0098] FIG. 8A shows MCF1OA cells cultured in amino acid-free media and treated with 

100 nM concanamycin A (ConA) undergo cell death with morphologic features of apoptosis 

involving cell blebbing and fragmentation.  

[0099] FIG. 8B shows quantification of cell death (Sytox green +) in MCF1OA cells 

cultured in full media (Full) or amino acid-starved (AA-st) conditions, in the presence or absence 

of Bcl2 overexpression and treatment with ConA. Note Bcl2 inhibits apoptosis induced by 

ConA treatment in AA-st conditions. Bars indicate mean+/-standard deviation. N=5 per group.  
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Each replicate is from one biological experiment, quantified with five independent fields of 

view.  

[0100] FIG. 8C shows knockout of RIPK3 inhibits necroptosis. Graph shows percent 

cell death (Sytox green +) of wild-type (wt) and RIPK3-/- MEFs treated with a combination of 

100 ng/ml TNFa, 1 [tg/ml cycloheximide (CHX) and 20 pM zVAD to induce necroptosis. Note 

RIPK3 -/- MEFs do not undergo cell death, similar to wt cells treated with 30 p.M necrostatin-1 

(Nec-1), a necroptosis inhibitor. Bars indicate mean+/-standard deviation. N=5 per group. Each 

replicate is from one biological experiment, quantified with five independent fields of view.  

[0101] FIG. 8D shows MCF10A cells undergoing apoptosis in response to treatment with 

50 [tg/ml cycloheximide exhibit an asynchronous pattern of cell death. Left image shows image 

from time-lapse microscopy of cells that have undergone apoptosis (bright = Sytox green). Right 

image shows Sytox green-positive nuclei from left image, pseudocolored to represent the timing 

of individual cell deaths. The temporal pattern of cell death here is asynchronous compared to 

FIGS. 3D and 3E. All scale bars = 10 ptm.  

[0102] FIG. 8E shows M21 cells cultured in full media in the absence (left) and presence 

(right) of 15 pM a-MSH-PEG-C' dots for 72 hours (particle fluorescence is shown in cyan).  

[0103] FIG. 8F shows percent cell death (Sytox green + cells) for control and particle

treated cells, at 3 days and 10 days after 72 hours of particle treatment in full media. Note that 

particle treatment in full media conditions does not inhibit cell viability. Bars indicate mean +/

standard deviation. N=5 per group. Each replicate is from one biological experiment, quantified 

with five independent fields of view.  
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[0104] FIG. 8G shows that liproxstatin-1 treatment inhibits particle-induced cell death.  

Quantification of cell death (Sytox green +) in MCF1OA cells cultured in amino acid-starved 

(AA-st) conditions in the presence or absence of 15 pM a-MSH-PEG-C' dots and 1 pM 

Liproxstatin-1 after 40 hours. Bars indicate mean+/-standard deviation. N=5 per group. Each 

replicate is from one biological experiment, quantified with five independent fields of view.  

[0105] FIG. 8H shows that liproxstatin-1 treatment inhibits C 1-BODIPY staining 

induced by erastin treatment. Image shows C1-BODIPY-incubated cells treated with erastin (5 

pM), 6 hours after control cells underwent cell death as in FIGS. 3F-3G. Note the absence of 

C1 1-BODIPY staining in erastin+liproxtstatin- 1-treated cells.  

[0106] FIGS. 9A-9C show images of particle-treated tumors.  

[0107] FIG. 9A shows cell death measurements in HT-1080 cells treated with differently 

sized PEG-C' dots. Quantification of HT-1080 cell death (Sytox green +) cultured in full media 

or AA-st conditions for 48 hours in the absence or presence of 15 PM PEG-C' dots, 6 nm or 10 

nm, lacking the aMSH peptide. Error bars represent S.D.Bars indicate mean+/-standard 

deviation. N=5 per group.  

[0108] FIG. 9B shows that HT-1080 tumors are well vascularized. Images show a 

representative HT-1080 xenograft specimen, harvested 10 days after particle injection, and 

stained by immunohistochemistry for the endothelial marker CD3 1. Low magnification (4x) 

microscopic image of whole tumor (top image) and high magnification (40x) image of tumor 

region (bottom image). Note the presence of blood vessels throughout the tumor. Scale bars = 

500 pm (low power); 50 pm (high power).  

[0109] FIG. 9C shows a-MSH-PEG-C' dot-treated 786-0 tumor shows large number of 

recruited macrophages. Low (top image) and high (bottom image) power views of Mac-2 
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stained treated sections show marked Mac-2 positive cells circumscribing the tumor at similar 

locations (box).  

[0110] FIGS. 1OA-1OJ show individual data points for graphs from FIGS. IC-IF and 

FIGS. 2A-2E.  

[0111] FIG. 1OA shows data from the cell survival graph (on left) in FIG. IC are shown.  

N=3 biological experiments, each data point represents the mean from five independent fields of 

view.  

[0112] FIG. 1OB shows data from the cell proliferation graph (on right) in FIG. IC are 

shown. N=3 biological experiments, each data point represents the mean from five independent 

fields of view.  

[0113] FIG. 10C shows individual LC3-II/actin values are shown from FIG. ID, left 

graph. N=3 western blots for each group. Note that the 15 pm condition has two values plotted 

at 0.79.  

[0114] FIG. 1OD shows individual LC3-II turnover values are shown from FIG. ID, right 

graph. N=3 western blots for each group.  

[0115] FIG. 1OE shows data from the cell death graph in FIG. 1E are shown. N=4 

biological experiments, each data point represents the mean from five independent fields of 

view.  

[0116] FIG. 1OF shows data from the cell death graph on the left in FIG. 2B are shown 

for N=5 for each group. Each replicate is an independent field of view of the same biological 

experiment.  
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[0117] FIG. 1OG shows data from the cell death graph on the right in FIG. 2B are shown 

for N=5 for each group. Each replicate is an independent field of view of the same biological 

experiment.  

[0118] FIG. 1OH shows data from the cell death graph in FIG. 2C are shown for N=5 for 

each group. Each replicate is an independent field of view of the same biological experiment.  

[0119] FIG. 101 shows data from the cell death graph in FIG. 2D are shown for N=5 for 

each group. Each replicate is an independent field of view of the same biological experiment.  

[0120] FIG. 1OJ shows data from the cell death graph in FIG. 2E are shown for N=5 for 

each group. Each replicate is an independent field of view of the same biological experiment.  

[0121] FIGS. 11 A-I 11 show individual data points for graphs from FIGS. 3A-3F, 4A-4C 

and 8A-8G.  

[0122] FIG. 11 A shows data from the cell death graph in FIG. 3A are shown. N=3 

biological experiments, each data point represents the mean from five independent fields of 

view.  

[0123] FIG. 11 B shows data from the cell death graph in FIG. 3C are shown. N=5 for 

each group. Each replicate is an independent field of view of the same biological experiment.  

[0124] FIG. 1 IC shows data from the cell death graph in FIG. 3B are shown. N=3 

biological experiments, each data point represents the mean from five independent fields of 

view.  

[0125] FIG. I1D shows data from the cell death graph in FIG. 4A are shown. N=5 for 

each group. Each replicate is an independent field of view of the same biological experiment.  

[0126] FIG. I1E shows data from the cell death graph in FIG. 4B are shown. N=5 for 

each group. Each replicate is an independent field of view of the same biological experiment.  
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[0127] FIG. 1 IF shows data from the cell death graph in FIG. 4C are shown. N=3 

biological experiments, each data point represents the mean from five independent fields of 

view.  

[0128] FIG. 1 IG shows data from the cell death graph in FIG. 8B are shown. N=5 for 

each group. Each replicate is an independent field of view of the same biological experiment.  

[0129] FIG. 11H shows data from the cell death graph in FIG. 8C are shown. N=5 for 

each group. Each replicate is an independent field of view of the same biological experiment.  

[0130] FIG. 111 shows data from the cell death graph in FIG. 8F are shown. N=5 for 

each group. Each replicate is an independent field of view of the same biological experiment.  

[0131] FIGS. 12A-12E show individual data points for graphs from FIGS. 6B-6C and 

7B-7H.  

[0132] FIG. 12A shows data from the cell death graph in FIG. 6B are shown. N=5 for 

each group. Each replicate is an independent field of view of the same biological experiment.  

[0133] FIG. 12B shows data from the cell death graph in FIG. 7C are shown. N=5 for 

each group. Each replicate is an independent field of view of the same biological experiment.  

[0134] FIG. 12C shows data from the cell death graph in FIG. 7F are shown. N=5 for 

each group. Each replicate is an independent field of view of the same biological experiment.  

[0135] FIG. 12D shows data for the glutathione quantifications from FIG. 7B (top graph) 

are shown. N=3 independent biological experiments.  

[0136] FIG. 12E shows data from the cell death graph in FIG. 7G are shown. N=5 for 

each group. Each replicate is an independent field of view of the same biological experiment.  
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Detailed Description 

[0137] Throughout the description, where compositions are described as having, 

including, or comprising specific components, or where methods are described as having, 

including, or comprising specific steps, it is contemplated that, additionally, there are 

compositions of the present invention that consist essentially of, or consist of, the recited 

components, and that there are methods according to the present invention that consist essentially 

of, or consist of, the recited processing steps.  

[0138] It should be understood that the order of steps or order for performing certain 

action is immaterial so long as the invention remains operable. Moreover, two or more steps or 

actions may be conducted simultaneously.  

[0139] The mention herein of any publication, for example, in the Background section, is 

not an admission that the publication serves as prior art with respect to any of the claims 

presented herein. The Background section is presented for purposes of clarity and is not meant 

as a description of prior art with respect to any claim.  

[0140] Various embodiments described herein utilize ultrasmall FDA-IND approved 

nanoparticles, such as C and C' dots. Various embodiments described herein demonstrate their 

adaptation for drug delivery applications and detail cell biological analyses examining (1) how 

cells and xenograft models respond to melanoma-targeting C' dot (e.g., a-MSH-PEG-C' dots) 

treatment over a range of concentrations and times (e.g., days to weeks), and (2) whether cellular 

pathways are affected by particle ingestion were performed.  

[0141] Described herein is how a combination of treatment of cells with a-MSH-PEG-C' 

dots and starvation of amino acids synergize to induce the cell death program ferroptosis.  

Moreover, it is demonstrated herein that concentration- and time-dependent treatment effects on 
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cells using sub-10 nm diameter fluorescent (Cy5 dye-containing) silica nanoparticles, (e.g., C' 

dots) adapted with melanoma-targeting peptides. The present disclosure describes how high 

concentrations of ultrasmall nanoparticles (e.g., less than 10 nm in diameter, e.g., C dots or C' 

dots) induce cell death by the mechanism ferroptosis, which involves iron, reactive oxygen 

species, and a synchronous mode of cell death execution. In certain embodiments, the high 

concentration is a local concentration within a range from 0.18 p.M to 1.8 p.M in tumor tissue of 

a subject (wherein this range is an estimate based on the mouse studies described herein). In 

certain embodiments, the high concentration is a local concentration in the tumor tissue of at 

least 0.18 piM, at least 0. 3 piM, at least 0.4 piM, at least 0.5 piM, or at least 0.6 piM; e.g., wherein 

the nanoparticles are silica-based, e.g., wherein the nanoparticles are C dots or C' dots. In 

certain embodiments, the local concentration is dependent on tumor type and/or the subject.  

[0142] The present disclosure describes that high concentrations of these particles were 

generally well tolerated in both non-cancer and cancer cells cultured in nutrient-replete media.  

The combination of particle treatment and metabolic (e.g., amino acid) deprivation synergized to 

kill cancer cells at high rates. Without having to be bound by theory, ingested nanoparticles 

localize to lysosome networks, but do not inhibit lysosome function, and nanoparticle-induced 

death occurs independently of the autophagy pathway.  

[0143] To determine whether these effects extended to nutrient depleted conditions in 

vivo, xenografts were generated from particle-exposed cancer cells or treated intravenously using 

a particle multi-dosing strategy. To this end, concentration-dependent sustained growth 

inhibition was observed, and suppression of tumor growth kinetics coupled with a partial tumor 

regression occurred. Thus, these data demonstrated that ultrasmall, surface-functionalized silica
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based nanoparticles, employed under high concentration and nutrient-deprived conditions, 

induced cell death by the mechanism ferroptosis.  

[0144] In certain embodiments, the nanoparticle comprises silica, polymer (e.g., 

poly(lactic-co-glycolic acid) (PLGA)), biologics (e.g., protein carriers), and/or metal (e.g., gold, 

iron). In certain embodiments, the nanoparticle is a "C dot" as described in U.S. Publication No.  

2013/0039848 Al by Bradbury et al., which is hereby incorporated by reference.  

[0145] In certain embodiments, the nanoparticle is spherical. In certain embodiments, 

the nanoparticle is non-spherical. In certain embodiments, the nanoparticle is or comprises a 

material selected from the group consisting of metal/semi-metal/non-metals, metal/semi

metal/non-metal-oxides, -sulfides, -carbides, -nitrides, liposomes, semiconductors, and/or 

combinations thereof. In certain embodiments, the metal is selected from the group consisting of 

gold, silver, copper, and/or combinations thereof 

[0146] The nanoparticle may comprise metal/semi-metal/non-metal oxides including 

silica (SiO 2), titania (TiO 2), alumina (A120 3), zirconia (ZrO2), germania (GeO 2), tantalum 

pentoxide (Ta 20 5), NbO 2, etc., and/or non-oxides including metal/semi-metal/non-metal borides, 

carbides, sulfide and nitrides, such as titanium and its combinations (Ti, TiB 2, TiC, TiN, etc.).  

[0147] The nanoparticle may comprise one or more polymers, e.g., one or more polymers 

that have been approved for use in humans by the U.S. Food and Drug Administration (FDA) 

under 21 C.F.R. § 177.2600, including, but not limited to, polyesters (e.g., polylactic acid, 

poly(lactic-co-glycolic acid), polycaprolactone, polyvalerolactone, poly(1,3-dioxan-2-one)); 

polyanhydrides (e.g., poly(sebacic anhydride)); polyethers (e.g., polyethylene glycol); 

polyurethanes; polymethacrylates; polyacrylates; polycyanoacrylates; copolymers of PEG and 

poly(ethylene oxide) (PEO).  
- 36 -



WO 2016/196201 PCT/US2016/034351 

[0148] The nanoparticle may comprise one or more degradable polymers, for example, 

certain polyesters, polyanhydrides, polyorthoesters, polyphosphazenes, polyphosphoesters, 

certain polyhydroxyacids, polypropylfumerates, polycaprolactones, polyamides, poly(amino 

acids), polyacetals, polyethers, biodegradable polycyanoacrylates, biodegradable polyurethanes 

and polysaccharides. For example, specific biodegradable polymers that may be used include 

but are not limited to polylysine, poly(lactic acid) (PLA), poly(glycolic acid) (PGA), 

poly(caprolactone) (PCL), poly(lactide-co-glycolide) (PLG), poly(lactide-co-caprolactone) 

(PLC), and poly(glycolide-co-caprolactone) (PGC). Another exemplary degradable polymer is 

poly (beta-amino esters), which may be suitable for use in accordance with the present 

application.  

[0149] In certain embodiments, a nanoparticle can have or be modified to have one or 

more functional groups. Such functional groups (within or on the surface of a nanoparticle) can 

be used for association with any agents (e.g., detectable entities, targeting entities, therapeutic 

entities, or PEG). In addition to changing the surface charge by introducing or modifying 

surface functionality, the introduction of different functional groups allows the conjugation of 

linkers (e.g., (cleavable or (bio-)degradable) polymers such as, but not limited to, polyethylene 

glycol, polypropylene glycol, PLGA, etc.), targeting/homing agents, and/or combinations 

thereof.  

[0150] In certain embodiments, the nanoparticle comprises one or more targeting ligands 

(or moieties) (e.g., attached thereto), such as, but not limited to, small molecules (e.g., folates, 

dyes, etc), aptamers (e.g., Al0, AS 1411), polysaccharides, small biomolecules (e.g., folic acid, 

galactose, bisphosphonate, biotin), oligonucleotides, and/or proteins (e.g., (poly)peptides (e.g., 

aMSH, RGD, octreotide, AP peptide, epidermal growth factor, chlorotoxin, transferrin, etc), 
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antibodies, antibody fragments, proteins, etc.). In certain embodiments, the nanoparticle 

comprises one or more contrast/imaging agents (e.g., fluorescent dyes, (chelated) radioisotopes 

(SPECT, PET), MR-active agents, CT-agents), and/or therapeutic agents (e.g., small molecule 

drugs, therapeutic (poly)peptides, therapeutic antibodies, (chelated) radioisotopes, etc).  

[0151] In certain embodiments, PET (Positron Emission Tomography) tracers are used as 

imaging agents. In certain embodiments, PET tracers comprise 89Zr, 64Cu, [18F] 

fluorodeoxyglucose. In certain embodiments, the nanoparticle includes these and/or other 

radiolabels. In certain embodiments, the one or more targeting ligands (or moieties) can be of 

the same type, or can be different species.  

[0152] In certain embodiments, the nanoparticle comprises one or more fluorophores.  

Fluorophores comprise fluorochromes, fluorochrome quencher molecules, any organic or 

inorganic dyes, metal chelates, or any fluorescent enzyme substrates, including protease 

activatable enzyme substrates. In certain embodiments, fluorophores comprise long chain 

carbophilic cyanines. In other embodiments, fluorophores comprise DiI, DiR, DiD, and the like.  

Fluorochromes comprise far red, and near infrared fluorochromes (NIRF). Fluorochromes 

include but are not limited to a carbocyanine and indocyanine fluorochromes. In certain 

embodiments, imaging agents comprise commercially available fluorochromes including, but not 

limited to Cy5.5, Cy5 and Cy7 (GE Healthcare); AlexaFlour660, AlexaFlour680, 

AlexaFluor750, and AlexaFluor790 (Invitrogen); VivoTag680, VivoTag-S680, and VivoTag

S750 (VisEn Medical); Dy677, Dy682, Dy752 and Dy780 (Dyomics); DyLight547, DyLight647 

(Pierce); HiLyte Fluor 647, HiLyte Fluor 680, and HiLyte Fluor 750 (AnaSpec); IRDye 800CW, 

IRDye 800RS, and IRDye 700DX (Li-Cor); and ADS78OWS, ADS830WS, and ADS832WS 

- 38 -



WO 2016/196201 PCT/US2016/034351 

(American Dye Source) and Kodak X-SIGHT 650, Kodak X-SIGHT 691, Kodak X-SIGHT 751 

(Carestream Health).  

[0153] In certain embodiments, the nanoparticle comprises (e.g., has attached) one or 

more targeting ligands, e.g., for targeting cancer tissue/cells of interest.  

[0154] Cancers that may be treated include, for example, prostate cancer, breast cancer, 

testicular cancer, cervical cancer, lung cancer, colon cancer, bone cancer, glioma, glioblastoma, 

multiple myeloma, sarcoma, small cell carcinoma, melanoma, renal cancer, liver cancer, head 

and neck cancer, esophageal cancer, thyroid cancer, lymphoma, pancreatic (e.g., BxPC3), lung 

(e.g., H1650), and/or leukemia.  

[0155] In certain embodiments, the nanoparticle comprises a therapeutic agent, e.g., a 

drug (e.g., a chemotherapy drug) and/or a therapeutic radioisotope. As used herein, "therapeutic 

agent" refers to any agent that has a therapeutic effect and/or elicits a desired biological and/or 

pharmacological effect, when administered to a subject.  

[0156] In certain embodiments, e.g., where combinational therapy is used, an 

embodiment therapeutic method includes administration of the nanoparticle and administration 

of one or more drugs (e.g., either separately, or conjugated to the nanoparticle), e.g., one or more 

chemotherapy drugs, such as sorafenib, paclitaxel, docetaxel, MEK162, etoposide, lapatinib, 

nilotinib, crizotinib, fulvestrant, vemurafenib, bexorotene, and/or camptotecin.  

[0157] The surface chemistry, uniformity of coating (where there is a coating), surface 

charge, composition, concentration, frequency of administration, shape, and/or size of the 

nanoparticle can be adjusted to produce a desired therapeutic effect, e.g., ferroptosis of cancer 

cells.  
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[0158] In certain embodiments, nanoparticle drug conjugates (NDCs) are used for drug 

delivery applications. Detail on NDCs are described, for example, in International publication 

WO 2015/183882 Al, the contents of which is hereby incorporated by reference it its entirety.  

Examples 

[0159] As described herein, MCl-R-targeting C' dots were used to enhance cellular 

uptake (FIG. 1A). Live imaging of MCl-R expressing human melanoma cells (M21) cells 

treated with particles for 24 hours revealed colocalization of a-MSH-PEG-C' dots with 

lysosomes. Colocalization was visualized by expression of a GFP-tagged lysosomal-associated 

membrane protein 1 (LAMPI) to indicate that ingested particles resided in lysosomal or late 

endosomal networks (FIG. 1). M21 cells treated with increasing concentrations of a-MSH

PEG-C' dot particles up to 15 ptM showed similar survival and proliferation rates to the rates 

observed in control cells (FIGS. IC-1E). These results demonstrated that incubation with high 

concentrations of these nanoparticles are well-tolerated by cells. It was next examined if 

lysosomes were functioning properly within cells treated with a-MSH-PEG-C' dots. To 

determine this, the autophagy pathway, which targets intracellular substrates for lysosomal 

degradation, was examined. Autophagy was examined by quantifying the basal levels and 

turnover rates of the autophagy protein microtubule-associated protein 1 light chain 3 (LC3), 

which is lipidated onto autophagosomal membranes and becomes degraded following the fusion 

of autophagosomes with lysosomes. The accumulation of the autophagosome-associated, 

lipidated form of LC3 (called LC3-II) was quantified as a measure of flux through lysosomes or 

ameasure of autophagy induction versus the cytosolic, non-lipidated form (called LC3-I) by 

western blotting (FIGS. 1F-1H).  
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[0160] The turnover of LC3-II that occurs in a lysosome-dependent manner can also be 

measured as a readout of lysosome function. When lysosomes are functioning properly, 

treatment with lysosomal inhibitors such as concanamycin A (ConA), which inhibits the 

lysosomal vacuolar-type H+-ATPase (V-ATPase), leads to accumulation of LC3-II due to a lack 

of degradation. In contrast, if lysosomes are dysfunctional, treatment with ConA will not change 

LC3-II levels. Cells treated with increasing concentrations of a-MSH-PEG-C' dots for 24 hours, 

from 0.15 pM to 15 ptM, had similar relative LC3-II levels compared to control cells, suggesting 

that autophagy is not induced or perturbed by nanoparticle treatment. The treatment of cells with 

a lysosomal inhibitor ConA, which inhibits lysosome function by increasing pH and blocks 

autophagosome degradation, resulted in a similar accumulation of LC3-II in particle-treated cells 

as compared to controls demonstrating that lysosomes are functioning properly even when cells 

are loaded with high concentrations of a-MSH-PEG-C' dots (FIGS. 1F-1H).  

[0161] Next, nanoparticles were administered to cells cultured under nutrient-deprived 

conditions to induce autophagy. Cells cultured in amino acid-free media were treated with a

MSH-PEG-C' dots and examined by time lapse imaging. While amino acid deprivation was 

well-tolerated by M21 cells in the absence of particles, the treatment of amino acid-deprived 

cells with 15 ptM a-MSH-PEG-C' dots, which had no effect on cells in nutrient-replete media, 

led to cell death at high rates. Cell death was detected by the uptake of Sytox Green, a 

membrane-impermeable nucleic acid dye that labels cells with ruptured plasma membranes (FIG.  

1I-1J). This demonstrates that while a-MSH-PEG-C' dots are generally well-tolerated, nutrient

deprived cancer cells are sensitive to treatment. To determine whether this finding could have 

consequences for tumor growth in vivo, M21 melanoma cells were incubated with a-MSH-PEG

C' dots in culture under nutrient-replete conditions, which had no effect on cell viability (FIGS.  
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IC-1E and FIGS. 8E-8F), and then injected particle-exposed cells, as well as particle-unexposed 

cells, into mice as flank tumor xenografts to promote a nutrient-deprived state. M21 melanoma 

cells loaded with aMSH-PEG-C' dots demonstrated statistically significant growth-inhibition 

(p<0.001) relative to non-particle exposed cells. No measurable tumor growth occurred from 

particle-exposed cells up to 10 days following cell injection. Without having to be bound by 

theory, these findings suggested that treatment with high concentrations of a-MSH-PEG-C' dots 

may induce cell death under conditions of nutrient deprivation in culture and in vivo.  

[0162] Next, the mechanism of how cells treated with a-MSH-PEG-C' dots undergo cell 

death under nutrient-deprived conditions was investigated. Without having to be bound by 

theory, inspection of the morphology of dying cells suggested a form of necrosis, causing the 

cells to swell and the plasma membrane to rupture without cell blebbing and fragmentation that 

is typically observed during apoptosis (FIG. 2A and FIG. 8A). In order to more definitively 

identify the mechanism of cell death, two non-tumor cell lines, MCF 1 OA human mammary 

epithelial cells and mouse embryo fibroblasts (MEF) were utilized and also observed to die at 

high rates when cultured in amino acid-free media in the presence of a-MSH-PEG-C' dots 

(FIGS. 2B-2C). Cells rendered resistant to apoptosis, by overexpression of the anti-apoptotic 

protein Bcl-2 (MCF1OA-Bcl2) (FIG. 8B) or by genetic deletion of Bax and Bak (Bax Bak-/

MEFs) underwent cell death at rates similar to rates of control cells, suggesting that a-MSH

PEG-C' dot-induced cell death does not occur by apoptosis (FIG. 2D and FIG. 2E).  

[0163] Next, it was determined if cell death was occurring by necroptosis, a programmed 

form of necrosis that requires the RIPK3 kinase. Similar to the Bax Bak-/- MEFs, Ripk3-/

knockout MEFs, which are resistant to necroptosis (FIG. 8C), also underwent cell death at 
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similar rates compared to controls. Without having to be bound by theory, this result suggested 

that nanoparticle treatment does not induce necroptosis (FIG. 2F).  

[0164] Next, it was determined if a recently-described form of cell death involving the 

autophagy pathway, called autosis, may be involved by treating autophagy-related gene 5 

knockout MEFs (Atg5 -/- MEFs) that are completely deficient for autophagy with a-MSH-PEG

C' dots in the absence of amino acids. Atg5 -/- MEFs underwent cell death at similar rates to 

control cells, demonstrating that a-MSH-PEG-C' dot-induced cell death does not involve 

autophagy, and is not autosis (FIG. 2F). Together, these data demonstrated that cell death 

induced by a combination of a-MSH-PEG-C' dot treatment and amino acid deprivation occurs 

independently of apoptosis, necroptosis, and autosis.  

[0165] It was next determined if ferroptosis, a recently described cell death mechanism 

that occurs via an iron- and lipid reactive oxygen species (ROS)-dependent process, is induced 

by glutathione depletion and involved in a-MSH-PEG-C' dot-induced cell death. It was first 

determined if ferrostatin-1 and liproxstatin-1, pharmacological inhibitors of ferroptosis that are 

scavengers of lipid ROS, can block cell death in this context. Treatment with either ferrostatin-1 

or liproxstatin-1 rescued cell viability, reducing cell death to the level that occurs under amino 

acid-deprived conditions in the absence of nanoparticles (FIG. 3A, FIG. 8G).  

[0166] Nanoparticle-induced cell death was also inhibited by treatment with other 

antioxidants, including butylated hydroxyanisole (BHA), ascorbic acid (Asc Acid) and trolox, or, 

alternatively, by glutathione repletion through the addition of glutathione or N-acetylcysteine 

(NAC), a precursor of glutathione (FIGS. 2B-2C). To examine if lipid ROS accumulates during 

nanoparticle-induced cell death, particle-exposed cells were imaged in the presence of the lipid 

- 43 -



WO 2016/196201 PCT/US2016/034351 

oxidation indicator C1I-BODIPY. Increased staining prior to cell death was seen to occur in 

response to treatment with the known ferroptosis-inducing agent erastin, in a liproxstatin-1

inhibitable manner (FIGS. 3F-G, FIG. 8H). Like cell death induced by erastin treatment, lipid 

ROS detected by C 1-BODIPY staining accumulated several hours prior to the induction of cell 

death by nanoparticle treatment under amino acid-free conditions (FIGS. 3F-3G). To further 

examine if nanoparticle-induced death is dependent on iron, a requirement for ferroptosis, it was 

found that cells treated with deferoxamine (DFO), an iron chelator used for treating iron 

overload and an agent reported to block ferroptosis, almost completely inhibited cell death (FIG.  

3B). These data demonstrate that treatment of amino acid-starved cells with high a-MSH-PEG

C' dot concentrations induces ferroptosis (FIG. 3C). Notably, ferroptosis in this context was also 

observed to propagate from cell to cell in a wave-like manner (FIGS. 3D and 3E), unlike that 

found for cells undergoing other types of death such as apoptosis (FIG. 8D). Without having to 

be bound by theory, this suggested cell to cell communication of a death-inducing signal.  

[0167] After determining that MCF1OA cells and MEFs undergo cell death by 

ferroptosis, it was determined if cell death can be induced in this manner by amino acid 

deprivation and nanoparticle treatment in a wider panel of cancer cells. For example, MCF 1 OA, 

MEF, and M21 cells, BxPC3 pancreatic carcinoma cells, H1650 lung carcinoma cells, HT1080 

fibrosarcoma cells, and 786-0 renal carcinoma cells also underwent high rates of necrosis when 

treated with a-MSH-PEG-C' dots in the absence of amino acids. This data indicated that cell 

death can be induced by nanoparticles in the absence of amino acids in a variety of different 

cancer cell types (FIGS. 4A-4F, FIGS. 6C-6E).  

[0168] Notably, HT-1080 cells underwent necrosis in response to nanoparticle treatment 

when cultured in full media (FIGS. 4E-4F) and in starvation media at 10-fold lower particle 
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concentrations (FIG. 6B), suggesting that these cells are particularly sensitive to this form of cell 

death.  

[0169] Based on these results, it was further determined if particle-induced treatment 

responses can be generated in 786-0 renal carcinoma and HT1080 fibrosarcoma xenograft 

models. Using a multi-dosing delivery scheme, tumor growth was assessed over a 10-day period 

after three high-dose intravenous (i.v.) treatments of either the targeted particle probe (n=5) or 

0.9% saline solution (n=3) in immunosuppressed mice bearing flank 786-0 or HT-1080 tumors.  

Relative to the rapidly increasing tumor volumes with time measured after injection with saline 

vehicle, statistically significant inhibition of tumor growth was observed with multiple-dose 

particle treatments over the experiment interval for both tumor types (FIGS. 5A, 5B, 51, 5K), but 

greater for HT-1080 xenografts. Notably, this was accompanied by partial tumor regression that 

exceeded 50% for all particle-treated HT-1080 tumors (e.g., range of partial tumor regression 

from 57% - 78%; having a mean partial tumor regression of about 64%) within a 4 to 5 day 

interval after initial injection (FIG. 5B). Over the remainder of the experiment interval, particle

treated tumor volumes decreased. For example, by the end of the 10 day experiment period, 

treated HT-1080 tumor volumes showed statistically significant reductions of about 85% 

(p<0.001) relative to control volumes and treated 786-0 tumor volumes showed statistically 

significant reductions of about 73% (p<0.01) (FIGS. 5A, 5B). Representative whole-body 

optical imaging in mice bearing HT1080 flank xenografts demonstrated intense fluorescence 

signal at the site of tumor placement after initial aMSH-PEG-C' dot injections, suggesting 

localization of the intravenously injected particles (FIG. 5C).  

[0170] Corresponding H&E-stained tissue sections from representative control (n=1) and 

treated (n=2) tumors (FIG. 5D) revealed a densely cellular and invasive neoplasm exhibiting 
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multifocal necrosis. Control tumors were significantly larger on average than treated tumors 

without evident morphological differences. Immunohistochemical staining for the macrophage 

marker Mac-2 revealed large numbers of recruited macrophages surrounding treated tumors 

relative to that seen around control tumors, both at low and high magnification (FIGS. 5E - 5H).  

Intratumor Mac-2 positive cells were present in similarly small numbers in all tumors.  

[0171] To further examine if the inhibition of tumor growth resulting from nanoparticle 

treatment could be related to ferroptosis, tumor-bearing mice were treated with daily 

intraperitoneal (i.p.) doses of liproxstatin-1 over a 10-day period to determine the effects on 

particle-induced tumor shrinkage. In HT1080 xenografted mice (n=3), subsequently 

administered three high-dose particle treatments liproxstatin-1 significantly reduced growth 

inhibition to levels nearly equivalent to those seen in tumors not exposed to particles (FIG. 51).  

Average daily growth in particle-exposed tumors treated with liproxstatin-1 was 14.6 mm3 (95% 

CI: 10.1 - 18.9), as compared with -0.87 mm3 (95% CI: -1.06 to -0.69) for particle treatment 

alone, a difference of 15.3 mm3 (CI: 13.1 to 17.6; p <0.001). Corresponding particle-exposed 

tumor specimens were significantly smaller on average than particle-treated tumors receiving 

daily liproxstatin-1 (FIG. 5J).  

[0172] Combined treatment of cells with a-MSH-PEG-C' dots and amino acid starvation 

synergized to induce the cell death program ferroptosis and that high-dose delivery of 

nanoparticles can inhibit tumor growth and cause tumor regression; these effects can be reversed 

in the presence of liproxstatin-1. For example, the combined requirement of nutrient deprivation 

and nanoparticle treatment for ferroptosis induction in this context may engage tumor cells in 

vivo, while sparing normal cells (e.g., as tumor tissues are known to undergo metabolic stress 

and are nutrient-limited compared to normal tissues). Ultrasmall targeted silica nanoparticles 
- 46 -



WO 2016/196201 PCT/US2016/034351 

themselves have also been shown to preferentially accumulate in tumor tissue more efficiently 

than non-tumor tissues when modified with ligands that promote targeting.  

[0173] As described herein, the accumulation of nanoparticles within HT1080 xenografts 

after intravenous delivery was found to significantly inhibit tumor growth and induce partial 

tumor regression. Further addition of liproxstatin-1 reversed these effects to levels nearly 

equivalent to those seen in tumors not exposed to particles. These finding underscore the 

potential synergy between particle treatment and nutrient deprivation observed in select cancer 

types, and without having to be bound to theory, suggest that, by exploiting such a metabolic 

strategy, engagement of ferroptosis could hold therapeutic potential.  

[0174] The significance of the marked increase in the number of macrophages about 

particle-treated tumors relative to that about control tumors is not entirely clear, although their 

role in disease protection and wound repair by engulfing cellular debris is well-established. It 

can be further acknowledged a high degree of macrophage plasticity can occur in response to 

local cues from the tumor microenvironment, and that, upon activation, macrophages can assume 

a spectrum of roles needed to maintain tissue homeostasis, including shifts in their function 

associated with tumor shrinkage. These data present a therapeutic application for molecularly

targeted C' dots, already in clinical trials for cancer imaging and detection, but, for example, 

without the need for surface-attached cytotoxic agents.  

[0175] In certain embodiments, the nanoparticles described herein induce ferroptosis.  

Surface-modification of particles with aMSH peptides for targeting cancers enhances cellular 

internalization (data not shown). Particle surface modification with aMSH is not required for 

ferroptosis in the cell lines tested, as its induction has occurred, albeit at a slower rate, with PEG
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coated C' dots unmodified with aMSH targeting ligands, which may reflect slower 

internalization of the base particles relative to a-MSH-modified platforms (FIG. 7F).  

[0176] Therefore, in certain embodiments, the native silica particle itself has ferroptosis

inducing activity, as deprotonated surface silanol groups and/or fractal internal structure can lead 

to iron adsorption and/or incorporation within its structure. It was found that iron loading of a

MSH-PEG-C' dot nanoparticles incubated with culture media, as compared with doubly de

ionized water preparations (FIG. 7G, FIGS. 8A-8F). Increased iron loading occurred in a 

concentration-dependent manner when incubated with ferric oxide solutions, accompanied by a 

decrease in iron-loading capacity (FIGS. 8A-8F). Further, increased intracellular iron levels 

were found for a-MSH-PEG-C' dot nanoparticle-treated cells as compared to non-treated cells 

(FIG. 7G, Table 1). Also, particle-treated cells upregulate expression of the heavy chain of 

ferritin (FTH1) that binds cytosolic iron (FIG. 7H). It was also found that iron loading into cells 

by treatment with ferric ammonium citrate (FAC) is sufficient to mimic particle treatment and 

induce ferroptosis in amino acid-starved cells (FIG. 71), suggesting that these silica-based 

nanoparticles may engage ferroptosis by loading iron into cells. Increased iron uptake can lead 

to the depletion of glutathione, conceivably due to increased ROS generation. It was found that 

glutathione levels are suppressed in particle-treated cells (FIG. 7D-7E), and pre-treatment with 

erastin, which inhibits glutathione production by blocking cystine uptake, sensitizes cells to 

particle-induced ferroptosis, suggesting that glutathione depletion is rate-limiting for particle

induced death (FIG. 7J).  

[0177] Table 1 shows iron concentrations measured by microwave plasma atomic 

emission spectroscopy (MP-AES).  

- 48 -



WO 2016/196201 PCT/US2016/034351 

Table 1 

Iron- T Measured Concentratio Iron
Containing Iron n of Iron in loading 

Specimen Solution Concentration C' dots or Capacity 

Concentrations (ppb) +/- S.D. Cells 
(before (after (M) 

purification) purification) 

C' dots, diluted full -6.5 M 33.6 +/- 18.6 0.60 46.2% 
media* 

C' dots, diluted AA- 6 M 33.9 +/- 16.3 0,61 46.9% 
free media* 

C' dots, Fe_-doped 
solution 1.5 aM 8.32 +/- 12.9 0.15 50.0% 

C' dots, Fe 3"-doped 
solution 15.0 pM 144.7 +/- 16.3 2.58 86.0% 

C' dots, Fe3 -doped 
solution 1.5 mM 522.6 +/- 32.6 9.33 3.1% 

C' dots only NA BDL BDL NA 

C' dot-exposed 
HT 1080 cells, ~-8.6 MtI' 37.6 +/- 7.8 0.67 ~8.0% 
AA-free media 

HT111080 cells, AA
fr08~ee mei -8.6 p.M 3DL BDL NA 
free media 

BDL, below detection limit; NA not applicable 

- 49 -



WO 2016/196201 PCT/US2016/034351 

* iron present in undiluted full and AA-free media is 8.6 pM 

i re-suspended in water or phosphate buffer solution 

[0178] Taken together, the exemplary data described herein supports a model where 

ferroptosis induced by particle treatment involves iron uptake into cells leading to the 

suppression of glutathione and the accumulation of lipid ROS that execute ferroptosis (FIG. 4G).  

Lipid ROS can accumulate in glutathione-suppressed cells due to lowered activity of the 

glutathione peroxidase 4 (GPX4) enzyme that protects cells against lipid peroxidation and 

inhibits ferroptosis. It was not found that particle treatment inhibits GPX4 activity in an 

enzymatic assay from treated cell lysates (FIG. 7K). Likewise, it was not found that the model 

that particle treatment does not lead to lipid peroxidation by direct inhibition of GPX4.  

[0179] Some cancers (e.g., HT1080, 786-0) may also be particularly sensitive to this 

mechanism of cell death, which can lower the threshold of particle concentration needed to 

achieve an anti-tumor effect. It was found that HT-1080 cancer cells undergo a-MSH-PEG-C' 

dot-induced ferroptosis even under nutrient-replete conditions (FIGS. 4E-4F), and these cells are 

also killed in amino acid-deprived conditions with 10-fold lower nanoparticle concentration 

(FIG. 6B). HT-1080 tumors are well-vascularized (FIG. 9B), suggesting that the sensitivity of 

these cancer cells to particle-induced death, even under nutrient-replete conditions (FIGS. 4E

4F), may contribute to the strong anti-tumor effect that is observed following intravenous particle 

delivery.  

[0180] While the concentration of nanoparticles used herein was selected to either 

induce in vitro cell death (e.g., 15 pM) or to inhibit in vivo tumor growth inhibition and 

regression (e.g., 60 pM) and is at least four orders of magnitude higher than what is used 

currently in human subjects for single-dose imaging-based analyses, local concentrations can be 
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driven to much higher levels at tumor sites as part of a multi-dosing strategy, combinational 

treatment regimen, and/or by direct catheter infusion at the target site. Such a dosing schedule 

can be designed to yield maximum tumor-to-to-background ratios while reducing off-target 

toxicities and promoting efficient renal clearance. Notably, the leakiness of tumor vasculature 

may allow the accumulation of systemically injected nanoparticles in tumor tissues and also 

contributes to nutrient deprivation within tumors. Without having to be bound by theory, this 

further suggested that the synergism of nanoparticles and nutrient deprivation may be restricted 

to tumor sites in vivo. It was also found that different tumor cell lines apparently can differ in 

their sensitivity to the ferroptosis-inducing mechanism. For example, it was found that an 

ovarian cancer cell line, SKOV3, showed resistance to cell death by combined treatment of 

amino acid deprivation and a-MSH-PEG-C' dots (FIG. 6A). In contrast, HT1080 fibrosarcoma 

cells underwent a-MSH-PEG-C' dot nanoparticle-induced ferroptosis even under nutrient-replete 

conditions (FIGS. 4E-4F) and in amino acid-deprived conditions with 10-fold lower nanoparticle 

concentration (1.5 pM) (FIG. 6B). Targeted particle uptake into HT1080 cells, in this instance, 

presumably occurred via a non-specific endocytic route. As ferroptosis is an iron-dependent cell 

death, without having to be bound by theory, different susceptibilities may be due in part to the 

amount of iron that is available in cells. For example, iron is an essential component for cellular 

homeostasis but can also generate ROS that can damage organelles. Cells can regulate iron 

availability by uptake, export, or a shift from storage to the labile iron pool (LIP) and some of 

these processes are altered in cancer. The oncogenes c-myc and Ela reduce levels of ferritin, the 

main cytosolic iron storage protein, which can shift iron from storage to the metabolically active 

LIP, and repression of ferritin can stimulate Ras-dependent proliferation by activating DNA 
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synthesis. Ferroptosis-inducing drugs were initially discovered in a screen of small molecules 

that confer selective killing of Ras-driven tumor cells. Moreover, among the tested cancer cell 

lines above, HT1080 is the only cell line harboring a Ras mutation. Therefore, it will be 

determined if cancer cells with mutant Ras are generally more sensitive to nanoparticle 

treatment.  

[0181] Some nanomaterials (e.g., uncoated silica particles with diameters on the order of 

63 nm (e.g., an order of magnitude larger than C' dots)) have been shown to induce ROS in cells.  

In contrast, increased levels of either cytosolic or lipid ROS in cells treated for 24 hours with sub 

10-nm diameter a-MSH-PEG-C' dots were not detected (FIGS. 7A-7C). As described above, it 

was found that amino acid starvation and nanoparticle treatment both lower glutathione levels in 

cells, and also have an additive effect (FIGS. 7D-7E). Without having to be bound by theory, 

this data suggested that cell death in this context may be triggered at least in part by glutathione 

depletion similar to the ferroptosis-inducing agent erastin that inhibits glutathione production by 

limiting cysteine uptake.  

[0182] The nanoparticles used herein were surface-modified with aMSH peptides for 

targeting cancers in vivo. This modification also was shown to enhance cellular uptake (data not 

shown). This particle surface modification does not appear to be involved in ferroptosis because 

ferroptosis induction has also been observed with PEG-coated C' dots that are not modified with 

aMSH targeting ligands. However, death caused by PEG-coated C' dots without the aMSH 

modification occurred with slower kinetics within cell populations due to decreased rates of 

uptake of the base particles compared to those that are a-MSH-modified platforms in MCl -R 

expressing melanoma cells (FIG. 7F). On the other hand, particle size was found to play a critical 

role in the induction of ferroptosis under amino acid deprived conditions. Relative to the high 
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percentage of Sytox Green labeled HT1080 cells (e.g., 80%) found 48 hours after exposure to 

smaller diameter (-6 nm) PEGylated C' dots, the percentage of labeled cells found after 

incubation with larger diameter (-10 nm) particles was much lower, on the order of 25%, only 

slightly increased over non-treated cells (FIGS. 9A-9C).  

[0183] While conceivably the sensitivity of some cancers could lower the particle 

concentrations needed to exert an anti-tumor effect, it was also found that multiple high dose 

treatments are well tolerated. Evaluation of tumor, hepatic, renal, and hematologic specimens 

from particle- and vehicle-treated HT-1080- and 786-0-bearing mice was performed at the 

termination of the experimental examples. No significant group differences were found in 

complete blood counts, serum chemistries, and hepatic and renal histopathology, except for 

indirect and total bilirubin serum concentrations which were moderately elevated in particle

treated mice, as compared to control animals (Table 2, Table 3). However, no mechanism could 

be ascribed to this finding given the lack of hemolysis on complete blood counts and absence of 

liver injury on histopathology and serum chemistries. These findings therefore suggest that 

multiple high-dose a-MSH-PEG-C' dot treatments are well tolerated. The extent of macrophage 

staining among particle-treated (marked) and vehicle-treated (mild) tumor specimens is also 

summarized (Table 4).  

[0184] Table 2 shows metabolic concentration profiles, renal profiles, and hepatic 

function profiles in tumor-bearing mice.  
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Table 2 

HT1080 HT1080 786-0 786-0 
Particle- Saline Vehicle Particle-Exposed Saline Vehicle 
Exposed Male Female Female Male 
Female 

Na 
151 149 153 156 156 152 152 156 152 157 157 154 155 QNS QNS (mE q/L 

K 
8.1 9.2 8.2 9.6 9.3110.7 9.1 8.2 8.5 8.5 8.8 10.1 8.8 ONS ONS 

(mEq/L) 

Cl 
111 111 111 108 109 109 117 113 112 114 115 113 110 ONS ONS 

S(miq/L) 

.2 TC02 
- ~ (EL)26 24 26 13 23 21 18 23 23 14 11 10 18 ONS1 15 

(miEq L) 

Ca 
10.5 10.2 10.2 10.3 10.3 9.7 10.5 10.4 10.3 9.7 10.0 10.4 10.1 6.4 9.2 

(mg..dL) 

P 9.2 9.0 8.6 9.1 10.0 9.1 9.5 8.6 7.6 9.4 9.0 10.8 9.9 8.5 10.0 
(mng/dL) 

GLU 
, 179 184 192 108 153 149 216 164 215 142 208 224 210 149 160 

(mg/dL) 

-~BJJN 12 18 19 29 28j30i,19j2123 16 17 16 24 19 21 

Crea 
0.2 0.2 0.240.120.120.03 0.20 0.23 0.21 0.10 0.11 0.13 0.18 ONS ONS 

(mng/dL) 

ALP 
29 37 58 67 71 45 73 56 48 106 95 120 71 60 55 (U tL) 

8 AST 140 293 120 113 67 119 365 149 209 188 156 1100 68 214 43 
(U/L) 

ALT 
15 94 30 24 18 25 158 57 71 87 66 509 34 144 21 

(U/L) 

GGT 
0 0 0 

(U/L) 0 0 0 0 0 0 0 0 0 0 0 0 

TBIL 
0.8* 0.8* 0.9* 0.2 0.3 0.4 0.3 0.2 0.3 0.8* 0.7* 0.9* 0.2 0.2 0.1 

(mng/dL) 
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DBIL 
0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.0 0.0 

(mg/dL) 

IBII 
0.7* 0.7* 0.8* 0.2 0.3 0.4 0.3 0.2 0.2 0.7* 0.6* 0.8* 0.1 0.2 0.1 

(ng/dL) 

4.9 4.9 5.1 5.3 5.2 5.3 5.3 5.3 5.3 4.9 5.1 5.4 5.0 5.6 5.3 
(g/L) 

ALB 
3.8 3.9 3.9 3.3 3.1 3.1 3.3 3.2 3.2 3.1 3.2 3.3 2.9 3.3 3.0 

(g/L) __ 

GLOB 
1.9 2.0 2.0 2.0 2.1 2.2 2.0 2.1 2.1 1.8 1.9 2.1 2.1 2.3 2.3 

(g/dL) 

CHOL 86 83 88 82 98 104 99 108 118 72 71 88 99 67 90 
(mg'dL) 

TRIG 
94 74 96 89 159 127 84 88 85 95 94 94 89 151 92 

(mg/dL) 

CK 442 506 325 50 122 255 616 300 358 63 117 458 100 53 36 
(UL 

Na, sodium; K, potassium; Cl, chloride; TCO2, total carbon dioxide; Ca, calcium; P, 

phosphorus; GLU, glucose; BUN, blood urea nitrogen Crea, creatinine ;ALP, alkaline 

phosphatase; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gamma
glutamyl transferase; TBIL, total bilirubin; DBIL, direct bilirubin; IBIL, indirect bilirubin;TP, 
total protein; ALB, albumin, GLOB, globulin; CHOL, cholesterolTRIG triglyceride ; CK, 
creatine kinase; *, elevated relative to normal values 

[0185] Table 3 shows hematologic profiles in tumor-bearing mice 

Table 3 

786-0 786-0 
Particle-Exposed SalineVehicle 

Female Male 

RBC (M/p.L) 9.87 9.79 10.50 9.53 9.30 9.13 

HGB (g/dL) 15.3 15.0 16.5 14.4 14.2 14.0 

HCT(%) 52.1 52.0 57.4 49.8 48.7 48.2 

MCV (fl) 52.8 53.1 54.7 52.3 52.4 52.8 
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MCH (pg) 15.5 15.3 15.7 15.1 15.3 15.3 

MCHC (g/dL) 29.4 28.8 28.7 28.9 292 29.0 

RDW-SD(fL) 31.4 32.3 31.0 29.9 29.3 30.7 

RDW-CV(%) 23.5 23.5 23.0 22.5 22.2 22.3 

RET(K/kL) 436.3 470.9 573.3 487.9 444.5 454.7 

RET (%) 4.42 4.81 5.46 5.12 4.78 4.98 

PLT (K/ L) 908 650 682 365 294 985 

PDW (fL) 7.0 7.0 7.1 7.8 8.2 6.6 

MPV (fL) 6.2 6.1 6.5 6.7 6.9 6.1 

WBC (K/tL) 2.25 1.93 2.21 3.22 2.73 3.75 

NEUT (K/tL) 0.86 0.82 0.70 1.65 1.32 2.36 

LYMPH (K/L) 0.84 0.84 0.80 1.06 1.01 0.93 

MONO(Ki/L) 0.46 0.14 0.58 0.34 0.28 0.35 

EO (K/gL) 009 0.13 0.12 0.16 0.10 0.10 

BASO(K/gL) 0.00 0.00 0.01 0.01 0.02 0.01 

NEUT (%) 38.3 42.5 31.7 51.2 48.3 62.9 

LYMPH (%) 37.3 43.5 36.2 32.9 37.0 24.8 

MONO (%) 20.4 7.3 262 10.6 10.3 9.3 

EO (%) 4.0 6.7 5.4 5.0 3.7 2.7 

BASO (%) 0.0 0.0 0.5 0.3 0.7 0.3 

RBC, red blood cell; HGB, hemoglobin concentration; HCT, hematocrit; MCV, mean 
corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular 
hemoglobin concentration ; ROW-SD and ROW-CV, red blood cell distribution width standard 
deviation and coefficient of variance; RET, reticpLocyte relative and absolute counts; PLT, 
platelet count; POW, platelet distribution width; MPV, mean platelet volume; WBC, white blood 
cell; and relative and absolute counts of NEUT, neutrophils, LYMPH, lymphocytes, MONO, 
monocytes, EO, eosinophils, BASO, basophils 

[0186] Table 4 shows histopathologic profiles in tumor-bearing mice.  
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Table 4 

HT1080 HT1080 786-0 786-0 
Particle-Exposed Female Saline Vehicle Female Particle-Exposed Saline Vehicle 

Female Male 
SQ 

SQ tumor SQ tumor SQ tumor SQ tumor SQ tumor SQ tumor SQ tumor tumor 
Tumor consistent consistent consistent consistent consistent consistent consistent consist 
H&E with with with with with 786- with 786- with 786- tent 

HT1080 HTIO8O HT1080 HT1080 0 0 0 with 
786-0 

Tumor Marked Marked Mild Mild Marked Marked ND ND 
Mac2 

Hepatitis, 
histiocytic 

and 
neutrophil 

Liver N. -liN. N N. N. N N, N. N.  H&E MVFR: 
Extrame

dullary 
hematopo

iesis, 1.  
Cortical 
tubular 

Kidney Cortical necrosis 

H&E tubular N. N. N. N. N. and N.  
cyst, F, U. regenera

tion, 1, 
MF, U.  

SQ. subcutaneous; N, normal; Mac2, macrophage immunohistochemical marker; N: Normal, F: 
Focal, FE: Focally extensive, MF: Multifocal, MFR: Multifocal random, D: Diffuse, U: 
Unilateral, 1: Minimal, 2: Mild, 3: Moderate, 4: Marked.  

[0187] The mechanism whereby C dots contribute to ferroptosis can be determined to 

identify whether other kinds of nanomaterials may have similar effects to induce this form of cell 

death and whether other controlled variations in particle structure, composition, or surface 

chemical properties can alter, or even abrogate, induction of ferroptosis. Without wishing to be 

bound to any theory, the ability of nanoparticle-induced ferroptosis as a redox modulator of cell 

fate, as well as a mediator of tumor regression and growth inhibition, suggesting it can be 
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possible to exploit this process therapeutically to synchronously and selectively kill cancers 

sensitive to those cancers most susceptible to this mechanism.  

[0188] In certain embodiments, tumor vascularity influences particle delivery, nutrient 

and oxygen status, and treatment response. In certain embodiments, assessment of tumor 

vascularity across a variety of pre-clinical tumor types provides improved screening of models 

suitable for induction of cell death by ferroptosis. In certain embodiments, assessments identify 

appropriate combinatorial treatment paradigms.  

[0189] In certain embodiments, controlled variations in C' dot properties (e.g., structure, 

composition, or surface chemistry) either enhance, or abrogate, induction of ferroptosis. It was 

found, for example, that C' dot size plays a critical role in the magnitude of the effect observed 

under amino acid-deprived conditions (FIG. 9A). Smaller diameter (-6 nm) PEGylated C' dots 

led to a significantly higher percentage of Sytox Green labeled HT-1080 cells (about 80%) cells 

compared to that found for larger diameter (-10 nm) C' dots (about 25%).  

[0190] Further, while the response to liproxstatin-1 provides an example for ferroptosis 

as an anti-tumor mechanism in vivo, other mechanisms can be contributory, including but not 

limited to modulation of the tumor microenvironment, given marked macrophage recruitment to 

particle-treated tumors (FIGS. 5G and 5H, HT-1080; FIG. 9C, 786-0).  

[0191] In certain embodiments, combination therapies can be administered to a subject to 

promote ferroptotic induction. For example, a drug (e.g., TAS-102) can be administered to 

tumor cells, and then a sufficiently high concentration of nanoparticles can be administered to 

induce ferroptosis. Details on TAS-102 can be found in "Randomized Trial of TAS-102 for 

Refractory Metastatic Colorectal Cancer" by R. J. Mayer et al., NEJM, May 14, 2015, which 

contents are incorporated herein by reference. Moreover, the tumor can be deprived of hormones 
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(e.g., castration), and sufficiently high concentrations of nanoparticles administered to the tumor 

can induce and/or even enhance a ferroptotic cell death program relative to tumors not exposed 

to hormonal or inhibitor treatments.  

[0192] Without wishing to be limited to any particular theory, it is postulated that 

hormonal castration (and/or nutrient, e.g., amino acid deprivation) causes cells to compensate by 

over-expressing receptors that internalize particles in the neighborhood. In certain embodiments, 

the effect of iron on ferroptosis can be additionally utilized. For example, in alternative 

embodiments, certain cell types may not need to be metabolically or hormonally deprived to 

internalize nanoparticles for inducement of ferroptosis.  

Nanoparticle modulation of tumor microenvironment and macrophage plasticity activation 

[0193] Distinct macrophage subsets have been linked with either protective or pathogenic 

roles in cancer. Classically activated, "proinflammatory" M1 phenotype macrophages have roles 

in anti-tumor immunity, affording a protective role in tumorigenesis. These macrophages 

activate tumor-killing mechanisms and antagonize the suppressive activities of tumor associated 

macrophages and myeloid-derived suppressive cells. M1 macrophages are activated by Toll-like 

receptor ligands (such as lipopolysaccharide) and interferon-Y, which amplify helper T cell 

subtype THI responses, providing a positive feedback loop in the antitumor response. In 

addition, M1 macrophages express pro-inflammatory cytokines and inducible nitric-oxide 

synthase, among others. Alternatively, activated, "pro-resolving" macrophages (M2 

macrophages) have anti-inflammatory function, regulating wound healing. In addition, they 

suppress adaptive tumor-specific immune responses and promote tumor growth, invasion, 

metastasis, stroma remodeling and angiogenesis.  
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[0194] Silica nanoparticles, without and with tumor-targeting moieties (e.g., alpha 

melanocyte stimulating hormone) continue to be tested in animal models for assessing cell death 

programs (e.g., ferroptosis) and drug therapy. As described herein, small numbers of Mac-2 

positive macrophages, a murine macrophage marker were shown in the soft tissues surrounding 

control tumors by immunohistochemical staining, while particle-treated tumors were 

circumscribed by much larger numbers of Mac-2 positive cells in the same locations at both low 

and high magnification. This marked increase in the number of macrophages surrounding 

particle-treated tumors relative to that about control lesions has a role in disease protection and 

wound repair by engulfing cellular debris. It can be further acknowledged that macrophages are 

known to demonstrate a high degree of plasticity (e.g., represent a spectrum of activated 

phenotypes rather than discrete stable subpopulations) in response to local cues from the tumor 

microenvironment and can assume a spectrum of roles upon activation that are required for 

maintaining tissue homeostasis, including shifts in their function associated with tumor 

shrinkage.  

[0195] The described foregoing results, as well as associated tumor growth inhibition and 

shrinkage, were completely unexpected for this hybrid inorganic-organic platform that combines 

an ultrasmall silica nanoparticle size (e.g., 6 nm) with surface functionalities of varying net 

charge, size, and conformation. In certain embodiments, mechanisms relating to whether these 

results might be attributed solely to ferroptosis, or whether immunomodulation and/or other 

activated metabolic/non-immune processes within the tumor microenvironment played a role can 

be determined. Without wishing to be bound to any theory, C dot physicochemical properties 

(e.g., size, charge, attached surface chemical moieties) can modulate such processes in response 

to local cues from the tumor microenvironment.  
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[0196] In certain embodiments, a protein corona (e.g., IgG, albumin, etc) is determined to 

form about the particle surface following systemic administration leading to phenotypic 

activation of macrophages (e.g., pro-inflammatory (M1) and/or pro-resolving (M2)). In certain 

embodiments, differences in profiles of phenotypic activation of macrophages between particles 

extracted in blood/plasma specimens, murine tumor tissue, ex vivo human tumor tissue 

specimens are determined 

[0197] In certain embodiments, monocyte/macrophage response to the presence of 

particles is determined and/or controlled. In certain embodiments, the response of other 

components of the tumor microenvironment to achieve tumoricidal behavior is determined 

and/or controlled. In certain embodiments, surface chemistry of therapeutic nanoparticles 

influence monocyte/macrophage responses. In certain embodiments, surface chemistry of 

therapeutic nanoparticles is designed to control monocyte/macrophage responses.  

[0198] In certain embodiments, native and/or surface-functionalized ultrasmall silica 

nanoparticles (e.g., C dots) activate macrophages (e.g., M1 macrophages). In certain 

embodiments, high IL-12 levels are present, as IL-12 stimulates IFNy production by THI cells 

(e.g., IL-10 levels should be low). In certain embodiments, iNOS expression and levels of 

TNFa, GM-CSF, and LPS are measured. In certain embodiments, transcription factors (e.g., 

IRF-5, STAT-1) are measured. In certain embodiments, cytokines secreted by M1 cells (e.g., IL

1, IL-6, 11-15, IL-18, and IL-23) are measured. M1 macrophages secrete pro-inflammatory 

cytokines and chemokines attracting other types of immune cells and integrating/orchestrating 

the immune response. M1 macrophages also express high levels of major histocompatibility 

complex (MHC), costimulatory molecules, and Fc-YR.  
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[0199] In certain embodiments, upregulation and/or downregulation of genes linked to 

M1 phenotype occur. In certain embodiments, signaling pathways and/or immune effectors such 

as p38MAPK, p44/p42 MAPK, INK, upregulation of CD40, CD80, CD86 (e.g., co-stimulatory 

molecules), and I-A/I-E activation markers (e.g., B cell activation) is effected by native and/or 

surface-functionalized ultrasmall silica nanoparticles.  

[0200] In certain embodiments, macrophage activation depends on TLR4 (Toll-like 

receptor 4) and ROS signaling to kill cells. In certain embodiments, LPS-induced phenotype 

(e.g., expression profiling) occurs when exposed to native and/or surface-functionalized 

ultrasmall silica nanoparticles.  

[0201] In certain embodiments, functional effects of C dots on macrophage podosomes 

(e.g., actin-enriched cell surface structures enabling migration and invasion by delivering factors 

needed for extracellular matrix degradation formation and extracellular matrix degradation 

activity) can be determined.  

[0202] In certain embodiments, cancer-related inflammation can be targeted in patients 

using surface functionalized C dots.  

[0203] In certain embodiments, 'bad' and 'good' inflammatory processes are altered by 

C dot physiochemical properties to promote adaptive immunity instead of tumor development.  

[0204] In certain embodiments, drug delivery (or other therapies) are combined with 

native immunomodulation properties of C dots to increase the therapeutic potential of C dots in 

cancer treatment and/or tissue repair processes (e.g., wound healing).  

[0205] In certain embodiments, dose escalation studies with the dual-modality particle 

probes are used to investigate improvements in targeted therapeutic delivery, penetration, and 

maximum treatment response over the native drug for both dasatinib-NDCs in PDGFB-driven 
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gliomas and gefitinib-NDCs in EGFRmt+ preclinical flank / brain xenograft models; imaging 

findings are being confirmed histologically. Pharmacokinetic studies have also been performed 

with these agents to assess for unexpected toxicity and evaluate particle dosimetry. A separate 

cohort of mice can be injected with dual-modality particle probes to track drug vs particle 

delivery and distribution to monitor stability of the platform. Expected increased effective drug 

concentrations at tumor sites are based upon previously observed preferential tumor retention 

and the ability to quantitatively estimate therapeutic dosing requirements.  

Cell culture and constructs 

[0206] MEF and HT1080 cells were cultured in Dulbecco's modified Eagle's medium 

(DMEM) (MSKCC Media Preparation Facility) supplemented with 10% fetal bovine serum 

(FBS, Sigma, St. Louis, MO) with penicillin/streptomycin (Corning, Corning, NY). MCF1OA 

cells were cultured in DMEM/F12 (Gibco, Grand Island, NY) supplemented with 5% horse 

serum (Atlanta Biologicals, Flowery Branch, GA), 20 ng/ml EGF (Peprotech, Rocky Hill, NJ), 

10 [tg/ml insulin (Sigma), 0.5 [tg/ml hydrocortisone (Sigma), and 100 ng/ml cholera toxin 

(Sigma) with penicillin/streptomycin. M21, BxPC3, H1650, and 786-0 cells were cultured in 

RPMI-1640 (Gibco) supplemented with 10% FBS with penicillin/streptomycin. SKOV3 cells 

were cultured in McCoy's 5a modified medium (Gibco) supplemented with 10% FBS with 

penicillin/streptomycin. Amino acid-free medium was prepared by dialyzing heat-inactivated 

FBS (for MEF, HT1080, M21, BxPC3, H1650, and SKOV3 cells) or horse serum (for MCF1OA 

cells) for 4 h, followed by overnight incubation at 4'C in phosphate-buffered saline (PBS) in 

MWCO 3500 dialysis tubing (21-152-9; Fisherbrand, Pittsburgh, PA) and addition to base media 

prepared without amino acids. PRetro-Lampl-GFP was introduced into M21 cells by retroviral 

transduction, and stable cell lines were selected with puromycin (2 [tg mlh).  
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Reagents 

[0207] The following reagents were used at the indicated concentrations: Concanamycin 

A (ConA) (Sigma) 100 nM; SYTOX Green Nucleic Acid Stain (S7020; Invitrogen, Carlsbad, 

CA) 5 nM; Ferrostatin-1 (Fer-1) (EMD Millipore, Billerica, MA) 1 piM; Liproxstatin-1 

(Selleckchem) 1 ptM and 125 mg/kg for in vitro and in vivo, respectively; Deferoxamine (DFO) 

(Sigma) 100 ptM; Butylated hydroxyanisole (BHA) (Sigma) 50 piM; Ascorbic acid (Asc Acid) 

(Sigma) 200 ptM; Trolox (Sigma) 100 ptM; N-acetylcysteine (NAC) (Sigma) 10 mM; 

Glutathione (GSH) (Sigma) 5 mM; TNFa (Sigma) 100 ng/ml; Cycloheximide (CHX) (Sigma) 1 

[tg/ml and 50 tg/ml to induce necroptosis and apoptosis, respectively; zVAD (Sigma) 20 ptM; 

Necrostatin-1 (Sigma) 30 piM; Buthionine sulphoximine (BSO) (Sigma) 400 piM; Ferric 

ammonium citrate (FAC) (Sigma, F5879) 400 piM; Erastin (Sigma), 5 piM, C1I

BODIPY(581/591) 2 ptM (Invitrogen). Reagents were added to cultures at the start of biological 

assays with the exception of ConA which was added 1 hour prior to lysis for western blotting.  

Peptide synthesis 

[0208] A modified melanocortin-1 receptor targeting peptide Re(Arg 1)CCMSH with a 

double aminohexanoic acid (Ahx2) aliphatic linker and N-Ac-Cys was synthesized using 

standard solid phase Fmoc peptide chemistry. The rhenium-cyclized aMSH peptide analog, Ac

Cys1-(Ahx)2-dLys2-Re[Cys-Cys-Glu-His-dPhe-Arg-Trp-Cys]-Arg-Pro-Val-NH2, was analyzed 

and purified on a Beckman Coulter High Performance Liquid Chromatography (HPLC) system 

coupled with an LCQ FLEET Ion Trap Mass spectrometer (Thermo Fisher Scientific) and finally 

recovered by lyophilization.  
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Synthesis and characterization of a-MSH-PEG-C' dots 

[0209] aMSH is a neuroimmunomodulator, and its receptor, MCl-R, is present on 

macrophages. In certain embodiments, aMSH peptides are attached to nanoparticles (e.g., C' 

dots). In certain embodiments, a-MSH-PEG-C' dots are used for combinational therapy. For 

example, a-MSH-PEG-C' dots induce ferroptosis and provide immunomodulation via aMSH 

peptides.  

[0210] Fluorescent silica nanoparticles (C' dots) of different size, encapsulating the 

organic dye Cy5, were synthesized in water. aMSH peptides were conjugated to maleimido

terminated silane-polyethylene glycol (PEG) via its N-terminal acetylated cysteine thiol to form 

a-MSH-PEG. Conjugates were attached to the particle surface in the PEGylation step to 

generate aMSH functionalized C' dots, or a-MSH-PEG-C' dots. Synthesized particle samples 

were dialyzed in water and purified by gel permeation chromatography (GPC, Bio-Rad 

Laboratories, Inc, Hercules, California) prior to further characterization. Absorption and 

emission spectral profiles for the encapsulated and native Cy5 dye were obtained using a Varian 

Cary 5000 spectrophotometer (Varian, Palo Alto, CA) and a fluorescence spectrofluorometer 

(Photon Technology International, Inc, Birmington, NJ). Hydrodynamic radius, brightness, and 

concentration of a-MSH-PEG-C' dots, as against free Cy5 dye, were determined using a 

homebuilt fluorescence correlation spectroscopy (FCS) set up configured with a solid-state 633

nm excitation.  

Western blotting 

[0211] Cells were scraped into ice-cold RIPA buffer (50 mM Tris at pH 7.4, 150 mM 

NaCl, 2 mM EDTA, 1% NP40, 0.l1% SDS with protease inhibitor cocktail) and lysed for 10 min 

on ice. Lysates were then centrifuged at 15,870 g for 20 min at 4 'C and protein was quantified 
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by BCA assay (Pierce, Waltham, MA). Samples were separated on 15% polyacrylamide SDS

PAGE gels and transferred to a polyvinyldifluoride membrane which was blocked with TBST 

plus 5% BSA and incubated overnight at 4 'C with primary antibodies (anti-LC3A/B (4108; Cell 

Signaling, Danvers, MA) anti-FTH1 (3998; Cell Signaling), and anti-Actin (A1978; Sigma)), 

diluted in blocking buffer. Blots were incubated with horseradish peroxidase conjugated to 

secondary antibodies and protein was detected using enhanced chemiluminescence detection 

(Invitrogen). Densitometry analysis was carried out using ImageJ software (NIH).  

Time-lapse microscopy 

[0212] Cells were plated onto glass-bottom dishes (MatTek, Ashland, MA). Overnight 

and fluorescence and differential interference contrast (DIC) images were acquired every 30 min 

for indicated times using a Nikon TI-E inverted microscope, a CoolSNAP HQ2 CCD (charge

coupled device) camera (Photometrics, Tucson, AZ). A live-cell incubation chamber maintained 

cells at 37 'C and 5% CO 2 . NIS Elements software (Nikon, Melville, NY) was used. Cell fates, 

including cell survival, death, and proliferation, were manually quantified and processed using 

NIS Elements software and Image J.  

Glutathione quantification 

[0213] For glutathione measurements, HT-1080 cells were plated on 6 cm cell culture 

dishes, incubated with 15 pM a-MSH-tagged nanoparticles in amino acid-free DMEM + 10% 

dialyzed FBS and harvested approximately 2 hours before the expected time of death. As 

controls, cells were treated with a mix of 3 parts full or amino acid-free DMEM and 1 part H 20, 

or 100 pM BSO in full media. Cells were washed 3x with cold PBS and harvested through cell 

scraping in 50 p.L cold lysis buffer. Protein concentrations were measured using the BCA assay 

and sample volumes were adjusted so that each had the same final protein concentration. Total 
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glutathione was measured using the Glutathione Assay Kit (Cayman Chemicals, 703002) and 

reduced glutathione was measured using the QuantiChromm Glutathione Assay Kit (BioAssay 

Systems, DIGT-250) according to manufacturer's instructions.  

Analysis of reactive oxygen species 

[0214] Cells were treated with or without 15 [tM a-MSH-PEG-C' dots for 24 hours, then 

harvested and resuspended in 500 pL Hanks Balanced Salt Solution (HBSS) (Gibco) 

supplemented with either H2DCFDA (25 pM) or C 1-BODIPY(581/591) (2 pM) (both from 

Invitrogen) and incubated for 15 minutes at 370 C. Cells were then resuspended in 500 p.L of 

fresh HBSS and analyzed using the FLI channel of a flow cytometer (MoFlo, Beckman Coulter).  

Data were collected from a minimum of 10,000 cells per condition.  

Iron measurements 

[0215] For iron loading capacity measurements of C' dots, 50 pL a-MSH-PEG-C' dots 

(60 pM) were added to either 150 pL iron-containing media (8.6 pM) or to 150 pL FeCl 3 

solutions prepared over a range of iron (Fe 3*) concentrations (2 p.M to 2 mM, Table 1).  

Solutions were spun at room temperature (160 rpm) for 48 hours, followed by separation of free 

iron from C' dots using a PD-10 column, and eluting in water. Cellular samples were incubated 

with and without particles in media for 48 hours prior to centrifugation, pelleted, and washed 

three times prior to re-suspending in phosphate buffered saline solution. Iron measurements 

(parts per billion, ppb) were determined using Microwave Plasma - Atomic Emission 

Spectroscopy, along with iron-loading capacities. Iron loading capacity was computed as the 

ratio of the amount of iron in purified particle-exposed C' dots (or cells), divided by the total 

amount of initial iron measured prior to purification, and multiplied by 100. All experiments 

were performed in triplicate.  
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GPX4 Activity Assay 

The GPX4 specific activity assay was performed according to Roveri and colleagues. Briefly, 

frozen cell pellets were resuspended in 100 pL lysis buffer (100 mM KH 2PO4/K2HIPO 4, pH 7.4, 

1 mM EDTA, 150 mM KCl, 0.1 % CHAPS, 3 mM j-mercaptoethanol and protease inhibitor 

cocktail) and homogenized by 50 pestle strokes. Samples were incubated for 15 min on ice and 

cell debris was removed by centrifugation (20000 g and 10 min, 4'C). 50 pL of the supernatant 

from homogenized cells were used to measure the enzymatic activity in 1 ml of assay buffer (100 

mM TrisHCl pH 7.8 containing 5 mM EDTA, 0.1 % Triton X, 3 mM GSH, 200 ptM NADPH 

and 0.6 U/ml glutathione reductase) in the presence of 20 ptM phosphatidylcholine 

hydroperoxide (PCOOH). GPX4 activity is determined by the glutathione reductase-dependent 

consumption of NADPH detectable by a decrease in absorbance at 340 nm in a SpectraMax plate 

reader (Molecular Device GmbH). Protein content in the samples was determined by the 

colorimetric 660 nm Pierce Protein Assay method (Pierce, Waltham, MA).  

Animal models and tumor inoculation 

[0216] All animal experiments were performed in accordance with protocols approved by 

the Institutional Animal Care and Use Committee of Memorial Sloan-Kettering Cancer Center 

and followed NIH guidelines for animal welfare. Human melanoma (M21) xenografts were 

generated on the shaved flanks of immunodeficient male SCID/Beige (C.B-17/IcrHsd

PrkdcscidLystbgJ) mice (6-8 weeks old; Harlan Laboratories, South Easton, MA). Human 

sarcoma HT1080 and 786-0 flank xenografts (-2 x 106 cells/100 pil) were additionally generated 

using the same model for intravenous particle injection. Average initial tumor volumes of 45 

75 mm3 were used for all experiments.  
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In vivo dosing strategy and examination 

[0217] Five million M21 cells, cultured in serum-supplemented media, were 

subcutaneously implanted into the right flank of mice using a 23-gauge trocar needle to establish 

melanoma xenografts 2 days after particle exposure (n=3) or without exposure (n=3). In a 

subsequent study, mice were assigned to one of two different treatment groups to evaluate the 

response of HT-1080 and 786-0 tumors to high-concentrations (60 pM) of i.v.-injected a-MSH

PEG-C' dots (n=5 mice; 200 p.l) administered three times over a 10-day period (i.e., days 0, 4, 

7). Control HT-1080 and 786-0 mice (n=3) were administered 0.9% saline vehicle at the same 

time points. In a third treatment study, HT-1080 mice were assigned to one of two groups to 

evaluate response to three, high-concentration doses (60 pM) of i.v.-injected a-MSH-PEG-C' 

dots (n=3 mice; 200 p.l) alone or following intraperitoneal administration of liproxstatin-1 (n=3 

mice, 125 mg/kg) over a 10-day period. Tumor sizes were measured using calipers over the 

treatment interval. All mice were examined by palpation at the site of tumor cell inoculation, 

and were observed daily over until the termination of tumor growth studies for signs of 

morbidity or mortality. Two perpendicular diameters (d, < d 2) of the tumor used to calculate the 

tumor volume (V; 4/3 r d Id 2/8) were measured with calipers daily following the injection of 

cells.  

Fluorescence Imaging 

[0218] Animals were anesthetized using isoflurane and whole body optical fluorescence 

imaging was acquired to identify nanoparticle fluorescence at the tumor site. Mice were scanned 

for 0.1 to 1 seconds using the IVIS Spectrum photon-counting device optical imaging system 

(Xenogen, Alameda, CA) with the blocks and filters for Cy5 fluorescence (excitation 650 nm, 

emission 680 nm) and for background fluorescence (excitation 465 nm, emission 600 nm), 
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selected according to the manufacturer's recommendations. Fluorescence background was 

likewise subtracted according to the manufacturers' instructions. Fluorescence signal was 

reported as radiant efficiency ((photons/s/cm 2/sr)/(mW/cm 2).  

Histopathologic Analysis 

[0219] Immediately after terminating the in vivo imaging study, HT-1080 and 786-0 

male and female mice were euthanized by CO 2 inhalation, and representative particle-exposed 

(n=2) and control (n=1) tumors, as well as hepatic and renal specimens, were excised at 

necropsy. Hematologic specimens were additionally obtained for complete blood counts and 

serum chemistries. Excised tumors, livers, and kidneys were fixed in 10% neutral buffered 

formalin for 24 hours, processed in alcohol and xylene, embedded in paraffin, sectioned at 5

micron thickness, and stained with hematoxylin and eosin (H&E). Additional sections were 

stained by immunohistochemistry for Mac-2 (primary antibody Cedarlane CL8942B applied at 

concentration of 1:100 following heat-induced epitope retrieval [HIER] in a pH 6.0 buffer), 

myeloperoxidase (Dako A03 98, 1:1000, HIER pH 6.0), cleaved caspase-3 (Cell Signaling 

Technology 9661, 1:250, HIER pH6.0), and Ki-67 (Abcam ab16667, 1:100, HIER pH 9.0).  

Mac-2 staining was performed manually with an avidin-biotin detection system (Vectastain ABC 

Elite Kit, Vector Laboratories, PK-6100). Other stains were performed on a Leica Bond RX 

automated stainer using the Bond Polymer Refine detection kit (Leica Biosystem DS9800).  

Tumor sections were also stained by the TUNEL method as previously described. All slides 

were examined by a board-certified veterinary pathologist.  

Tumor Vascularity Assessment 

[0220] Tumor vascularity was assessed by staining HT-1080 tumors by 

immunohistochemistry for CD31 on a Leica Bond RX automated staining platform (Leica 
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Biosystems). Following heat-induced epitope retrieval at pH 9.0, the primary antibody (rat 

monoclonal, catalog #DIA-3 10; Dianova) was applied at a concentration of 1:250 and was 

followed by application of a polymer detection system (Novocastra Bond Polymer Refine 

Detection, Leica Biosystems).  

Statistics 

[0221] Volume-time profiles were compared between the two treatment groups using 

robust standard errors calculated using by a generalized estimating equations approach. Particle

treated tumor growth profiles, with and without a pharmacological inhibitor to ferroptosis, 

liproxstatin- 1, were compared using a linear model. The longitudinal aspect of the data was 

taken into account by using generalized estimating equations. Statistical significance was 

assigned to be P < 0.05.  
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What is claimed is: 

1. A method of treatment of a subject, the method comprising: 

administering nanoparticles for accumulation at sufficiently high concentration in tumor 

tissue to induce ferroptosis (e.g., ferroptotic cell death involving iron-dependent necrosis or 

reactive oxygen species-dependent necrosis).  

2. The method of claim 1, wherein the nanoparticles comprise ultrasmall nanoparticles 

(e.g., C dot, e.g., C' dot).  

3. The method of claim 1 or 2, wherein the high concentration is greater than 1 piM, e.g., 

greater than 15 piM, e.g., greater than 60 piM.  

4. The method of any one of the preceding claims, wherein the high concentration is a 

local concentration within a range from 0.18 p.M to 1.8 p.M in the tumor tissue (e.g., wherein the 

high concentration is a local concentration in the tumor tissue of at least 0.18 piM, at least 0. 3 

piM, at least 0.4 piM, at least 0.5 piM, or at least 0.6 piM; e.g., wherein the nanoparticles are 

silica-based, e.g., wherein the nanoparticles are C dots or C' dots).  

5. The method of any one of the preceding claims, wherein the tumor tissue is sufficiently 

amino acid (or metabolically) deprived.  

6. The method of any one of the preceding claims, wherein the tumor tissue is sensitized 

to the induction of ferroptosis.  
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7. A method of combinational treatment of a subject, the method comprising: 

administering a drug for transport to (and/or accumulation in) a tumor tissue; and 

administering nanoparticles for accumulation at sufficiently high concentration in the 

tumor tissue (to induce ferroptosis).  

8. The method of claim 7, wherein the drug comprises a chemotherapeutic agent (e.g., TAS

102).  

9. The method of claim 7 or 8, wherein the nanoparticles comprise ultrasmall 

nanoparticles (e.g., C dot, e.g., C' dot).  

10. The method of any one of claims 7 to 9, wherein the high concentration is greater than 

1 piM, e.g., greater than 15 piM, e.g., greater than 60 piM.  

11. The method of any one of claims 7 to 9, wherein the high concentration is a local 

concentration within a range from 0.18 p.M to 1.8 p.M in the tumor tissue (e.g., wherein the high 

concentration is a local concentration in the tumor tissue of at least 0.18 piM, at least 0. 3 piM, at 

least 0.4 piM, at least 0.5 piM, or at least 0.6 piM; e.g., wherein the nanoparticles are silica-based, 

e.g., wherein the nanoparticles are C dots or C' dots).  

12. The method of any one of claims 7 to 11, wherein the tumor tissue is sufficiently amino 

acid (or metabolically) deprived.  
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13. The method of any one of claims 7 to 11, wherein the tumor tissue is sensitized to the 

induction of ferroptosis.  

14. The method of any one of claims 7 to 13, wherein administering the drug and 

administering the nanoparticles are accomplished by administering a composition comprising 

both the drug and the nanoparticles.  

15. The method of any one of claims 7 to 14, wherein the composition comprises 

nanoparticle drug conjugates.  

16. A method of combinational treatment of a subject, the method comprising: 

depriving a tumor tissue (e.g., prostate cancer tissue) of hormones; and 

administering nanoparticles for accumulation at sufficiently high in the tumor tissue to 

induce ferroptosis.  

17. The method of claim 16, wherein the tumor tissue is deprived of hormones via castration 

(e.g., chemical castration).  

18. The method of claim 16 or 17, wherein the nanoparticles comprise ultrasmall 

nanoparticles (e.g., C dot, e.g., C' dot).  
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19. The method of any one of claims 16 to 18, wherein the high concentration is greater 

than 1 piM, e.g., greater than 15 piM, e.g., greater than 60 piM.  

20. The method of any one of claims 16 to 18, wherein the high concentration is a local 

concentration within a range from 0.18 p.M to 1.8 p.M in the tumor tissue (e.g., wherein the high 

concentration is a local concentration in the tumor tissue of at least 0.18 piM, at least 0. 3 piM, at 

least 0.4 piM, at least 0.5 piM, or at least 0.6 piM; e.g., wherein the nanoparticles are silica-based, 

e.g., wherein the nanoparticles are C dots or C' dots).  

21. The method of any one of claims 16 to 20, wherein the tumor tissue is sufficiently 

amino acid (or metabolically) deprived.  

22. The method of any one of claims 16 to 20, wherein the tumor tissue is sensitized to the 

induction of ferroptosis.  

23. The method of any one of the preceding claims, wherein the tumor tissue is selected from 

the group consisting of renal, prostate, melanoma, pancreatic, lung, fibrosarcoma, breast, brain, 

ovarian, and colon tumor tissue.  

24. The method of any one of the preceding claims, wherein the tumor pancreatic tissue 

comprises BxPC3 cells.  
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25. The method of any one of the preceding claims, wherein the tumor lung tissue comprises 

H1650 cells.  

26. The method of any one of the preceding claims, wherein the nanoparticles have an 

average diameter no greater than 15 nm.  

27. The method of any one of the preceding claims, wherein the nanoparticles have an 

average diameter no greater than 10 nm.  

28. The method of any one of the preceding claims, wherein the nanoparticles have an 

average diameter from about 5 nm to about 7 nm (e.g., about 6 nm).  

29. The method of any one of the preceding claims, wherein the nanoparticles comprise from 

1 to 20 targeting moieties, wherein the targeting moieties bind to receptors on tumor cells (e.g., 

wherein the nanoparticles have an average diameter no greater than 15 nm, e.g., no greater than 

10 nm, e.g., from about 5 nm to about 7 nm, e.g., about 6 nm).  

30. The method of any one of the preceding claims, wherein the 1 to 20 targeting moieties 

comprises alpha-melanocyte-stimulating hormone (aMSH).  

31. The method of any one of the preceding claims, wherein the nanoparticles comprise a 

targeting moiety (e.g., aMSH).  
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32. The method of any one of the preceding claims, wherein the nanoparticles are 

administered multiple times over the course of treatment.  

33. The method of any one of the preceding claims, further comprising administering the 

nanoparticles every 3 or 4 days over the course of treatment.  

34. The method of any one of the preceding claims, wherein the administered nanoparticles 

have a drug (e.g., a chemotherapeutic agent) attached.  

35. The method of any one of the preceding claims, wherein the drug is attached via a linker 

moiety (e.g., attached covalently or non-covalently).  

36. The method of any one of the preceding claims, wherein drug delivery combines with 

native immunomodulation properties of the administered nanoparticles (e.g., wherein the 

nanoparticles comprise a-MSH-PEG-C' dots, e.g., wherein a-MSH is bound to a surface of the 

nanoparticles) (e.g., wherein the nanoparticles comprise an organic-polymer coating (e.g., 

polyethylene glycol (PEG))) to increase the therapeutic potential of C dots in cancer treatment 

and/or tissue repair processes (e.g., wound healing).  

37. A composition comprising nanoparticles (e.g., ultrasmall nanoparticles, e.g., C dot, e.g., 

C' dot) for use in a method of treating a subject, 

wherein the treating comprises delivering the composition to a tumor tissue of the subject 

for accumulation at sufficiently high concentration (e.g., greater than 1 piM, e.g., greater than 15 
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piM, e.g., greater than 60 p.M) in tumor tissue (e.g., wherein the high concentration is a local 

concentration within a range from 0.18 p.M to 1.8 p.M in the tumor tissue) (e.g., wherein the high 

concentration is a local concentration in the tumor tissue of at least 0.18 piM, at least 0. 3 piM, at 

least 0.4 piM, at least 0.5 piM, or at least 0.6 piM; e.g., wherein the nanoparticles are silica-based, 

e.g., wherein the nanoparticles are C dots or C' dots) (e.g., that is sufficiently amino acid (or 

metabolically) deprived or otherwise sensitive to the induction of ferroptosis) to induce 

ferroptosis.  

38. A composition comprising nanoparticles (e.g., ultrasmall nanoparticles, e.g., C dot, e.g., 

C' dot) for accumulation at sufficiently high concentration (e.g., greater than 1 piM, e.g., greater 

than 15 piM, e.g., greater than 60 p.M) in tumor tissue (e.g., wherein the high concentration is a 

local concentration within a range from 0.18 p.M to 1.8 p.M in the tumor tissue) (e.g., wherein the 

high concentration is a local concentration in the tumor tissue of at least 0.18 piM, at least 0. 3 

piM, at least 0.4 piM, at least 0.5 piM, or at least 0.6 piM; e.g., wherein the nanoparticles are 

silica-based, e.g., wherein the nanoparticles are C dots or C' dots) (e.g., that is sufficiently amino 

acid (or metabolically) deprived or otherwise sensitive to the induction of ferroptosis) to induce 

ferroptosis for use in therapy.  

39. A first composition comprising a drug (e.g., a chemotherapeutic agent, e.g., TAS 102) 

and a second composition comprising nanoparticles (e.g., ultrasmall nanoparticles, e.g., C dot, 

e.g., C' dot) for use in a method of treating a subject, 

wherein the treating comprises 
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delivering the first composition for transport to (and/or accumulation in) a tumor 

tissue of the subject; and 

delivering the second composition to the tumor tissue of the subject for 

accumulation at sufficiently high concentration (e.g., greater than 1 piM, e.g., greater than 

15 piM, e.g., greater than 60 p.M) in tumor tissue (e.g., wherein the high concentration is a 

local concentration within a range from 0.18 p.M to 1.8 p.M in the tumor tissue) (e.g., 

wherein the high concentration is a local concentration in the tumor tissue of at least 0.18 

piM, at least 0. 3 piM, at least 0.4 piM, at least 0.5 piM, or at least 0.6 piM; e.g., wherein 

the nanoparticles are silica-based, e.g., wherein the nanoparticles are C dots or C' dots) 

(e.g., that is sufficiently amino acid (or metabolically) deprived or otherwise sensitive to 

the induction of ferroptosis) to induce ferroptosis.  

40. A first composition comprising a drug (e.g., any chemotherapeutic agent, e.g., TAS 102) 

for transport to (and/or accumulation in) a tumor tissue of a subject; 

and a second composition comprising nanoparticles (e.g., ultrasmall nanoparticles, e.g., C 

dot, e.g., C' dot) for accumulation at sufficiently high concentration (e.g., greater than 1 piM, 

e.g., greater than 15 piM, e.g., greater than 60 p.M) in tumor tissue (e.g., wherein the high 

concentration is a local concentration within a range from 0.18 p.M to 1.8 p.M in the tumor 

tissue) (e.g., wherein the high concentration is a local concentration in the tumor tissue of at least 

0.18 piM, at least 0. 3 piM, at least 0.4 piM, at least 0.5 piM, or at least 0.6 piM; e.g., wherein the 

nanoparticles are silica-based, e.g., wherein the nanoparticles are C dots or C' dots) (e.g., that is 

sufficiently amino acid (or metabolically) deprived or otherwise sensitive to the induction of 

ferroptosis) to induce ferroptosis 
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for use in therapy.  

41. A composition comprising nanoparticles (e.g., ultrasmall nanoparticles, e.g., C dot, e.g., 

C' dot) for use in a method of treating a subject, 

wherein the treating comprises 

depriving a tumor tissue (e.g., prostate tissue) of the subject of hormones (e.g., via 

castration (e.g., chemical castration)); and 

delivering the composition to the tumor tissue of the subject for accumulation at 

sufficiently high concentration (e.g., greater than 1 piM, e.g., greater than 15 piM, e.g., 

greater than 60 p.M) in tumor tissue (e.g., wherein the high concentration is a local 

concentration within a range from 0.18 p.M to 1.8 p.M in the tumor tissue) (e.g., wherein 

the high concentration is a local concentration in the tumor tissue of at least 0.18 piM, at 

least 0. 3 piM, at least 0.4 piM, at least 0.5 piM, or at least 0.6 piM; e.g., wherein the 

nanoparticles are silica-based, e.g., wherein the nanoparticles are C dots or C' dots) (e.g., 

that is sufficiently amino acid (or metabolically) deprived or otherwise sensitive to the 

induction of ferroptosis) to induce ferroptosis.  
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