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CHAPTER 1. Introduction 

1.1 Cancer and cancer immunotherapy 

Cancer, the dysregulatory metabolism and aberrant growth of cells,1 is currently the second 

leading cause of death in the United States, with 1.8 million new cases diagnosed and 0.6 million 

cancer-related deaths in 2019.2-3 Therapeutic effects of various regimens such as surgery,4-6 

chemotherapy,7-8 and radiotherapy9-10 have shown considerable 5-year survival rates, yet are still 

unsuccessful in achieving long-term remission for many cancer patients. The reasons behind 

cancer’s evasiveness in treatment are multifaceted. First, the recurrence of many cancer types are 

untreatable and lethal.11-13 Second, treatments including surgery, chemotherapuetics or local 

radiation frequently promote tumor metastasis, which fails to respond to further treatments.14-15 

Third, the quality of life of cancer patients suffering from side effects of chemotherapeutics16-17 or 

tumor ablation18-19 is undesirable. Alongside conventional cancer therapies, cancer 

immunotherapies – in particular, checkpoint blockade immunotherapy (CBI) – have received 

intense interest in the past decade due to their ability to elicit durable therapeutic responses with 

manageable side effects by awakening patient’s own immune system to fight cancer.20-21  

The immune system functions as the first line defense against cancer via immune surveillance 

to identify and eliminate nascent tumor cells.22 Generally, there are three aspects of the immune 

system that function as the primary defense in the prevention of tumors. First, immune systems 

can eliminate pathogen-induced inflammation and prevent the establishment of an inflammatory 

environment, which promotes tumor growth and invasion.23-24 Second, many cancers have been 

found to be associated with viruses, such as human papillomavirus (HPV)-positive head and neck 
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cancer25 and hepatitis virus-associated liver cancer,26 among others. The immune system prevents 

(via skin, mucosa), suppresses, and eliminates (via leukocytes) viral infections to protect the host 

from viral-induced tumors. Third, the immune system can specifically discriminate tumor cells 

from normal cells based on the expression of tumor antigens (TAs), including tumor-associated 

antigens, tumor-specific antigens, and other molecules induced by cellular stress. Identified 

nascent tumor cells are then cleaned up by the immune system to maintain host homeostasis. 

 

Figure 1-1 The immune-oncology cycle. This cycle starts with the release of antigens by cancer 
cells, antigen presentation by APCs, T cell activation in lymph node, T cell trafficking and tumor 
infiltration, and ends with the killing of cancer cells by immune cells. Reprinted with permission 
from Immunity, 2013, 39, 1–10. Copyright 2013 Elsevier Inc. 
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As shown in Figure 1-1, the process of activation of anti-tumor immunity is presented as an 

immune-oncology cycle.27 The cycle is initiated with immunogenic cell death to release TAs. Then, 

danger associated molecular patterns (DAMPs), such as pro-inflammatory cytokines and 

chemokines, are released by the dying tumor cells and recruit antigen presenting cells (APCs) such 

as macrophages and dendritic cells (DCs) to capture and process TAs. Matured APCs travel to the 

tumor-draining lymph nodes (TDLNs) with antigens captured on major histocompatibility 

complex (MHC) molecules and present TAs to T cell receptors (TCR) on T cells in the TDLNs, 

leading to the priming and activation of effector T cell responses against TAs. Finally, the activated 

effector T cells traffic to the tumor site, infiltrate the tumor bed, and bind specifically to tumor 

cells through the interaction between TCR and TAs on tumor cell surface leading to apoptosis and 

the release of more TAs. The whole cycle functions as an established anti-tumor immune response 

with great breadth and depth. 

Unfortunately, in cancer patients immune-oncology cycles appear abnormally in one or more 

steps. First, tumors exhibit less mutation burden,28 express fewer TAs,29 or release fewer TAs for 

the immune system to recognize due to non-immunogenic tumor microenvironments.30 Second, 

advanced tumors develop mechanisms to escape from immune surveillance and avoid elimination 

by immune cells.31 These so-called tumor immunoediting processes include dysregulating normal 

signaling pathways, hijacking immune suppressive cells/cytokines, and depleting effector 

cells/molecules.32 For example, tumor cells frequently upregulate immune checkpoint cytotoxic 

T-lymphocyte-associated protein 4 (CTLA-4) to interact with co-stimulatory ligands CD80/CD86 

on APCs.33 The hijack of the CD80/86-CD28 axis by tumor cells suppresses APCs, which in turn 

dampens antigen presentation and results in fewer activated effector T cells.34 Another immune 

checkpoint, programmed cell death protein 1 (PD-1) and its two ligands (PD-L1 and PD-L2) is a 
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critical negative regulatory pathway frequently exploited for immunosuppression. The interaction 

of PD-1 with either of its ligands inhibits kinase signaling pathways that are responsible for T cell 

activation, stunting effector T cell activity in tumors.35-36 The upregulated PD-L1 on tumor cells 

not only negates recognition by effector T cells37 but also expands regulatory T cells (Tregs), a 

subset of immunosuppressive T cell,38 leading to a more immunosuppressive tumor 

microenvironment.  

Cancer immunotherapy, the strategy focusing on inhibition of immunosuppressive pathways 

and activation of immunostimulatory pathways, is becoming an important treatment modality 

alongside surgery, radiotherapy, and chemotherapy for certain cancers.21, 39 The history of cancer 

immunotherapy traces back to the late nineteenth century, where William Coley, an American 

bone surgeon, found that intratumoral injections of killed bacteria presented anti-tumor therapeutic 

effects.40 The so-called “Coley’s Toxin” was a promising outcome as monotherapy with 50% of 

total 104 patients with soft-tissue sarcoma showing complete tumor regression and more than 5-

year survival.41 Approximately 20% of patients were cured and survived over 20 years due to 

Coley’s pioneering work in cancer immunotherapy.42  

The aim of cancer immunotherapy, then, is to activate or recover the immune-oncology cycle 

with self-sustainability to induce and propagate anti-tumor immunity in a restrained manner.27 For 

example, small molecule oral drug NLG919 inhibits immunoregulatory enzyme indoleamine 2,3-

dioxygenase (IDO),43 which establishes immune tolerance by inducing T cell anergy and apoptosis, 

leading to attenuation of T cell inhibition.44 Toll-like receptor agonists such as CpG 

oligodeoxynucleotides (CpG ODNs)45 and imiquimod46 signal DC maturation to promote antigen 

presentation, stimulating the adaptive immune response. One potent immunotherapy, checkpoint 
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blockade immunotherapy, blocks the aforementioned immunosuppressive T cell regulating 

pathways to enhance systemic anti-tumor immune responses.47  

Monoclonal checkpoint inhibitors targeting CTLA-4, PD-1, and PD-L1 have restored systemic 

anti-tumor immunity in a certain portion of patients, leading to the US Food and Drug 

Administration (FDA) approval of several antibody therapeutics, including anti-CTLA-4 antibody 

Ipilimumab48, anti-PD-1 antibodies Pembrolizumab49, Nivolumab50 and Cemiplimab51, and anti-

PD-L1 antibodies Atezolizumab52, Avelumab53 and Durvalumab54 as effective therapies for 

clinical use. Clinical success has primarily been found in a subset of immunogenic tumors, 

including melanomas, non-small cell lung cancer, and genitourinary cancers.55-58 However, 

targeting regulatory immune checkpoints alone does not elicit sufficient or effective responses for 

most solid tumors, partly due to the low expression of PD-L1 on tumor cells59 and/or inadequate 

T cell infiltration into the cancerous tissues60 in non-immunogenic tumors. As a result, discovering 

alternate therapies to turn these so-called “cold” tumors “hot” has emerged as a promising direction 

for cancer immunotherapy research in the past few years.61  

The combination of CBI with conventional cancer therapies has been under intense 

investigation, since cell death caused by other therapies may potentiate release of TAs and DAMPs 

to initiate T cell activation.58 For example, there are over a hundred clinical trials on the 

combination of radiation therapy with anti-CTLA-4 or anti-PD-1/PD-L1 antibodies62-63, while 

studies of chemotherapy in combination with immunotherapeutics are also ongoing.64 

Immunomodulatory adjuvant treatments are thus being actively pursued to synergize with CBI to 

break immune tolerance and potentiate host anti-tumor immunity in a broader population of 

patients (Figure 1-2).  
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Figure 1-2 The landscape analysis of immunostimulatory adjuvant therapies to combine with anti-
PD-1/L1 CBI in clinical trials. The size of the bubble correlates to the number of trials. Data from 
https://cancerresearch.org/scientists/clinical-accelerator/landscape-of-immuno-oncology-drug-
development. Copyright Cancer Research Institute. 
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1.2 Immunoadjuvant therapy 

In immunology, adjuvants refer to any substance that can potentiate or regulate the immune 

responses to an antigen.65 The word “adjuvant” comes from the Latin word adiuvare, meaning to 

help.66 Immune adjuvants have a long history in vaccine manufacturing. As the first clinical use 

of immunotherapeutics, Coley’s toxin, a mixture of killed bacteria, essentially initiates local 

inflammation and releases pro-inflammatory molecules such as tumor necrosis factor- (TNF-) 

to awaken host immunity to tumorigenesis.67 Therefore, immunoadjuvant therapy, or 

immunostimulatory adjuvant therapy, focuses on stimulating inflammatory responses to synergize 

with CBI to revigorate self-sustained anti-tumor immunity.  

 

Figure 1-3 In ICD, exposure of CRT, release of HMGB-1, secretion of ATP, TAs and HSP induce 
the engulfment of cell corpses and debris by APCs (mainly DCs) to stimulate DC maturation. 
Activated DCs can then prime T cells and adaptive immune responses. Adapted with permission 
from Angewandte Chemie International Edition, 2019, 58, 670-680. Copyright 2019 John Wiley 
& Sons, Inc. 

Immunoadjuvant therapies are mainly categorized into two subgroups: cancer vaccines and 

ablative cancer treatments. The former directly immunizes the host with TAs and immune 

adjuvants, while the later, utilizing ROS via radiation, photodynamic process or Fenton-like 
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reaction, converts tumor to an immunogenic hotbed as in situ cancer vaccination by causing tumor 

cell death in an immunogenic way.68-69 The immunogenic cell death (ICD) process is characterized 

by the release of TAs and DAMPs, while local inflammation promotes immunostimulation or 

subverts immunosuppression for APC maturation, antigen presentation, T cell expansion and 

tumor infiltration of effector T cells to synergize with CBI. During the ICD process, calreticulin 

(CRT), a chaperone protein abundant in the endoplasmic reticulum (ER), transposes to the cell 

surface in response to ER stress. CRT exposure on the cell membrane serves as an “eat-me” signal 

for macrophages and immature DCs to engulf dying tumor cells and their apoptotic debris.70 In 

addition, high mobility group box-1 (HMGB-1), a nucleosome-associated chromatin binding 

protein, is also released from dead cells to interact with toll-like receptor-4 on DCs for DC 

maturation and TA presentation.71  Adenosine triphosphate (ATP), an essential biomolecule for 

energy storage and conversion, is a third component secreted from dying tumor cells to activate 

inflammasomes and DCs.72 Higher levels of CRT exposure, HMGB-1 release and ATP secretion 

as well as heat shock proteins (HSPs)73 as DAMPs provide indicators for ICD (Figure 1-3).74 

 

1.2.1 Cancer vaccine 

The principle and methodology of using vaccines for immunization lasts over centuries in the 

human history of fighting against infectious disease and pandemics.75-76 Recently, the success of 

cancer vaccines to prevent cancers associated with exposure to viruses encouraged a more 

straightforward way to immunize hosts with tumor antigens (TAs) for both prevention and 

treatment.77 Ideally, the deliberate vaccination of host immunity with TAs can overcome the 

insufficient exposure of immune cells to tumor antigens. DAMPs78 or PAMPs79 are usually packed 
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with TAs as immune adjuvants to facilitate immune response. For several decades, cancer vaccines 

have been explored to amplify tumor-specific T cell responses.80 In particular, tumor antigen-based 

cancer vaccines have been widely investigated in the clinic, leading to the approval of the prostatic 

acid phosphatase based prostate cancer vaccine Sipuleucel T by FDA.81  

However, traditional approaches to cancer vaccine development face several significant 

hurdles, including tumor heterogeneity with various somatic mutations and hence varied tumor 

antigens among patients,82-83 ineffective delivery of peptide-based tumor antigens to lymph nodes 

due to rapid renal clearance and enzymatic degradation,84 inefficient internalization of tumor 

antigens by APCs,85 and the ability of tumors to escape from immune surveillance via mechanisms 

such as the PD-1/PD-L1 axis.86 

Personalized vaccines with neo-antigens or autologous whole tumor lysates as patient-specific 

cancer immunotherapies can overcome tumor heterogeneity,87 but their production processes are 

lengthy, complicated, and expensive.88 One promising strategy to improve personalized cancer 

vaccination uses immunostimulatory treatments to generate tumor antigens in situ, which can 

afford systemic antitumor immune responses in a personalized fashion and modulate local tumor 

microenvironments to relieve immunosuppression.89 For instance, intratumoral injection of 

oncolytic viruses such as talimogene laherparepvec (T-VEC) inflicts direct cytotoxic effects on 

cancer cells and recruits DCs for antigen presentation, acting as in situ cancer vaccines with limited 

side effects90. Due to potential bio-safety concerns, non-viral treatments with potent anti-tumor 

effects, such as phototherapy, radiotherapy, chemotherapy and other treatment releasing TAs, 

generating DAMPs, or delivering PAMPs are also actively pursued to induce immunogenic cell 

death.91 
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1.2.2 Radiotherapy 

Radiotherapy (RT) is an effective local treatment prevalently used across many cancer types 

in the clinic. This powerful therapeutic modality kills cancer cells by generating hydroxyl radicals 

via radiolysis and causing DNA double strand breaks upon ionizing energy,92 which is highly 

tissue penetrating. Nearly half of all patients will benefit from radiotherapy, with approximately 

half receiving treatment with curative intents and half for palliation. However, the radiation dose 

has to be precisely controlled to balance therapeutic benefit and toxic side effects.93-94 

For years, RT was regarded as immunosuppressive because of the higher sensitivity of T 

lymphocytes to ionization radiation compared to tumor cells.95 The local treatment was 

demonstrated to not only directly kill tumor resident T cells96 but also promote a more 

immunosuppressive tumor microenvironment.97-98 For example, the standard of care for patients 

receiving organ transplants is to first treat individuals with radiation to weaken the immune system 

to avoid graft-versus-host disease, the rejection of the donated organ to hosts after 

transplantation.99 Recently, however, high-dose, hypofractionated RT has been studied as an 

immunomodulatory adjuvant treatment with abscopal effect. To date, over a hundred of clinical 

trials are ongoing to exploit the synergy between hypofractionated RT and immune checkpoint 

blockade.100-102  

As a local therapy, RT inflicts ionization damage to tumor tissues in an X-ray dose-dependent 

manner, with efficacy usually limited by the maximum radiation dose that can be given to a tumor 

mass without incurring significant injuries to neighboring tissues or organs.10 Hypofractionated 

RT with relatively high daily doses of 5–10 Gy and a shortened treatment duration can also trigger 

a local immune response by releasing immunostimulatory signals to increase T cell infiltration to 
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the tumor.103-106 The reported RT-induced upregulation of PD-L1 in tumors further supports the 

combination of anti-PD-L1 checkpoint blockade with hypofractionated RT.107-108  However, the 

immunostimulatory effects of hypofractionated RT are achieved at the expense of damaging side 

effects on surrounding tissues.109 Furthermore, the dosing schedule of hypofractionated RT is not 

synchronous with checkpoint blockade immunotherapy.110 Toxicity from high doses of X-ray 

radiation and non-synchronous dosing regimens between RT and CBI thus present major hurdles 

for optimizing the synergy between these two treatment modalities. 

To solve this problem, different strategies have been explored. Medical physicists developed 

conformation and/or intensity modulated radiotherapies over the past few decades to provide 

greater spatial control of X-ray energy deposition, thus alleviating normal tissue toxicity.9 

Reducing X-ray doses while maintaining sufficient ionization damage to tumors by using tumor-

targeted radiosensitizers can further minimize side effects to the surrounding tissues and also make 

RT a more compatible and effective adjuvant treatment to enhance checkpoint blockade 

immunotherapy.111-112  

Heavy metal-based nanoparticles (NPs) such as Au and HfO2 NPs have been shown as 

promising radiosensitizers.113-116 NPs of high atomic (Z) number elements have high X-ray 

absorption coefficients and, when selectively deposited in tumors, can significantly increase the 

radiosensitivity difference between healthy and tumor tissues, effectively reducing radiation 

dosage without impacting anticancer activity. NP radiosensitizers can generate reactive oxygen 

species (ROS), typically hydroxyl radicals (•OH), to potentially increase the therapeutic index of 

RT by sparing healthy tissues of high-dose radiation (Figure 1-4). HfO2 NPs as radiosensitizers 

are actively under clinical investigation.117 Despite these improvements, radiosensitizers with 
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stronger radioenhancing effects are still needed to locally sensitize tumors and elicit 

immunomodulatory effects to enhance cancer immunotherapy.118-122 

 

Figure 1-4 Schematic showing several physical processes occurring when incident X-rays interact 
with high-Z NPs as radiosensitizers for ROS generation and radiosensitization. Reprinted with 
permission from Nanomedicine: Nanotechnolology, Biology and Medicine, 2011, 7, 604-614. 
Copyright 2011 Elsevier Inc. 

 

1.2.3 Photodynamic therapy 

In addition to RT, photodynamic therapy (PDT) is another a clinical therapeutic modality with 

minimal invasiveness and side effects. PDT combines three nontoxic components, photosensitizers 

(PSs), light, and tissue oxygen (3O2), to kill cancer cells and induce local inflammation.123-124 PSs 

are a class of molecules/materials that can be activated from ground state to excited state by light 

and further react with other molecules upon light irradiation. Excited state PSs can further couple 

with 3O2 to generate ROS, including singlet oxygen (1O2) via energy transfer as type II PDT and/or 
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superoxide anion (O2
-) via electron transfer as type I PDT. Highly cytotoxic ROS further causes 

oxidative stress to induce apoptosis, necrosis and tumor vasculature rupture.125-126 However, poor 

solubility and inefficient cellular internalization of molecular PSs, shallow penetration depth of 

light through tissue, and insufficient tumor oxygen levels limit the anti-tumor efficacy of PDT.127 

For better performance in PDT, improvements are need in three aspects. First, light sources 

with better tissue penetration should be utilized. Second, PSs with intrinsically high extinction 

coefficients at excitation wavelengths and higher quantum yields of ROS are needed to generate 

more ROS. In addition, better aqueous stability and efficient cellular enrichment should be 

expected for an excellent PS. Third, strategies to overcome tumor hypoxia should be coupled and 

integrated to local PDT treatment. Current commercial PSs have their own strengths and 

weaknesses. For example, porphyrin and its derivatives feature ideal optical absorption properties 

but lose energy via fluorescence emission; Ir- and Ru-based metal-complexes present high 1O2 

conversion but need short wavelength light excitation due to large Stokes shifts. Thus, better PSs 

are urgently needed for both fundamental research and clinical applications. 

As a local therapy, PDT is highly inflammatory, making it an ideal candidate to synergize 

with cancer immunotherapy. PDT induces acute tumor cell death via both apoptosis and necrosis 

to release DAMPs. Innate immune cells including neutrophils and DCs are recruited via 

chemotaxis and DAMPs, respectively, to generate a strong inflammatory local environment for 

antigen presentation to the lymph nodes (Figure 1-5).128-129 Subsequent T cell maturation and 

proliferation not only enhances local tumor destruction but also potentiates systemic antitumor 

vaccination.  
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Figure 1-5 Mechanism of PDT and consequent local inflammatory response. Reprinted from 
Journal of Pharmaceutical Investigation, 2012, 48, 143-151.  

 

1.2.4 Chemodynamic therapy 

Local ablative therapies including RT, PDT and sonodynamic therapy (SDT)130 kill tumor 

cells with ROS generated with external stimuli. Recently, another kind of radical therapy, 

chemodynamic therapy, which generates ROS from endogenous chemical triggers, such as 

hydrogen peroxide (H2O2), hormonal metabolites, and glutathione, has attracted significant 

attention.131 In CDT, redox-active metal elements such as Mn,132 Fe,133-134 and Cu135 in tumors 

decompose intratumoral H2O2 to generate cytotoxic •OH and other ROS through Fenton-like 

reactions. ROS-mediated dynamic therapies are known to be strongly immunogenic by inducing 

acute local inflammation.128 However, the efficacy of radical therapies is diminished by many 

factors in the TME, such as high intracellular concentrations of reducing thiol species,136 

hypoxia,137 and insufficient endogenous H2O2.138 It is thus of both fundamental and clinical interest 

to develop new strategies to counteract these adverse factors to enhance the efficacy of CDT.   
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1.3 Nanoscale Metal-organic frameworks for cancer immunotherapy 

Metal-organic frameworks (MOFs), are a class of porous, crystalline hybrid materials 

constructed from metal-based nodes, also known as secondary building units (SBUs), and organic 

bridging linkers. Prussian blue, the prototypical MOF constructed from Fe(II)-CN-Fe(III) 

coordination units, was generated in early eighteenth century as a dark blue pigment.139 The idea 

of MOFs was reinvented in early 1990s by Richard Robson140 and the field of MOF research has 

since witnessed exponential growth in the past three decades. As a class of inorganic-organic 

hybrid molecular materials, MOFs have several unique properties, including high porosity, 

structural stability, synthetic modularity and multifunctionality.141-142 The applications of MOFs 

are versatile and diverse, from catalysis,143-148 energy conversion,149-152 gas storage/separation,153-

157  conductivity,158-162 ferroelectricity,163-164 magnetism,165 to non-linear optics.166-167 In 

biomedical fields, MOFs have also played important roles in biomedical sensing/imaging, 168-173 

and drug delivery.174-176   

The ability for orthogonal design and controllable synthesis via coordination chemistry of 

SBUs and organic linkers allows for the synthesis of a variety of MOF topologies and structures 

(Figure 1-6).177 So-called reticular chemistry enables versatile design and precise synthesis by 

selecting metals with the desired coordination chemistry and ligands with the desired geometry.178-

181 Functionalities can thus be intentionally incorporated into MOFs and further integrated with 

post-synthetic modification on its components: organic linkers,179, 182-183 inorganic SBUs,145, 177, 

182-185 pores,186-189 and MOF surfaces.176 
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Figure 1-6 SBUs (left), coordination topology (middle), and organic bridging linkers (right) of 
various MOFs. Atoms are as follows: blue - metal; red - oxygen; purple - nitrogen; grey - carbon; 
green - chlorine. Adapted with permission from Chemical Society Review, 2014, 43, 5896-5912. 
Copyright 2014 The Royal Society of Chemistry. 

 

The merging of synthetic chemistry and materials science led to the development of 

nanotechnology for biomedical applications.190-199 In the context of MOFs and nanotechnology, a 

new class of nanomaterials, nanoscale metal-organic frameworks (nMOFs) epitomize the merging 

of nanotechnology and reticular chemistry. When MOFs are scaled down to the nano-regime, 
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nMOFs have many advantages compared to purely inorganic or organic nanomaterials: (1) As a 

type of crystalline frameworks, nMOFs integrate both high porosity and crystallinity, which 

greatly benefit the development of nMOFs for ROS-mediated inflammatory local treatment. (2) 

As a class of molecular materials, nMOFs possess compositional tunability and synthetic 

flexibility for precise material design. (3) Composed of metal-based SBUs and organic bridging 

linkers, nMOFs can be multi-functionalized and modified post-synthetically. (4) Relatively labile 

coordination bond connections make nMOFs intrinsically biodegradable in physiological 

environments for biocompatibility. As a result, nMOFs have been successfully applied to the 

delivery of chemotherapeutic agents,200-202 imaging contrast agents,172, 203 photosensitizers,204-213 

proteins214-215 and gene therapy drugs.216-218 

In this dissertation, I report the progress on the design of nMOFs as nanosensitizers to enhance 

RT,219 mediate radiotherapy-radiodynamic therapy (RT-RDT),220-221 and enable PDT and CDT222 

with the advantages of high payload, crystalline order, and porous structures for ROS generation. 

These therapies augment innate immunity via nMOF-mediated local inflammation to synergize 

with systemic immunotherapy, reinvigorating host anti-tumor immunity for systemic tumor 

rejection (Scheme 1-1).223  
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Scheme 1-1 Schematic showing local nMOF-mediated ROS generation via PDT, RT, RT-RDT, 
and CDT to kill tumor cells in an immunogenic way to augment immune response for the 
synergistic effect with CBI. Adapted with permission from ACS Central Science 2020, DOI: 
10.1021/acscentsci.0c00397.  
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CHAPTER 2. Nanoscale Metal-Organic Frameworks Enhance Radiotherapy 

to Potentiate Checkpoint Blockade Immunotherapy 

2.1 Rationale for the project design 

As a local immunogenic treatment, radiotherapy (RT) is prevalently used for treating many 

cancers.1 A major challenge in RT is to maximize the therapeutic effect while minimizing 

deleterious effects on the surrounding healthy tissues.2 The therapeutic ratio of RT can be enlarged 

with radiosensitizers that can effectively increase differential radiation absorption between healthy 

and tumor tissues. Heavy metal-based nanoparticles (NPs) such as Au and HfO2 NPs have been 

shown as promising radiosensitizers via enhanced radiolysis.3-6 NPs of high atomic number (Z) 

elements have high X-ray absorption coefficients and, when selectively deposited in tumors, can 

significantly increase radiosensitivity difference between healthy and tumor tissues, thus reducing 

radiation dose without impacting anticancer activity. For instance, HfO2 NPs have been tested as 

radiosensitizers in several clinical trials actively for the treatment of soft tissue sarcomas, head and 

neck cancer, and other cancers.7-8  

In the study of Au NP radiosensitization, it was found that reactive oxygen species (ROS) 

generation is inversely proportional to the particle diameter, indicating that larger specific surface 

areas may be an important design parameter for the efficiency of radiolysis.9 Considering that 

nanoscale metal-organic frameworks (nMOFs) are assembled from ultrasmall metal-containing 

clusters with ultra large specific surface areas, we hypothesized that Hf-based nMOFs with both 

high-Z elements and high specific surface areas could be ideal candidates for radiosensitization. 
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Moreover, the porous structure of MOFs may facilitate fast diffusion of ROS, which have very 

short lifetimes typically on the order of 10-7 to 10-4 s.  

Enhanced X-ray energy deposition in nMOFs presents another advantage for 

radiosensitization. Compared to incident X-rays, secondary photons generated from the enhanced 

photoelectric and/or Compton effects have lower energies and are more likely to interact with the 

radiosensitizers. In the case of solid NPs, the secondary photons are only generated on the surface 

of NPs and cannot be effectively used since the photons are randomly scattered in all directions 

and have low probability to encounter other NPs.10 In contrast, the periodic structure of nMOFs 

may allow for effective use of secondary photons and electrons. For example, in the Hf-based 

nMOFs, each Hf SBU is surrounded by other Hf clusters extended in all directions with inter-

cluster distance typically shorter than 2 nm. As a result, there is a higher probability for the 

secondary photons generated inside the MOFs to interact with other metal clusters, setting off a 

chain reaction to enhance the overall efficacy of RT. 

In this chapter, we synthesized two Hf-based nMOFs, Hf6-DBA and Hf12-DBA with different 

Hf-oxo clusters, to study the radiosensitization effect of nMOFs. Upon low-dose X-ray irradiation, 

both nMOFs outperformed ultrasmall solid HfO2 NPs in radioenhancement based on the same 

amount of Hf, evidenced by hydroxyl radical (•OH) generation as well as in vitro and in vivo 

efficacy results. The enhanced RT effect of Hf6-DBA and Hf12-DBA may be attributed to their 

large specific surface areas of Hf-oxo clusters and porous framework structures. Interestingly, 

Hf12-DBA is a better radiosensitizer than Hf6-DBA, likely due to more efficient X-ray energy 

absorption of Hf12 clusters over Hf6 clusters, demonstrated by stronger radioluminscence intensity 

of anthracene-based analog, Hf12-DBAn, compared against Hf6-DBAn. On a bilateral tumor model, 

we further proved that Hf12-DBA not only exhibited superior localized therapeutic effects upon 



39 
 

low-dose X-ray irradiation to eradicate primary, irradiated tumors, but also regressed distant, un-

irradiated tumors when used in combination with an anti-PD-L1 checkpoint blockade inhibitor 

(CBI, Figure 2-1).   

 

Figure 2-1. Abscopal effect of nMOFs-mediated RT and immune checkpoint blockade with low-
dose X-rays. nMOF was intratumorally injected into the primary tumors of mice bearing bilateral 
subcutaneous tumors. nMOF-mediated RT destroyed the irradiated tumors, caused immunogenic 
cell death and released tumor antigens. Injected anti-PD-L1 antibody overcame the suppressive 
tumor microenvironment by targeting PD-1/PD-L1 axis. The combination of nMOF-mediated RT 
and anti-PD-L1 checkpoint blockade led to the effective T cell expansion and tumor-infiltration, 
which effectively suppressed/eradicated the distant tumors. Reprinted with permission from 
Nature Communications 2018, 9, 2351–2363. Copyright 2018 Nature Publishing Group. 
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2.2 Results and Discussion 

2.2.1 Synthesis and characterization of Hf6-DBA and Hf12-DBA nMOFs  

By tuning the temperature and modulators, two Hf-based nMOFs with different SBUs, Hf6-

DBA  [DBA=2,5-di(p-benzoato)aniline] with a formula of Hf6(μ3-O)4(μ3-OH)4(DBA)6 and Hf12-

DBA with a formula of Hf12(μ3-O)8(μ3-OH)8(μ2-OH)6(DBA)9, were synthesized via solvothermal 

reactions (Scheme 2-1). 

Scheme 2-1 Synthesis of Hf6 or Hf12 cluster and their nMOFs, Hf6/Hf12-DBA or Hf6/Hf12-
DBAn. Reprinted with permission from Nature Communications 2018, 9, 2351–2363. Copyright 
2018 Nature Publishing Group.  
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Transmission electron microscopy (TEM) images showed that Hf6-DBA exhibited spherical 

morphology with a diameter of ~98 nm (Figure 2-2a,b), while Hf12-DBA possessed a plate-like 

morphology of ~68 nm in diameter and ~30 nm in thickness (Figure 2-2c,d). Dynamic light 

scattering (DLS) measurements showed both nMOFs had good dispersity in ethanol with number-

averaged diameter and polydispersity index of 116.0 ± 0.9 nm and 0.07 ± 0.01, respectively, for 

Hf6-DBA and 102.1 ± 4.1 nm and 0.08 ± 0.02, respectively, for Hf12-DBA (Figure 2-2e). The 

powder X-ray diffraction (PXRD) pattern of Hf6-DBA was identical to that of UiO-6811 while the 

PXRD pattern of Hf12-DBA was identical to that of Zr12-TPDC12, indicative of their crystalline 

nature and different topological structures (Figure 2-2f).  

 

Figure 2-2 TEM images of Hf6-DBA (a, b) and Hf12-DBA (c-d) with its fast Fourier transform 
(FFT) pattern shown in inset of (d). Scale bar = 1000 nm (a), 100 nm (b&c) or 20 nm (d). (e) 
Hydrodynamic sizes of nMOFs in water by DLS measurements, n = 3. (f) PXRD patterns of 
nMOFs in comparison to those of UiO-68 and Zr12-TPDC. Reprinted with permission from Nature 
Communications 2018, 9, 2351–2363. Copyright 2018 Nature Publishing Group. 
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Thermogravimetric analysis (TGA) results of Hf6-DBA and Hf12-DBA matched the weight 

losses expected for their decomposition to HfO2 (Figure 2-3a,b). Nitrogen sorption measurements 

demonstrated porous structures of Hf6-DBA and Hf12-DBA, possessing BET surface areas of 804.4 

m2/g and 463.9 m2/g, respectively (Figure 2-3c,d). Due to strong coordination between Hf4+ ions 

and carboxylate groups, both nMOFs were stable in aqueous suspensions. After incubation in 

RPMI 1640 cell culture medium for 240 hours or upon X-ray irradiation at a dose of 16 Gy, the 

TEM image (Figure 2-3e) and PXRD pattern (Figure 2-3f) of Hf12-DBA were identical to that of 

the pristine sample, indicating the structural stability of Hf12-DBA under physiological conditions 

and upon X-ray irradiation.  

 

Figure 2-3 TGA curves of freshly prepared Hf6-DBA (a) and Hf12-DBA (b) in the 100 ~ 800 ⁰C 
range. The weight loss of Hf6-DBA is 58.5%, consistent with a calculated result of 60.4% based 
on the conversion of Hf6(μ3-O)4(μ3-OH)4(DBA)6 to (HfO2)6. The weight loss of Hf12-DBA is 
52.3%, consistent with a calculated result of 53.9% based on the conversion of Hf12(μ3-O)8(μ3-
OH)8(μ2-OH)6(DBA)9 to (HfO2)12. Nitrogen sorption isotherms (77 K) of Hf6-DBA (c) and Hf12- 
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Figure 2-3, continued DBA (d). TEM (e) and PXRD pattern (f) of Hf12-DBA after incubation in 
medium or X-ray irradiation. Reprinted with permission from Nature Communications 2018, 9, 
2351–2363. Copyright 2018 Nature Publishing Group. 

2.2.2 Hydroxyl radical formation 

•OH, the major cytotoxic radical species from ionizing radiation, was detected via 

aminofluorescein (APF) assay, in which APF reacts with •OH to give bright green fluorescence 

(excitation/emission maxima 490/515 nm). Ultrasmall solid HfO2 NPs with a diameter of ~10 nm 

(Figure 2-4a,b) were synthesized and used as a control. As designed, Hf-based SBUs effectively 

absorb energy to generate •OH via radiolysis when encountering incident X-rays (Figure 2-4c). 

The fluorescence signal might be possibly weakened due to trapped APF inside the pores of 

nMOFs. Thus we first determined the percentage of APF trapped in Hf6-DBA or Hf12-DBA via 

detecting chemically produced •OH from Fenton’s reaction by APF with and without the nMOF: 

the percentage of APF trapped in Hf6-DBA or Hf12-DBA equals to one minus the fluorescence 

intensity ratio of APF with nMOF over that of APF without nMOF (Figure 2-4d). We then 

irradiated 5μM APF in aqueous solution or in aqueous dispersion of HfO2, Hf6-DBA, or Hf12-DBA 

at equivalent Hf concentration of 20 μM with X-ray in the dose range of 0 to 10 Gy and determined 

their fluorescence signals. After correcting for the percentage of APF trapped in the nMOF, we 

deduced the fluorescence intensity corresponding to the amounts of •OH generated by H2O, HfO2, 

Hf6-DBA, or Hf12-DBA as shown in Figure 2-4e. All four groups showed linear increases of 

hydroxyl radical generation with increasing X-ray dose. The relative enhancement of hydroxyl 

radical generation compared with H2O was obtained by subtracting the APF fluorescence intensity 

from H2O group as shown in Figure 2-4f. HfO2, Hf6-DBA, or Hf12-DBA enhanced hydroxyl 

generation over water by 14.3%, 33.6%, or 55.3%, respectively. 
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Figure 2-4 TEM image (a) and high-resolution TEM image (b) of HfO2. Scale bar = 50 nm (a) or 
2 nm (b). (c) Illustration of nMOF-mediated radiosensitization. (d) APF fluorescence of H2O, HfO2, 

Hf6-DBA, or Hf12-DBA with Fenton reaction at equivalent Hf concentrations of 20 M. The ratio 
of fitting slope of HfO2, Hf6-DBA, or Hf12-DBA is 1.12, 0.48, or 0.44, respectively. (e) APF 
fluorescence of H2O, HfO2, Hf6-DBA, and Hf12-DBA upon X-ray irradiation at equivalent Hf 

concentrations of 20 M. (f) Enhanced APF fluorescence of HfO2, Hf6-DBA, and Hf12-DBA over 

H2O at equivalent Hf concentrations of 20 M, n = 6. Reprinted with permission from Nature 
Communications 2018, 9, 2351–2363. Copyright 2018 Nature Publishing Group. 
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Figure 2-5 TEM images of Hf6-DBAn (a) and Hf12-DBAn (b). Scale bar = 500 nm (a) or 200 nm. 
(c) PXRD patterns of Hf6-BDA, Hf6-DBAn, Hf12-DBA and Hf12-DBAn. (d) Optical images of 
radioluminescence from Hf6-DBAn (1 mM in ethanol), Hf12-DBAn (1 mM in ethanol), and pure 
ethanol at an X-ray dose rate of 2.93 Gy/min. (e) Linear fits of radioluminescence intensities with 
respect to X-ray tube currents of Hf6-DBA and Hf12-DBA after subtraction of pure ethanol 
background. Reprinted with permission from Nature Communications 2018, 9,  2351–2363. 
Copyright 2018 Nature Publishing Group. 

 

2.2.3 Radioluminescence  

Upon X-ray irradiation, Hf-based MOFs were previously shown to transfer energy to 

anthracene-based bridging ligands, DBAn [DBAn = 9,10-di(p-benzoato)antheracene], to emit 

radioluminescence in the visible spectrum.13 Radioluminescence of Hf-DBAn-based MOFs can 

thus be used to probe their X-ray absorption efficiency. We synthesized Hf6-DBAn and Hf12-

DBAn, two DBAn MOFs with Hf6 and Hf12 SBUs for radioluminescence measurements to 

investigate the relationship between SBU structure and X-ray absorption efficiency. TEM images 
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and PXRD patterns showed Hf6-DBAn and Hf12-DBAn displayed the same morphology and 

topology as Hf6-DBA and Hf12-DBA, respectively (Figure 2-5a-c). After degassing, 4 mL vials 

of Hf12-DBAn and Hf6-DBAn at an equivalentt Hf concentration of 1 mM in ethanol along with 

the ethanol control were irradiated with X-rays at a maximum dose rate of 2.93 Gy/min and their 

radioluminescence images were acquired using a CCD camera. As shown in Figure 2-5d, Hf12-

DBAn gave a much brighter radioluminescence signal compared to Hf6-DBAn and EtOH. ImageJ 

was then used to calculate radioluminescence intensities by sampling the average pixel value of 

the vials and subtracting the average pixel value of pure ethanol background. The measured 

intensities were fit linearly as a function of X-ray tube current, which is proportional to the 

radiation dose (Figure 2-5e). Hf12-DBAn had radioluminescence slope of 1.36 ± 0.05, 1.58-fold 

higher than that of Hf6-DBAn (0.86 ± 0.04). This result indicated that Hf12-DBAn exhibited 

approximately 1.5 times higher X-ray absorption efficiency than Hf6-DBAn. Both hydroxyl radical 

generation and radioluminescence measurements demonstrated that Hf12-DBA is an excellent 

radiosensitizer for RT.  

2.2.4 Clonogenic assay 

We then evaluated nMOF-mediated radiosensitization in vitro. First, time-dependent cellular 

uptake of HfO2, Hf6-DBA, and Hf12-DBA in CT26 cells from 1 to 8 h demonstrated efficient 

cellular uptake of nMOFs as quantified by inductively coupled plasma-mass spectrometry (ICP-

MS) analysis and 4 h incubation was chosen as the time point for further in vitro studies (Figure 

2-6a). Facile nMOF endocytosis was also confirmed by confocal imaging; nMOFs labeled with 

Rhodamine B (Hf6-DBA-R and Hf12-DBA-R) co-localized with Lysotracker Green that labeled 

endo/lysosomes in both Hf6-DBA and Hf12-DBA treated cells (Figure 2-6b).  
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Figure 2-6 (a) Cellular uptake of three Hf-based nanoparticles after 1, 2, 4 or 8 hour incubation 
with equivalent Hf concentrations of 20 M. The Hf concentrations were determined by ICP-MS.n 
= 3. (b) Endocytosis of Hf-based nMOFs. Cells were treated with Hf6-DBA or Hf12-DBA 
preloaded with Rhodamine B for 4 hours. Endosome/lysosome and nuclei were stained with 
Lysotracker Green and DAPI, respectively. Scale bar = 10 μm. Reprinted with permission from 
Nature Communications 2018, 9, 2351–2363. Copyright 2018 Nature Publishing Group. 

Clonogenic assays were performed to assess the colony-forming potential of cells treated with 

nMOFs at a Hf concentration of 20 µM for 4 h followed by irradiation with either X-ray or 60Co 

isotope γ-ray source at 0-16 Gy. Treated cells were trypsinized, re-seeded and cultured for 10-20 

days and the clones were counted and plotted with the survival fraction as shown in Figure 2-7 

and 2-8. Radiation enhancement factor at 10% survival dose (REF10) was calculated as the ratio of 

equivalent irradiation doses needed to give 10% survival rate for the PBS control group over that 

for the experimental group. As shown in Table 2-1, 20 M HfO2 showed only moderate 

radiosensitization effect compared to PBS and exhibited much smaller REF10 values than Hf6-

DBA and Hf12-DBA in all cell lines examined, which is consistent with the APF assay results. At 

the same Hf concentration, Hf12-DBA outperformed Hf6-DBA, with REF10 values from 1.45 to 

1.73 compared to those from 1.10 to 1.31 for Hf6-DBA. Hf12-DBA thus exhibited superior 

radiosensitization over Hf6-DBA, likely due to enhanced X-ray absorption by the electron-dense 
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Hf12 clusters and hydroxyl radical diffusion through the porous nanoplates. Upon irradiation with 

γ-rays from a 60Co source, Hf12-DBA also exhibited higher radiosensitization (REF10=1.10-1.47) 

than HfO2 and Hf6-DBA, suggesting that Hf12-DBA is compatible with linear accelerators 

commonly used in the clinic. 

 

Figure 2-7 Clonogenic assay for evaluating radioenhancement upon X-ray irradiation on (a) 4T1, 
(b) TUBO, (c) SQ20B, (d) JSQ3, (e) CT26, (f) Hela cancer cell lines, n = 6. Reprinted with 
permission from Nature Communications 2018, 9, 2351–2363. Copyright 2018 Nature Publishing 
Group. 

 

Figure 2-8 Clonogenic assay for evaluating radioenhancement upon γ-ray irradiation with 60Co 
source on (a) 4T1, (b) TUBO, (c) SQ20B, (d) JSQ3, (e) CT26, (f) Hela cancer cell lines, n = 6. 
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Figure 2-8, continued Reprinted with permission from Nature Communications 2018, 9, 2351–
2363. Copyright 2018 Nature Publishing Group. 

 

Table 2-1. REF10 values by clonogenic assays in a panel of cell lines upon X-ray irradiation or γ-
ray irradiation from a 60Co source. 

 REF10 4T1 TUBO HeLa CT26 JSQ3 SQ20B 

X-ray 
HfO2 1.09 1.13 1.10 1.03 1.00 1.16 

Hf6-DBA 1.11 1.31 1.25 1.19 1.10 1.29 
Hf12-DBA 1.45 1.73 1.43 1.49 1.65 1.56 

 

γ-ray 
HfO2 1.06 1.03 1.11 1.01 1.00 1.00 

Hf6-DBA 1.15 1.27 1.31 1.06 1.06 1.08 
Hf12-DBA 1.26 1.44 1.47 1.14 1.10 1.23 

 

2.2.5 DNA double-strand break (DSB) and apoptosis analysis  

To elucidate the anti-tumor mechanism of nMOF-based RT, we investigated DNA double-

strand break (DSB) and cell death pathways caused by nMOFs upon X-ray irradiation on CT26 

cells. γ-H2AX, a phosphorylated protein resulted from direct ionizing radiation or generated •OH 

to induce DNA damage repair, has been used as a sensitive biomarker for probing DSBs.14-15 24 h 

after irradiation, significant red γ-H2AX fluorescence indicating DSBs was observed in the groups 

treated with Hf-based nanoparticles while no fluorescence was observed in groups either without 

X-ray irradiation or without Hf-based nanoparticle (Figure 2-9a). Quantitative flow cytometric 

analyses showed that cells treated with Hf12-DBA exhibited stronger red fluorescence than cells 

treated with Hf6-DBA or HfO2, confirming that Hf12-DBA induced stronger DNA DSBs (Figure 

2-9b).  
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Figure 2-9 γ-H2AX showing DNA DSBs in CT26 cells observed under CLSM (a) and quantified 
with flow cytometry (b). Cells were treated with PBS, HfO2, Hf6-DBA or Hf12-DBA, with (+) or 
without (-) X-ray irradiation. (a) Blue and red fluorescence show DAPI-stained nucleus and 
antibody-labeled γ-H2AX in the cells, respectively. Scale bar = 20 μm. (b) Red histogram (control) 
and blue histogram show the difference of γ-H2AX level in the cells. From left to right: PBS 
control, HfO2, Hf6-DBA or Hf12-DBA, respectively. Reprinted with permission from Nature 
Communications 2018, 9, 2351–2363. Copyright 2018 Nature Publishing Group. 

 

Hf12-DBA not only showed significant increases in the percentage of cells with DSB foci 

quantitatively compared with the PBS control, but induced more foci per cell as shown in Figure 

2-10a, with 45.0 ± 2.2, 21.8 ± 1.5, 12.4 ± 2.7, and 2.4 ± 1.1 foci per nucleus in Hf12-DBA, Hf6-
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DBA, HfO2, and PBS treated cells, respectively (Figure 2-10b). These results support potent 

radiosensitization efficiency of the unique Hf12 structure.  

 

Figure 2-10 γ-H2AX assays showing the DSBs in CT26 cells treated with nMOFs and X-ray 
irradiation. Blue and red fluorescences show DAPI-stained nucleus and antibody-labeled γ-H2AX 
in the cells, respectively. Scale bar = 10 µm. Quantitative analysis of number of DBS foci per 
nucleus (b) and the percentage of cells with nuclear foci (c), n = 5. Reprinted with permission from 
Nature Communications 2018, 9, 2351–2363. Copyright 2018 Nature Publishing Group. 

 

The cell death pathways were then evaluated with Annexin V/Cell death kit. Significant 

amounts of cells underwent apoptosis/necrosis when treated with Hf12-DBA and X-ray irradiation 

with only 71.6% healthy cells, compared to 92.8% and 88.0% healthy cells for HfO2 or Hf6-DBA 

plus X-ray irradiation (Figure 2-11). 90%+ cells remained healthy in dark controls or the PBS 

group with irradiation, indicating that NP radioenhancers are not intrinsically cytotoxic and the 

low dose X-ray showed negligible cytotoxicity without a NP radiosensitizer. Taken together, Hf12-

DBA is a significantly more efficient radiosensitizer than both HfO2 and Hf6-DBA at equivalent 

Hf and X-ray doses. 
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Figure 2-11 Annexin V/PI analysis of CT26 cells. Cells were incubated with PBS, HfO2, Hf6-
DBA, or Hf12-DBA with or without X-ray irradiation at a dose of 4 Gy. The quadrants from lower 
left to upper left (counter clockwise) represent healthy, early apoptotic, late apoptotic, and necrotic 
cells, respectively. The percentage of cells in each quadrant was shown on the graphs. (+) and (-) 
refer to with and without irradiation, respectively. Reprinted with permission from Nature 
Communications 2018, 9, 2351–2363. Copyright 2018 Nature Publishing Group. 

 

2.2.6 In vivo anti-tumor efficacy 

After demonstrating that Balb/c mice dosed subcutaneously with 10µmol Hf12-DBA (based 

on Hf) showed no difference in body weight evolution compared with PBS control (Figure 2-12a), 

we carried out in vivo efficacy studies with mice receiving a single nMOF injection followed by 

X-ray irradiation. A colorectal adenocarcinoma mouse model of single CT26-tumor bearing 

BALB/c mice was employed to evaluate the radiosensitizing effects and anti-tumor efficacy of 

HfO2, Hf6-DBA, and Hf12-DBA. When the tumors reached 100-150 mm3 in volume, Hf6-DBA, 

Hf12-DBA, or HfO2 NPs were injected intratumorally at equivalent Hf doses of 1 µmol followed 

by daily X-ray irradiation at a dose of 1 Gy/fraction (120 kVp, 20 mA, 2 mm Cu filter) for a total 
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of 10 fractions on consecutive days. An additional high-dose group of HfO2 at 3.2 µmol was 

employed to further illustrate the difference between nMOFs and HfO2.  

 

Figure 2-12 (a) Mean body weights of Balb/c mice treated with 10 μmol Hf12-DBA per mouse or 
PBS, n = 3. Tumor growth inhibition curves (a) and body weights (b) after RT treatment in the 
single CT26 tumor-bearing mice treated with PBS, HfO2 (low and high doses), Hf6-DBA, or Hf12-
DBA, n = 6. (d) Tumor retention of Hf12-DBA based on Hf content after intratumoral injection to 
CT26 tumor-bearing mice, n = 3. Black and red arrows refer to the times of PBS or nanoparticles 
injections and X-ray irradiation, respectively. Reprinted with permission from Nature 
Communications 2018, 9, 2351–2363. Copyright 2018 Nature Publishing Group. 

 

As shown in Figure 2-12b, two Hf-based nMOFs afforded better local RT outcomes than 

HfO2. Hf12-DBA effectively regressed the locally irradiated tumors after a total of 10 Gy X-ray 

irradiation. In comparison, Hf6-DBA and HfO2 treated groups showed only moderate anti-tumor 
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efficacy, even after increasing the HfO2 dose 3.2-fold. The body weights of mice remained 

consistent regardless of treatment (Figure 2-12c), suggesting there was no systemic toxicity. ICP-

MS analysis showed that the amounts of Hf12-DBA in tumors slowly decreased following 

intratumoral injection (Figure 2-12d). 

 

2.2.7 Immunogenic cell death 

The immunogenic cell death (ICD) induced by Hf NP-mediated radiation treatment was 

investigated by detecting cell-surface expression of calreticulin (CRT) both in vitro and in vivo.16 

As shown in Figure 2-13a, more green fluorescence was observed in the group treated with 

nMOFs compared to groups treated with either PBS or HfO2 under CLSM, suggesting higher 

immunogenicity of nMOF-mediated RT treatment. Quantitative flow cytometry analyses 

confirmed that Hf12-DBA showed significantly higher CRT expression on the cell-surface upon 

irradiation compared to Hf6-DBA, HfO2, PBS, or without irradiation, demonstrating that Hf12-

DBA-mediated radiation treatment induced stronger ICD over groups treated with either Hf6-DBA 

or HfO2 (Figure 2-13b).  

We also evaluated CRT expression in CT26 tumor-bearing mice treated with PBS, HfO2, Hf6-

DBA, or Hf12-DBA and 5 consecutive days of irradiation at 1 Gy/fraction. The tumors were 

excised and sectioned for immunostaining. Hf12-DBA treated tumors showed more green 

fluorescence (Figure 2-13c), indicating that the superior radioenhancement of Hf12-DBA also led 

to higher CRT expression in vivo. 
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Figure 2-13 In vitro CRT exposure on the cell surface of CT26 was assessed after incubation with 
PBS, HfO2, Hf6-DBA, or Hf12-DBA with X-ray irradiation by immunofluorescence microscopy 
(a) and flow cytometry (b). (+) and (-) refer to with and without irradiation, respectively. (c) In 
vivo CRT exposure was evaluated on sectioned tumor slides of CT26-bearing mice after 5 
consecutive days of X-ray irradiation. Scale bar = 50 μm (a) or 100 μm (b). Reprinted with 
permission from Nature Communications 2018, 9, 2351–2363. Copyright 2018 Nature Publishing 
Group. 
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2.2.8 In vivo anti-tumor efficacy of nMOF-mediated RT plus CBI  

We then combined nMOF-mediated RT with CBI to extend local treatment to systemic cancer 

management. A bilateral model of CT26 was established to assess the systemic anticancer efficacy 

of Hf6-DBA or Hf12-DBA mediated RT combined with immune checkpoint blockade. When the 

primary tumors reached 100-150 mm3 in volume, nMOFs were intratumorally injected to the 

primary tumors at equivalent doses of 1µmol Hf, followed by daily X-ray irradiation at a dose of 

1 Gy/fraction (120 kVp, 20 mA, 2 mm Cu filter) for a total of 10 fractions on consecutive days. 

75µg of anti-PD-L1 antibody was given every three days by intraperitoneal injection. 

 

 

Figure 2-14 Tumor growth curves of primary tumors (a), distant tumors (d), body weights (c) and 
tumor histologies (d) of CT26 bilateral tumor-bearing mice treated with Hf6-DBA (with or without 
anti-PD-L1 antibody), Hf12-DBA (with or without anti-PD-L1 antibody), anti-PD-L1 antibody or 
PBS with X-rays irradiation. X-ray irradiation was carried out on mice 12 h after the i.t. injection 
of PBS or NPs on ten consecutive days at a dose of 1 Gy/fraction. Antibody was given 
intraperitoneally every three days at a dose of 75 µg/mouse. Black, red, and green arrows refer to 
the times of PBS or nanoparticles injections, X-ray irradiation, and antibody administration, 
respectively. Scale bar = 100 μm. Reprinted with permission from Nature Communications 2018, 
9, 2351–2363. Copyright 2018 Nature Publishing Group. 
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Figure 2-15 Histologies of frozen sections of major organs of CT26 tumor-bearing mice receiving 
intratumoral injection of Hf-based nMOFs or PBS and X-ray irradiation treatment with or without 
antibody treatment after H&E staining. From left to right: heart, liver, spleen, lung or kidney. Scale 
bar = 100 μm. Reprinted with permission from Nature Communications 2018, 9, 2351–2363. 
Copyright 2018 Nature Publishing Group. 

 

Combination treatment of nMOFs and anti-PD-L1 antibody regressed the locally irradiated 

tumors at 10 Gy of total X-ray dose. Again, Hf12-DBA outperformed Hf6-DBA on primary tumor 

treatment (Figure 2-14a). More significantly, when combined with an anti-PD-L1 antibody, Hf12-

DBA not only produced local regression of irradiated tumors but also shrank distant, non-irradiated 

tumors. The inhibition of distant tumors by Hf12-DBA mediated RT plus CBI indicated effective 

induction of systemic antitumor immune response (Figure 2-14b). Histological analysis of the 

tumors confirmed nMOF-mediated RT caused apoptosis/necrosis in local tumors, while only Hf12-

DBA/anti-PD-L1 antibody treated group showed apoptotic tumor histology with a lower density 
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of tumor cells in the untreated distant tumor (Figure 2-14d). The steady body weights in all treated 

mice indicated that nMOF-mediated RT with or without checkpoint blockade did not lead to 

systemic toxicity (Figure 2-14c). This was further confirmed by the absence of abnormality in 

major organs histologies compared against PBS treated mice (Figure 2-15).  

 

2.2.9 Anti-tumor immunity  

We then tested the anti-tumor immunity of CT26-bearing mice treated with Hf12-DBA plus 

anti-PD-L1 antibody by Enzyme-Linked ImmunoSpot (ELISpot) and flow cytometry. We first 

determined the presence of tumor-antigen specific cytotoxic T cells with an IFN-γ ELISpot assay. 

At day 15 after the first treatment, splenocytes were harvested from CT26-bearing mice and 

stimulated with SPSYVYHQF, a tumor associated antigen, for 42 hours and the IFN-γ spot 

forming cells were counted by Immunospot Reader. The number of antigen-specific IFN-γ 

producing T cells significantly increased in tumor-bearing mice treated with Hf12-DBA plus anti-

PD-L1 antibody (100.2 ± 15.7 compared to 5.3 ± 2.7 for PBS or 8.2 ± 6.1 for Hf12-DBA, Figure 

2-16a), suggesting that Hf12-DBA with X-ray irradiation plus anti-PD-L1 antibody effectively 

generates tumor-specific T cell response. We further profiled infiltrating leukocytes in both the 

primary and distant tumors. There was no significant difference between PBS with or without X-

ray irradiation, demonstrating that low-dose X-ray irradiation did not influence the immunological 

environment of tumors. The Hf12-DBA with antibody group showed significant increase of tumor-

infiltrating CD4+ T cells (Figure 2-16c) and CD8+ T cells (Figure 2-16d) in both the primary 

tumors and the distant tumors. Specifically, for the primary tumor, the percentage of CD8+ T cells 

in the total tumor cells significantly increased in both Hf12-DBA mediated-RT (2.92 ± 1.58 %) and 

Hf12-DBA mediated-RT plus anti-PD-L1 treated groups (2.42 ± 1.31%) compared to the PBS 

control group (0.67 ± 0.40%). For the distant tumor, the percentage of CD8+ T cells in the total 
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tumor cells increased in Hf12-DBA mediated-RT plus anti-PD-L1 treatment group (2.04 ± 1.24%) 

compared to Hf12-DBA mediated-RT group (1.21 ± 0.48 %) and PBS control group (1.20 ± 0.20 %). 

The significant increase of infiltrating CD8+ T cells likely induced the abscopal effect. The Hf12-

DBA with antibody group showed significant increase of tumor-infiltrating leukocytes (Figure 2-

16b) as well as B cells (Figure 2-16g) in the primary tumors but not in the distant tumors. 

Significant increase of CD8+ T cells (Figure 2-16h) in the primary tumor-draining lymph nodes 

and decrease of regulatory T cells in distant sides were observed in the combination treatment 

groups.  

 

Figure 2-16 (a) ELISpot assay was performed to detect IFN-γ producing T cells. The primary 
(right) and distant (left) tumors were collected for flow cytometry analysis and the percentage of 
tumor-infiltrating CD45+ cells (b), CD4+ T cells (c), CD8+ T cells (d), dentritic cells (e), NK cells 
(f), and B cells (g) with respect to the total tumor of cells treated with PBS dark control, PBS, anti- 
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Figure 2-16, continued PD-L1 antibody, Hf12-DBA, or Hf12-DBA plus anti-PD-L1 antibody with 
X-ray irradiation. Percentages of CD8+ T cells (h) and regulatory T cells (i) in lymph nodes of as 
treated bilateral tumor bearing mice. Data are expressed as means ± s.d., n = 5). *P<0.05 from 
control, **P<0.01 from control and ***P<0.001 from control by t-test. Central lines, bounds of 
box and whiskers represent mean values, 25% to 75% of the range of data and 1.5 fold of 
interquartile range away from outliers, respectively. Reprinted with permission from Nature 
Communications 2018, 9, 2351–2363. Copyright 2018 Nature Publishing Group. 

In immunotherapy, dendritic cells can be recruited to the tumor sites and then present antigens 

to T cells after migration to the lymph nodes. Hf12-DBA mediated-RT groups significantly 

increased the percentages of dendritic cells in primary tumors (Figure 2-16e). We also found a 

significant increase of NK cells in both primary and distant tumors treated with Hf12-DBA 

mediated-RT and anti-PD-L1 antibody (Figure 2-16f). These results suggest that the combination 

of nMOF-mediated RT and PD-L1 checkpoint blockade therapy not only augments tumor-specific 

adaptive response, but also induces innate immune response in tumors.  

 

2.2.10 Depletion study and tumor rechallenge  

We further investigated how immune cells mediated the therapeutic effects of nMOF-

mediated RT. The anticancer efficacy of Hf12-DBA was evaluated in the subcutaneous CT26 

model with concurrent CD4+ T or CD8+ T cell depletion. Mice receiving i.p. injections of anti-

CD4, anti-CD8, or mouse IgG antibodies were treated with Hf12-DBA and X-ray irradiation 

combined with an anti-PD-L1 antibody. Mouse IgG did not have any effect on tumor growth, but 

other antibody-treated groups all showed rapid tumor growth after cessation of X-ray treatment 

(Figure 2-17a) with no difference in body weights (Figure 2-17b). These results indicated that T 

cells played an essential role in the anticancer efficacy of our treatment and support the rationale 

of using nMOF-mediated RT to augment checkpoint blockade cancer immunotherapy. To confirm 

the long-term antitumor immune response, we carried out a tumor challenge study. CT26 tumors 
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were established on the right flanks of mice and treated with Hf12-DBA and X-ray (1 Gy/fraction, 

10 fractions in consecutive days). Three out of six mice had their tumors completely eradicated 

after treatment, affording a cure rate of 50%. Tumors in the other three mice shrank to very small 

sizes, but regrew beginning days 17, 26 and 32, respectively, post tumor inoculation. On day 50 

post tumor inoculation, approximately one month after tumor eradication for the cured mice, the 

treated mice and naïve control mice were challenged with 2 × 106 CT26 cells on the contralateral, 

left flank. None of the treated mice developed tumors on the left flank within 21 days (Figure 2-

17c), but two mice had to be euthanized due to large primary tumor burden. The three cured mice 

remained tumor-free 60 days after tumor challenge, indicating strong anticancer immune memory 

effect. In comparison, all mice in the control group consistently developed tumors after injection 

with 2×106 CT26 cells. 

 

Figure 2-17 Tumor growth curves (a) and body weight (b) of CT26 tumor bearing mice with T 
cell depletion and treated with Hf12-DBA, anti-PD-L1 antibody and X-ray irradiation. (c) Tumor 
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Figure 2-17, continued growth curves after the tumor rechallenge with CT26 cells. Treatment 
began on day 7 after tumor inoculation when the tumor reached a volume of 100-150 mm3. Black, 
red, and green arrows refer to the times of PBS or nanoparticles injections, X-ray irradiation, and 
antibody administration, respectively, n = 6. P values for comparisons with controls by t-test are 
indicated by three asterisks: *** P<0.001. Central data points and error bars represent mean ± s.d. 
values, respectively. Reprinted with permission from Nature Communications 2018, 9, 2351–2363. 
Copyright 2018 Nature Publishing Group. 

 

2.3 Conclusion 

In this chapter, we have developed Hf-based nMOFs, Hf6-DBA and Hf12-DBA, as effective 

radiosensitizers for low-dose X-ray RT. Compared with solid high-Z NPs, nMOFs assembled from 

ultrasmall metal clusters in an ordered manner effectively enhance energy deposition by utilizing 

the secondary radiation, promote radiolysis by maintaining ultra large specific surface area and 

facilitate ROS diffusion through porous structures to generate much better radiosensitization effect. 

The combination of nMOF-mediated RT and PD-L1 checkpoint blockade extended the local 

therapeutic effects of RT to distant tumors via systemic anti-tumor immunity. With the ability to 

rationally design and systematically tune the compositions and structures of nMOFs, we expect 

that even more powerful nMOF-based radioenhancers will become available to drastically enhance 

the efficacy of RT without incurring deliberating side effects and to significantly potentiate 

checkpoint blockade immunotherapy for the treatment of non-immunogenic tumors.  
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2.4 Methods 

Materials, cell lines, and animals: All of the starting chemicals were purchased from Sigma-

Aldrich and Fisher (USA), unless otherwise noted, and used without further purification.  

Human head and neck cancer cells SQ20B and JSQ3, and murine breast cancer cells TUBO and 

4T1 were kindly provided by Dr. Stephen J. Kron at University of Chicago. The murine colon 

adenocarcinoma cell, CT26, and the human cervical cancer cell, HeLa, were purchased from the 

American Type Culture Collection (Rockville, MD, USA). TUBO and CT26 cells were cultured 

in Roswell Park Memorial Institute (RPMI) 1640 medium (GE Healthcare, USA) supplemented 

with 10% fetal bovine serum (FBS, VWR, USA). 4T1 and HeLa cells were cultured in Dulbecco's 

Modified Eagle's Medium (DMEM) medium (GE Healthcare, USA) supplemented with 10% FBS. 

SQ20B and JSQ3 cells were cultured in Dulbecco's Modified Eagle's Medium (DME) and Ham's 

F-12 Nutrient Mixture (DME/F12) medium (GE Healthcare, USA) supplemented with 20% FBS. 

All media were supplemented with 10% FBS, 100 U/mL penicillin G sodium and 100 μg/mL 

streptomycin sulfate. Cells were cultured in a humidified atmosphere containing 5% CO2 at 37oC. 

Mycoplasma was tested before use by MycoAlert detection kit (Lonza Nottingham, Ltd.) BALB/c 

mice (6-8 weeks) were obtained from Harlan-Envigo Laboratories, Inc (USA). The study protocol 

was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at the 

University of Chicago. 

Synthesis of Hf6-DBA and Hf6-DBAn nMOFs: To a 1 dram glass vial was added 0.5 mL of 

HfCl4 solution (2.0 mg/mL in DMF), 0.5 mL of the 2,5-di(p-benzoato)aniline (H2DBA) solution 

(2.0 mg/mL in DMF) or 9,10-di(p-benzoato)anthracene (H2DBAn) solution (2.5 mg/mL in DMF) 

and 0.5 μL of trifluoroacetic acid. The reaction mixture was kept in a 60 °C oven for 72 h. The 
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white precipitate was collected by centrifugation and washed with DMF, 1% 

trimethylamine/ethanol solution and ethanol. 

Synthesis of Hf12-DBA and Hf12-DBAn nMOFs: To a 1 dram glass vial was added 0.5 mL of 

HfCl4 solution (1.6 mg/mL in DMF), 0.5 mL of the H2DBA solution (1.6 mg/mL in DMF) or 

H2DBAn solution (2 mg/mL in DMF), 75 μL of acetic acid and 5 μL of water. The reaction mixture 

was kept in an 80 °C oven for 72 h. The white precipitate was collected by centrifugation and 

washed with DMF, a 1% trimethylamine/ethanol solution, and ethanol. 

Synthesis of HfO2 nanoparticles: HfO2 nanoparticles were synthesized according to the reported 

protocol.17 To a 20 mL Teflon cup was added 15 mL of HfCl4 solution (10mg/mL in benzyl 

alcohol), which was sealed in a steel autoclave and heated to 200 °C for 48 h. The white precipitate 

was collected by centrifugation and washed with ethanol. 

Irradiator settings: An RT250 orthovoltage X-ray machine model (Philips, USA) with fixed 

setting at 250 kVp, 15 mA and a built-in 1 mm Cu filter was used for in vitro studies. An X-RAD 

225 image-guided biological irradiator (Precision X-ray Inc., USA) was used for both test tubes 

and in vivo studies. The instrument was set at 120 kVp and 20 mA, with a 2 mm flat-board Cu 

filter installed before a 25 mm collimator. A -ray irradiator (Co60 source, Atomic Energy Canada 

Limited, Canada) was used for clonogenic assay. All three irradiators are maintained and calibrated 

for dosimetry routinely by the Department of Radiation Oncology, The University of Chicago, 

before all experiments. 

Radioluminescence measurements: Hf12-DBAn and Hf6-DBAn were suspended in ethanol at 

equivalent Hf concentration of 1 mM, degassed and refilled with nitrogen gas. The solutions were 

transferred to 1 dram vials for X-ray irradiation with a maximum dose rate of 2.93 Gy/min. X-ray 
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luminescence measurements were acquired with the X-RAD irradiator through a 2 mm aluminum 

filter. The radioluminescence was detected using a cooled CoolSNAP HQ2 CCD camera 

(Photometrics, USA) equipped with a DX Micro-NIKKOR f/2.8 macro lens (Nikon, Japan). 

Samples were tested at a voltage of 70 kVp and current values ranging from 5, 10, 20, 30 to 40 

mA for 30 s. Radioluminescence intensities were processed by ImageJ with background 

subtraction. 

Detection of hydroxyl radical produced by irradiation: HfO2, Hf6-DBA and Hf12-DBA were 

suspended in water at equivalent Hf concentrations of 20 μM in the presence of 5 μM APF. A 

water solution of 5 μM APF was used as background. 100 μL of each suspension was added to a 

96-well plate and then irradiated with 0, 1, 2, 3, 5, or 10 Gy X-ray. The fluorescence signal was 

immediately collected with a Xenogen IVIS 200 imaging system. 

Clonogenic assay: The clonogenic assay was performed according to a modified protocol. CT26 

cells were cultured in a 6-well plate overnight and incubated with particles at equivalent Hf 

concentration of 20 µM for 4 h followed by irradiation with 0, 1, 2, 4, 8 and 16 Gy X-ray. Cells 

were trypsinized and counted immediately. 200-2000 cells were seeded in a 6-well plate and 

cultured with 2 mL medium for 15 days. Once colony formation was observed, the culture medium 

was discarded. The plates were rinsed twice with PBS, then stained with 500 µL of 0.5% w/v 

crystal violet in 50% methanol/H2O. The wells were rinsed with water for three times and the 

colonies were counted manually.  

Apoptosis/necrosis: 4T1 cells were cultured in a 6-well plate overnight and incubated with 

particles at equivalent Hf concentration of 20 µM for 4 h followed by irradiation at 0 and 2 Gy X-
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ray. 24 h later, the cells were stained according to the AlexaFluor 488 Annexin V/dead cell 

apoptosis kit (Life technology, USA) and quantified by flow cytometry (LSRFortessa, BD, USA).  

DNA damage:  CT26 cells were cultured in a 6-well plate overnight and incubated with particles 

at equivalent Hf concentration of 20 µM for 4 h followed by irradiation at 0 and 2 Gy X-ray. Cells 

were stained immediately with the HCS DNA damage kit (Life Technology, USA) for confocal 

laser scanning microscopy (CLSM, FV1000, Olympus, Japan) and flow cytometry. ImageJ was 

used to quantify the number of cells with foci and number of intranuclear foci. 

Immunogenic cell death: CT26 cells were cultured in a 6-well plate overnight and incubated with 

particles at equivalent Hf concentration of 20 µM for 4 h followed by irradiation with 0 or 2 Gy 

X-ray (250 kVp, 15 mA, 1 mm Cu filter). After incubation for 4 h, the cells were washed three 

times with PBS, fixed with 4% paraformaldehyde, incubated with AlexaFluor 488-CRT (Enzo 

Life Sciences, USA) with 1: 100 dilution for 2 h, stained with DAPI, and observed by CLSM. 

Treated cells were incubated for 4 h, collected, incubated with AlexaFluor 488-CRT antibody for 

2 h, and then stained with PI for analysis by flow cytometry. 

Abscopal Effect: A bilateral model was established by subcutaneously inoculating 2×106 and 1

×106 CT26 cells onto the right and left flanks of BALB/c mice for respective primary and 

secondary tumors. When the primary tumors reached 100-150 mm3 in volume, mice were injected 

intratumorally with nMOFs at a dose of 1 µmol Hf or PBS. 12 h after injection, mice were 

anaesthetized with 2% (v/v) isoflurane and the primary tumors were irradiated with 0.5 or 1 Gy 

X-ray/fraction for a total of 10 daily fractions. Antibodies were given every three days by 

intraperitoneal injection at a dose of 75 µg/mouse. The tumor sizes were measured daily with a 

caliper where tumor volume equals (width2 × length)/2. Mice treated with Hf6-DBA and Hf12-
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DBA were sacrificed on Day 30 and mice treated with PBS or anti-PD-L1 antibody alone were 

sacrificed on Day 21. Each mouse was weighed daily to evaluate toxicity. 

ELISpot assay: Tumor-specific immune responses to IFN-γ was measured ex vitro by ELISpot 

assay (Mouse IFN gamma ELISPOT Ready-SET-Go!®; Cat. No. 88-7384-88; eBioscience). 

Millipore Multiscreen HTS-IP plates was coated overnight at 4°C with anti-Mouse IFN-γ capture 

antibody. Single-cell suspensions of splenocytes were obtained from CT26 tumor-carrying mice 

and seeded onto the antibody-coated plate at a concentration of 2×105 cells/well. Cells were 

incubated with or without SPSYVYHQF stimulation (10 mg/ml; in purity >95%; PEPTIDE 2.0) 

for 42 h at 37 °C and then discarded. The plate was then incubated with biotin-conjugated anti-

IFN-γ detection antibody at room temperature (r.t.) for 2 h, followed by incubation with Avidin-

HRP for 2 h at r.t. 3-amino-9-ethylcarbazole substrate solution (Sigma, Cat. AEC101) was added 

for cytokine spot detection. Spots were imaged and quantified with a CTL ImmunoSpot Analyzer 

(Cellular Technology Ltd, USA).  

Lymphocyte profiling: Tumors were harvested, treated with 1 mg/mL collagenase I (Gibco™, 

USA) for 1 h, and ground by the rubber end of a syringe. Cells were filtered through nylon mesh 

filters with size of 40 µm and washed with PBS. Tumor-draining lymph nodes were collected and 

directly ground through the cell strainers. The single-cell suspension was incubated with anti-

CD16/32 (clone 93) to reduce nonspecific binding to FcRs. Cells were further stained with the 

following fluorochrome-conjugated antibodies: CD45 (30-F11), CD3 (145-2C11), CD4 (GK1.5), 

CD8 (53-6.7), Foxp3 (FJK-16s), CD25 (PC61.5), Nkp46 (29A1.4), F4/80 (BM8), B220 (RA3-

6B2) and PI (all from eBioscience). Antibodies were used with the dilution of 1: 200. 

Representative gating strategies for different immune cells are shown in Figure 2-18. LSR 
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Fortessa (BD Biosciences) was used for cell acquisition and data analysis was carried out with 

FlowJo software (Tree Star, Ashland, OR).  

 

Figure 2-18 Representative gating strategies for CD4+ T cells, CD8+ T cells, T regulatory cells, B 
cells, NK cells and dendritic cells. Reprinted with permission from Nature Communications 2018, 
9, 2351–2363. Copyright 2018 Nature Publishing Group. 

 

 

T cell depletion: The bilateral subcutaneous model was established as for the in vivo anti-tumor 

efficacy. When the primary tumors reached 100-150 mm3 in volume, mice were injected 

intratumorally with nMOFs at a dose of 0.11 mg/mouse or PBS. Anti-CD4 (GK1.5, BioXCell, 

USA), anti-CD8 (OKT-8, BioXCell, USA) and mouse IgG (C1.18.4, BioXCell, USA) antibodies 

were intraperitoneally injected into the mice (200 µg/mouse) on Day 0 and 5 after the first 
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treatment. Twelve hours post-injection, mice were anesthetized with 2% (v/v) isoflurane, and 

irradiated.  

Tumor challenge studies: On day 50 post tumor inoculation, mice were challenged with 2×106 

CT26 cells on the contralateral flank. Healthy mice were simultaneously inoculated as control. The 

mice were sacrificed when the tumors of the control mice reached 2 cm3.  
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CHAPTER 3. Nanoscale Metal-Organic Frameworks for Mitochondria-

Targeted Radiotherapy-Radiodynamic Therapy 

3.1 Rationale for the project design 

In Chapter 2, we defined the critical parameters for developing nMOFs for radiosensitization. 

In the radioluminescence experiment of Hf-DBAn, it was demonstrated that Hf-based SBUs 

effectively deposited X-ray radiation and transferred energy to nearby bridging anthracene-based 

ligands for luminescence emission. Considering similar energy deposition and energy transfer 

process, it might be possible to generate other ROS, including singlet oxygen (1O2) or superoxide 

(O2
-), when photosensitizer (PS)-based ligands are integrated into Hf-based nMOFs.   

Among various PSs, ruthenium (Ru)-based PSs, , including Ru(bpy)3
2+ (bpy=2,2'-bipyridine), 

possess several favorable properties including long excited state lifetimes, high 1O2 generation 

efficiencies, and good aqueous solubility.1 In addition, cationic Ru(bpy)3
2+ has recently been 

reported to target mitochondria, further increasing its potency.2-3  

In this chapter, we report the synthesis of Hf-DBB-Ru [DBB-Ru = bis(2,2’-bipyridine)(5,5’-

di(4-benzoato)-2,2’-bipyridine)ruthenium(II) chloride] as a mitochondria-targeted nMOF for a 

new therapeutic modality, radiotherapy-radiodynamic therapy (RT-RDT). By integrating 

Ru(bpy)3
2+ PSs into the framework, Hf-DBB-Ru possesses a cationic UiO topology and exhibits 

strong mitochondria-targeting property as demonstrated by elemental quantification and confocal 

microscopy.  Upon irradiation with low doses of X-rays, the Hf6 SBUs efficiently absorb energy 

to not only generate •OH via radiolysis but also transfer energy to the DBB-Ru PSs to generate 1O2 
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in a radiodynamic mode of action. Mitochondria-targeted RT-RDT process depolarizes the 

mitochondrial membrane potential, releases cytochrome c, and disturbs the respiratory chain to 

lead to programmable cell death of tumor cells. We further show that nMOF-enabled, 

mitochondria-targeted RT-RDT significantly regresses colorectal tumors on mouse models at very 

low X-ray doses and with no side effects (Figure 3-1). 

 

Figure 3-1 Schematic showing the RT and RDT process enabled by Hf-DBB-Ru.  Mitochondria-
targeted RT-RDT mediated by Hf-DBB-Ru. Hf-DBB-Ru was internalized by tumor cells 
efficiently and enriched in mitochondria due to dispersed cationic charges in the nMOF framework. 
Hf6 SBUs preferentially absorb X-rays over tissues to enhance RT by sensitizing hydroxyl radical 
generation and enable RDT by transferring energy to Ru(bpy)3

2+-based bridging ligands to 
generate singlet oxygen. The RT-RDT process trigger mitochondrial membrane potential 
depolarization, membrane integrity loss, respiratory chain inactivation, and cytochrome c release 
to initiate apoptosis of cancer cells. Reprinted with permission from Nature Communications, 2018, 
9, 4321–4333. Copyright 2018 Nature Publishing Group.  
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3.2 Results 

3.2.1 Synthesis and characterization of Hf-DBB-Ru 

Hf-DBB-Ru was synthesized through a solvothermal reaction between HfCl4 and H2DBB-Ru 

with TFA as modulator. Transmission electron microscopy (TEM) imaging showed a uniform 

spherical morphology of <100 nm in diameter for Hf-DBB-Ru (Figure 3-2a), whereas dynamic 

light scattering (DLS) measurements gave a Z-average diameter, number-average diameter, and 

polydispersity index of 98.1 ± 4.1 nm, 76.0 ± 3.9 nm, and 0.12 ± 0.01, respectively, for Hf-DBB-

Ru (Figure 3-2b). Hf-DBB-Ru particles exhibited a positive  potential of 38.9 ± 3.1 mV due to 

the cationic [DBB-Ru]2+ bridging ligands.  

Powder X-ray diffraction (PXRD) studies showed that Hf-DBB-Ru adopted a UiO-like 

topological structure (Figure 3-2c). Though Hf-DBB-Ru showed the same peak positions as the 

reported UiO-69, the first peak at 2 = 3.96 °, which corresponds to the (111) reflection, exhibited 

lower intensity than UiO-69, likely due to out-of-phase destructive interference from Ru centers 

which are sitting half way between the in-phase Hf clusters. Based on the UiO-69 topological 

structure, the cationic Hf-DBB-Ru framework was formulated as [Hf6(µ3-O)4(µ3-OH)4(DBB-

Ru)6]12+. PXRD studies also showed that Hf-DBB-Ru was stable in 0.6 mM PBS for 6 days owing 

to strong carboxylate coordination to the Hf6 clusters.  

As an nMOF-based photosensitizer, Hf-DBB-Ru showed similar absorption peaks (Figure 3-

2d) and phosphorescence peak (Figure 3-2e) to the H2DBB-Ru ligand. Upon X-ray irradiation, 

Hf-DBB-Ru efficiently absorbs energy to generate •OH from the Hf6 SBUs and 1O2 from the DBB-

Ru by effective transfer energy (Figure 3-2f). 
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Figure 3-2 TEM image (a) and number-averaged diameter in water by DLS measurements (b) of 
Hf-DBB-Ru, n = 3. (c) PXRD patterns of Hf-DBB-Ru samples and UiO-69. Hf-DBB-Ru was 
freshly prepared or incubated in 0.6 mM PBS for 6 days. (d) UV-visible spectra of Hf-DBB-Ru 
and H2DBB-Ru. (e) Emission spectra of Hf-DBB-Ru and H2DBB-Ru with 450 nm excitation. (f) 
Schematic showing the RT and RDT process enabled by Hf-DBB-Ru.  Reprinted with permission 
from Nature Communications, 2018, 9, 4321–4333. Copyright 2018 Nature Publishing Group. 

 

3.2.2 ROS generation  

We next determined if Hf-DBB-Ru could generate both •OH and 1O2 upon X-ray irradiation. 

Hydroxyl radicals were detected via APF assay. The amount of APF trapped in Hf-DBB-Ru or 

Hf-DBA was first estimated by detecting chemically produced hydroxyl radicals using APF in the 

presence of the nMOF. The percentage of APF trapped in the nMOF is approximated to one minus 

the fluorescence intensity ratio of APF with nMOF over that of APF without nMOF (Figure 3-

3a). An aqueous solution or an aqueous dispersion of Hf-DBB-Ru or Hf-DBA at an equivalent Hf 

concentration of 20μM was added 5μM APF and then irradiated with X-ray in the dose range of 0 

to 10 Gy. The fluorescence signals at 515 nm were detected. We deduced the fluorescence intensity 
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corresponding to the amounts of hydroxyl radicals generated by Hf-DBB-Ru, Hf-DBA, and H2O 

by correcting for the percentage of APF trapped in the nMOF (Figure 3-3b). •OH generation for 

all groups increased linearly with X-ray dose and the relative enhancement of hydroxyl radical 

generation compared with water was determined to be 54.2% and 30.5% for Hf-DBB-Ru and Hf-

DBA, respectively. We then used SOSG assay to detect 1O2 generation by Hf-DBB-Ru. 12.5 μM 

SOSG was added to an aqueous solution or an aqueous dispersion of Hf-DBB-Ru or Hf-DBA at 

an equivalent Hf concentration of 20μM and irradiated with X-ray in the dose range of 0 to 3 Gy. 

The fluorescence signals at 540 nm were determined and subtracted from that of an aqueous 

solution. As shown in Figure 3-4, Hf-DBB-Ru showed significant SOSG signal while Hf-DBA 

showed no singlet oxygen generation. APF and SOSG assays thus show that Hf-DBB-Ru generates 

both •OH by Hf6 SBUs via radiosensitization and 1O2 through energy transfer from Hf6 SBUs to 

DBB-Ru ligands upon X-ray irradiation. 

 

Figure 3-3 APF assay. (a) APF fluorescence of H2O, Hf-DBA, and Hf-DBB-Ru with Fenton 
reaction at equivalent Hf concentrations of 20 µM, n = 6. (b) APF fluorescence of Hf-DBB-Ru 
and Hf-DBA at equivalent Hf concentrations of 20 µM and H2O upon X-ray irradiation. The error 
bars represent s.d. values. Reprinted with permission from Nature Communications, 2018, 9, 
4321–4333. Copyright 2018 Nature Publishing Group.  
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Figure 3-4 SOSG assay. Original data (a) and relative intensity with background subtraction (b) 
of SOSG fluorescence of Hf-DBB-Ru and Hf-DBA at equivalent Hf concentrations of 20 µM upon 
X-ray irradiation, n = 6. The error bars represent s.d. values. Reprinted with permission from 
Nature Communications, 2018, 9, 4321–4333. Copyright 2018 Nature Publishing Group. 

 

3.2.3 Mitochondria targeting  

We hypothesized that small size and cationic nature of Hf-DBB-Ru could lead to efficient 

uptake by tumor cells and subsequent internalization into mitochondria. We compared 

mitochondria targeting capability of Hf-DBB-Ru to Hf-DBA, a neutral MOF with a  potential of 

-24.1 ± 5.6 mV in water. Hf-DBA was synthesized as reported Hf6-DBA in Chapter 2, exhibiting 

similar size and morphology as Hf-DBB-Ru (Figure 2-2b). Meanwhile, we capped Hf-DBB-Ru 

with excess oxalic acid to generate Hf-DBB-Ru-oxa with a  potential of 18.3 ± 0.8 mV in water 

as a better control. We first used inductively coupled plasma-mass spectrometry (ICP-MS) to 

determine time-dependent cellular uptake of Hf-DBB-Ru, Hf-DBB-Ru-oxa and Hf-DBA on 

MC38 cells over 8h (Figure 3-5a). Hf-DBB-Ru was rapidly uptaken by MC38 cells, reaching 

saturation after 2 h incubation. At 1 h incubation, 71.3% Hf-DBB-Ru was already uptaken by 

MC38 cells.  In comparison, only 6.8% Hf-DBA was uptaken by MC38 cells after 1 h incubation. 

These results indicate that MC38 cells uptake cationic Hf-DBB-Ru more efficiently than Hf-DBA 
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with a negative  potential. Interestingly, no significant difference of cellular uptake between Hf-

DBB-Ru-oxa and Hf-DBB-Ru at 8 h. 

 

Figure 3-5 (a) Cellular uptake of Hf-DBB-Ru, Hf-DBB-Ru-oxa or Hf-DBA after 1, 2, 4 or 8 hour 
incubation with equivalent Hf concentrations of 20 M. (b) Time-dependent enrichment of Hf-
DBB-Ru, Hf-DBB-Ru-oxa or Hf-DBA in mitochondria. Mitochondria were isolated from nMOF 
treated cells and the nMOF amounts quantified by ICP-MS, n = 3. The Hf concentrations were 
determined by ICP-MS, n = 3. The dots and error bars represent individual data points and s.d. 
values. Reprinted from Reprinted with permission from Nature Communications, 2018, 9, 4321–
4333. Copyright 2018 Nature Publishing Group. 

 

Mitochondria enrichment of Hf-DBB-Ru, Hf-DBB-Ru-oxa and Hf-DBA in MC38 cells was 

then quantitatively determined by ICP-MS and directly visualized by confocal laser scanning 

microscopic (CLSM) imaging. We extracted mitochondria using a modified protocol to quantify 

the percentage of internalized particles in mitochondria.4 ICP-MS analyses showed that Hf-DBB-

Ru was quickly enriched in mitochondria, reaching saturation after 4h incubation (Figure 3-5b). 

At 4h, over 90% of Hf-DBB-Ru internalized by MC38 cells was found in mitochondria, while 

only 18% of internalized Hf-DBA was detected in mitochondria. Incorporation of cationic 

Ru(bpy)3
2+ into nMOFs thus not only increases the efficiency of cellular uptake, but also endows 

mitochondria-targeting property. Capped with oxalate, Hf-DBB-Ru-oxa showed lower enrichment 
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in mitochondria than Hf-DBB-Ru, indicating that the mitochondria-targeting property of Hf-DBB-

Ru is highly surface charge-dependent. 

 

Figure 3-6 (a) Cellular uptake of Hf-DBA and Hf-DBA-R after 4 hour incubation with equivalent 
Hf concentrations of 20 M. The Hf concentrations were determined by ICP-MS, n = 3. (b) Co-
localization of Hf-DBA-R or Hf-DBB-Ru with mitochondria after different nMOFs incubation 
time. The cells were first treated with Hf-DBA-R or Hf-DBB-Ru for 1, 2, 4 or 8 hour incubation 
with equivalent Hf concentrations of 20 M. After washing with PBS, treated MC38 cells at each 
time point were then co-stained with commercial organelle trackers for 10 min at room temperature. 
Blue: Hoechst 33342; Green: Rhodamine 123; Red: Hf-DBA-R or Hf-DBB-Ru. Scale bar = 20 
µm. (c) Time-dependent Pearson’s correlation coefficients. Co-localization of Hf-DBA-R or Hf-
DBB-Ru with mitochondria was analyzed based on fluorescence images captured at 1, 2, 4, and 8 
h incubation. The dots and error bars represent individual data points and s.d. values. Reprinted 
from Reprinted with permission from Nature Communications, 2018, 9, 4321–4333. Copyright 
2018 Nature Publishing Group. 
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Localization of Hf-DBB-Ru in mitochondria was further visualized by CLSM using its strong 

red phosphorescence at 628 nm when excited at 450 nm. As a control, Hf-DBA-R, a fluorescent 

version of Hf-DBA, was synthesized by conjugating Rhodamine B to Hf-DBA via a thiourea 

linkage between the isothiocyanate group on Rhodamine B and the amine group of Hf-DBA.5 ICP-

MS studies indicated that Hf-DBA-R exhibited similar cellular uptake as Hf-DBA (Figure 3-6a). 

After incubating MC38 cells with Hf-DBA-R or Hf-DBB-Ru for 1, 2, 4, and 8 h, CLSM images 

were captured for co-localization analysis (Figure 3-6b). Hf-DBA-R and Hf-DBB-Ru showed red 

color while mitochondria were labeled with green Rhodamine 123 dye. The co-localization of 

nMOFs with mitochondria was observed as merged yellow areas. Hf-DBB-Ru treated cells showed 

significantly more yellow areas than Hf-DBA-R at all time points and gave higher Pearson’s 

correlation coefficients than Hf-DBA-R after detailed analyses of CLSM images using the Co-

localization Analysis plugin for ImageJ (Figure 3-6c).  

To visualize co-localization between nMOFs and mitochondria at higher spatial resolutions, 

we performed super-resolution confocal imaging and analyzed intensity profiles by ImageJ. 

Yellow signals come from merging of red signals from nMOFs and green signals from Rhodamine 

123-labeled mitochondria. As shown in Figure 3-7a,c,e, Hf-DBB-Ru clearly exhibited stronger 

yellow signals than Hf-DBA-R or Hf-DBB-Ru-oxa due to higher accumulation of Hf-DBB-Ru in 

mitochondria. The corresponding luminescence intensity profiles for Hf-DBB-Ru, Hf-DBA-R and 

Hf-DBB-Ru-oxa are shown in Figure 3-7b,d,f, respectively. The red luminescence signal from 

Hf-DBB-Ru traced the green fluorescence from mitochondria, but the red fluorescence of Hf-

DBA-R was well separated from the green fluorescence of mitochondria. Hf-DBB-Ru-oxa showed 

partial mitochondria-targeting property but not as strong as Hf-DBB-Ru. Taken together, Hf-DBB-
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Ru was efficiently uptaken by tumor cells and internalized into mitochondria due to its small 

particle size and highly delocalized positive charges on the particle.   

 

Figure 3-7 Representative mitochondria co-localization images of Hf-DBB-Ru (a), Hf-DBA-R (b) 
and Hf-DBB-Ru-oxa (c) by CLSM. Scale bar = 5 m. Mitochondria were labeled with Rhodamine 
123 in green (middle column). nMOFs emitted red signal. Yellow areas merged from the red and 
green signals represent co-localization of Hf-DBB-Ru, Hf-DBA-R or Hf-DBB-Ru-oxa with 
mitochondria. Fluorescence topographic profiles (b, d and f) display fluorescence intensity curves 
of straight white lines marked in merged (a), (b) and (c), respectively. Reprinted with permission 
from Nature Communications, 2018, 9, 4321–4333. Copyright 2018 Nature Publishing Group. 

 

To confirm the fast cellular internalization and mitochondrial enrichment of Hf-DBB-Ru, 

time-dependent confocal imaging studies were performed to monitor endocytosis/endosomal 

escape and mitochondria uptake processes. As shown in Figure 3-8, internalized Hf-DBB-Ru 

escaped from endo/lysosome and was simultaneously enriched in mitochondria within 1 hour. 
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Figure 3-8 Time-dependent endosomal escape (a) and mitochondrial enrichment (b) of Hf-DBB-
Ru by confocal microscope imaging. The cells were incubated with Hf-DBB-Ru at equivalent Hf 
concentrations of 20 M for 15 to 60 minutes. After washing with PBS, treated MC38 cells at each 
time point were co-stained with commercial organelle trackers for 10 min at room temperature. 
Blue: Hoechst 33342 for nuclei; Green: Lysotracker Green (a) or Rhodamine 123 for mitochondria 
(b); Red: Hf-DBB-Ru. Scale bar = 5 m. Reprinted with permission from Nature Communications, 
2018, 9, 2351–2363. Copyright 2018 Nature Publishing Group. 
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3.2.4 In vitro anti-tumor efficacy of RT-RDT  

Anti-tumor efficacy of Hf-DBA, H2DBB-Ru, Hf-DBB-Ru-oxa, and Hf-DBB-Ru against 

MC38 was first investigated by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium (MTS) assay. Particles were incubated with cells at various 

concentrations for 4 h, followed by irradiation with an X-ray irradiator at a dose of 2 Gy. Hf-DBB-

Ru significantly outperformed Hf-DBA, H2DBB-Ru ligand and Hf-DBB-Ru-oxa in MTS assays 

(Figure 3-9a). The IC50 values for Hf-DBB-Ru, Hf-DBA, and H2DBB-Ru against MC38 cells 

were calculated to be 20.13 ± 8.58, (14.91 ± 2.2)×103, and (3.69 ± 0.31)×106 μM, respectively. 

Stronger cytotoxicity of Hf-DBB-Ru than Hf-DBB-Ru-oxa upon low-dose X-ray validated that 

mitochondria-targeting contributed to the enhanced RT-RDT. No cytotoxicity was observed in 

dark control groups (Figure 3-9b).  

 
Figure 3-9 Cytotoxicity upon X-ray irradiation at 0 (a) or 2 (b) Gy in MC38 cells. (c) Clonogenic 
assay on MC38 cells, n = 6. Reprinted with permission from Nature Communications, 2018, 9, 
2351–2363. Copyright 2018 Nature Publishing Group. 

 

Clonogenic assays were then performed to assess the long-term proliferation of cells treated with 

nMOFs at an equivalent Hf concentration of 20 µM for 4 h followed by irradiation with X-ray 

from 0 to 16 Gy. At the same Hf concentration, Hf-DBB-Ru outperformed Hf-DBA in 

radiosensitization, with an REF10 value of 2.68 compared to 1.50 for Hf-DBA (Figure 3-9c). 

Interestingly, different from clonogenic curves of conventional radiosensitizers, the concave-
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shaped dose-response curves of Hf-DBB-Ru confirmed early response of cells to 1O2 due to the 

RDT effect.6 

To confirm the radiosensitization effect of Hf-DBB-Ru, we determined DNA double-strand 

breaks (DSBs) by detecting phosphorylated γ-H2AX. When incubated with Hf-DBB-Ru and 

irradiated with X-rays at a dose of 2 Gy, significant γ-H2AX fluorescence indicating DSBs was 

observed in the nuclei of MC38 cells, similar to the red fluorescence observed for Hf-DBA treated 

cells upon X-ray irradiation (Figure 3-10). No DSB was observed in PBS or H2DBB-Ru treated 

cells with irradiation or any particle treated cells without X-ray irradiation. These results indicate 

that Hf-DBB-Ru exhibits strong radiosensitization effect to cause DNA DSBs.  

 

Figure 3-10 Representative γ-H2AX immunostaining assay showing DNA DSBs in MC38 cells. 
Cells were treated with PBS, Hf-DBA, H2DBB-Ru or Hf-DBB-Ru with (+) or without (-) X-ray 
irradiation. Blue and red fluorescence show DAPI-stained nucleus and antibody-labeled γ-H2AX 
in the cells, respectively. Scale bar = 20 μm. Reprinted with permission from Nature 
Communications, 2018, 9, 4321–4333. Copyright 2018 Nature Publishing Group. 

 

MC38 cells treated with Hf-DBB-Ru and X-ray irradiation followed by incubation with SOSG 

showed strong green fluorescence by CLSM, indicating the generation of 1O2 (Figure 3-11). No 

fluorescence was detected in PBS, Hf-DBA, and H2DBB-Ru treated group with or without X-ray 

irradiation or in Hf-DBB-Ru treatment without irradiation. 1O2 was only generated intracellularly 
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by combining Hf-DBB-Ru and X-ray irradiation, suggesting that heavy metal SBUs, 

photosensitizers, and X-rays are three indispensable elements for the generation of 1O2 in nMOF-

enabled RDT. It is worth noting that the H2DBB-Ru treated group showed weak green signals, 

likely due to direct excitation of H2DBB-Ru from slight absorption of X-rays by Ru atoms.  

 

Figure 3-11 Intracellular 1O2 generation detected by SOSG. MC38 cells were preloaded with 
SOSG, incubated with PBS, Hf-DBA, H2DBB-Ru, or Hf-DBB-Ru and irradiated at 0 (-) or 2 (+) 
Gy. Green fluorescence from SOSG captured 1O2. Scale bar = 20 µm. Reprinted with permission 
from Nature Communications, 2018, 9, 4321–4333. Copyright 2018 Nature Publishing Group. 

 

COX-2, a cyclooxygenase involved in lipid peroxidation, is up-regulated after 1O2-induced 

cell membrane damage, which is commonly observed after PDT treatment.7 We determined the 

upregulation of COX-2 in MC38 cells after PBS, Hf-DBA, H2DBB-Ru, or Hf-DBB-Ru incubation 

with and without X-ray irradiation by quantitative flow cytometric analysis. 24 h after irradiation, 

treated cells were collected, fixed and stained with biotin-conjugated COX-2 antibody and 

followed by incubation with Cy5-conjugated streptavidin. The intensity shift of red fluorescence 

compared to the control indicated COX-2 up-regulation of cells. No COX-2 up-regulation was 

observed from PBS or Hf-DBA treated group or dark controls (Figure 3-12). The mean 
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fluorescence intensities were 8973, 1356, 231, and 186 for the cells treated with Hf-DBB-Ru, 

H2DBB-Ru, Hf-DBA and PBS with X-ray irradiation, respectively. This result is consistent with 

SOSG assay showing strong RDT effects by Hf-DBB-Ru and low level 1O2 generation by H2DBB-

Ru from slight absorption of X-rays by Ru atoms. 

 

Figure 3-12 Quantification of COX-2 by flow cytometry after cells incubated with PBS, Hf-DBA, 
H2DBB-Ru, or Hf-DBB-Ru and irradiated with X-rays at a dose of 0 (-) or 2 (+)  Gy. Reprinted 
with permission from Nature Communications, 2018, 9,  4321–4333. Copyright 2018 Nature 
Publishing Group. 

 

The cell death pathways were then evaluated with an Annexin V/Cell death kit (Figure 3-

13a). Significant amounts of cells underwent apoptosis/necrosis when treated with Hf-DBB-Ru 

and X-ray irradiation, with only 33.6% healthy cells, compared to 74.8% and 83.1% healthy cells 

for Hf-DBA or H2DBB-Ru plus X-ray irradiation, respectively. >90% cells remained healthy in 

dark controls and in the PBS group with irradiation, indicating that Hf-DBA, H2DBB-Ru, and Hf-

DBB-Ru are not intrinsically cytotoxic and the low dose X-ray elicited negligible cytotoxicity with 

PBS treatment (Figure 3-13b,c). Furthermore, severe morphological changes were observed for 

cells treated with Hf-DBB-Ru plus X-ray irradiation (Figure 3-13d). Taken together, Hf-DBB-Ru 



86 
 

possesses a strong cell killing effect when combined with X-ray irradiation due to the 

mitochondria-targeted RT-RDT effects. 

 

Figure 3-13 (a) Annexin V/PI analysis of MC38 cells treated PBS, Hf-DBA, H2DBB-Ru, or Hf-
DBB-Ru at an equivalent dose of 20 M and irradiated with X-rays at a dose of 0 (-) or 2 (+) Gy. 
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Figure 3-13, continued The quadrants from lower left to upper left (counter clockwise) represent 
healthy, early apoptotic, late apoptotic, and necrotic cells, respectively. The percentage of cells in 
each quadrant was shown on the graphs. Statistical analysis of the percentages of early apoptotic 
cell (red brick, Annexin+PI-), late apoptotic cell (green brick, Annexin+PI+), or necrotic cell (blue 
brick, Annexin-PI+) without (a) or with (b) X-ray irradiation, n = 3. (d) Representative optical 
images of MC38 cells showing morphological changes 72 hours post treatment. Scale bar = 50 μm. 
Reprinted with permission from Nature Communications, 2018, 9, 4321–4333. Copyright 2018 
Nature Publishing Group. 

3.2.5 In vitro mechanistic studies of mitochondria-targeted RT-RDT  

In PDT, subcellular localization of a PS determines the initial photodynamic damage and 

ensuing cellular responses. The results from the proceeding sections suggested the enhanced RT-

RDT efficacy of Hf-DBB-Ru due to its mitochondria-targeting property. The generation of •OH 

and 1O2 in mitochondria can cause maximal membrane damage to initiate an efficient apoptotic 

process. To gain mechanistic insights into mitochondria-targeted RT-RDT, we evaluated 

depolarization of the mitochondria membrane potential, the release of cytochrome c, and the loss 

of respiratory chain activity in MC38 cells following Hf-DBB-Ru treatment and X-ray irradiation. 

 

Figure 3-14 JC-1 staining for detecting mitochondria membrane depolarization by CLSM (a) or 
flow cytometry (b). MC38 cells treated with PBS, Hf-DBA, H2DBB-Ru, or Hf-DBB-Ru at an 
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Figure 3-14, continued equivalent dose of 20 M upon X-ray irradiation at 0 (-) or 2 (+) Gy dose 
were stained with JC-1 4 h after irradiation. Green fluorescence indicates the monomerization of 
JC-1, suggesting the decrease of mitochondria membrane potential. Scale bar = 50 μm. Reprinted 
with permission from Nature Communications, 2018, 9,  4321–4333. Copyright 2018 Nature 
Publishing Group. 

The depolarization of mitochondrial membrane potential was assayed with the mitochondria 

permeable dye 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide (JC-1). 

With a polarized mitochondrial potential in normal cells, JC-1 emits red fluorescence from the J-

aggregate that forms in the mitochondrial matrix. When the mitochondrial membrane potential 

depolarizes, JC-1 exists as a monomer and emits green fluorescence. The shift from red to green 

fluorescence is thus an indicator for a decrease in the mitochondrial membrane potential. MC38 

cells treated with Hf-DBA, H2DBB-Ru, or Hf-DBB-Ru at an equivalent dose of 20 µM of Hf upon 

X-ray irradiation at a dose of 0 or 2 Gy were stained with JC-1 for CLSM analyses. Cells treated 

with PBS without X-ray irradiation served as control. As shown in Figure 3-14a, all four groups 

showed strong red fluorescence and negligible green fluorescence without X-ray treatment. 4h 

after X-ray irradiation, obvious green fluorescence was observed in Hf-DBB-Ru treated group, 

while Hf-DBA and H2DBB-Ru treated groups only showed a few yellow spots, indicating only 

weak green fluorescence. Flow cytometry analyses further confirmed these observations. Upon X-

ray irradiation, the Hf-DBB-Ru group showed an increased number of mitochondria with green 

fluorescence and few mitochondria with red fluorescence. In contrast, the groups treated with PBS, 

Hf-DBA, or DBB-Ru did not show such a distinct change upon X-ray irradiation (Figure 3-14b). 

The depolarization of mitochondria membrane potential is an indicator of mitochondria 

dysfunction.8 With an increase in ROS generation and decrease in ATP synthesis, the permeability 

transition pore complex is primed to release cytochrome c into the cytosol to form a complex with 

cytoplasmic apoptosis activating factor-1, which activates caspase-9 and caspase-3 to induce 

apoptosis. Mitochondria and cytochrome c were stained with Mitotracker and FITC-conjugated 
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cytochrome c antibody, respectively, 6 h after X-ray irradiation for CLSM imaging. Compared 

with other groups, the Hf-DBB-Ru treated group displayed an obvious separation of green and red 

fluorescence (Figure 3-15), indicating the release of cytochrome c into cytosol.  

 

Figure 3-15 Cytochrome c staining for presenting the release of cytochrome c from damaged 
mitochondria. MC38 cells were treated with PBS, Hf-DBA, H2DBB-Ru, or Hf-DBB-Ru at an 
equivalent dose of 20 M upon X-ray irradiation at 0 (-) or 2 (+) Gy dose. Cells were then stained 
with Mitotracker Red, fixed and permeabilized 8 h after irradiation. After stained with FITC-
conjugated cytochrome c antibody and DAPI, slides were observed under CLSM. The deco-
localization of green and red fluorescence indicates the release of cytochrome c from mitochondria. 
Scale bar = 10 μm. Reprinted with permission from Nature Communications, 2018, 9, 4321–4333. 
Copyright 2018 Nature Publishing Group. 

To probe if the anticancer effect originates from RT-RDT damage to mitochondria, we 

detected Bcl-2 and caspase-3 protein expression levels 8 h after X-ray irradiation. PBS, Hf-DBA, 

H2DBB-Ru, and Hf-DBB-Ru treated cells all showed similar levels of Bcl-2 protein based on 

western blots (Figure 3-16), indicating no strong downregulation of Bcl-2 protein expression 

among all groups, likely due to local RT-RDT effects causing mitochondria outer membrane 

permeabilization. In contrast, Hf-DBB-Ru treated cells showed upregulation of caspase-3 in 

comparison to PBS, Hf-DBA, or H2DBB-Ru treated groups. Bcl-2 and caspase-3 quantification 

results thus indicated that the RT-RDT damage was initiated from mitochondria to directly induce 
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the downstream apoptotic pathways without downregulating Bcl-2 due to the localization of Hf-

DBB-Ru in mitochondria.9 

 

Figure 3-16 Bcl-2 and Caspase-3 protein expression levels of MC38 cells 8 h after treatment of 
PBS, Hf-DBA, H2DBB-Ru and Hf-DBB-Ru upon X-ray irradiation (2 Gy). The glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) band served as loading control. Reprinted with permission 
from Nature Communications, 2018, 9, 4321–4333. Copyright 2018 Nature Publishing Group. 

 

Figure 3-17 Viability test for intact mitochondria and respiratory activity. MC38 cells were treated 
with after treated with PBS, Hf-DBA, H2DBB-Ru, or Hf-DBB-Ru at an equivalent dose of 20 M 
upon X-ray irradiation at 0 (-) or 2 (+) Gy dose. After incubation for 24 h, MTT was added to the 
cells for 20 mins to measure respiratory activity as the amount of MTT reduced to formazan. Dark 
blue “grains” in the image correspond to generated formazan microgranules. Scale bar = 10 μm. 
Reprinted with permission from Nature Communications, 2018, 9, 4321–4333. Copyright 2018 
Nature Publishing Group. 

The dysfunction of mitochondria leads to the loss of respiratory chain activity and increased 

generation of reduced nicotinamide adenine dinucleotide phosphate (NADPH). We evaluated the 

respiratory chain activity and viability by (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay. In this assay, MTT is reduced to formazan which appears as dark blue 
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microgranules10 in cells with normal respiratory chain activity (Figure 3-17). The amount of 

formazan correlates with the activity of the respiratory chain. Compared with control groups, the 

Hf-DBB-Ru plus X-ray group showed significantly reduced amount of reduced formazan, 

suggesting the loss of the respiratory chain activity after mitochondria-targeted RT-RDT treatment.  

3.2.6 In vivo anti-tumor efficacy of mitochondria-targeted RT-RDT  

A colorectal adenocarcinoma mouse model of MC38-tumor bearing C57BL/6 mice was 

employed to evaluate the anti-tumor efficacy of Hf-DBA and Hf-DBB-Ru in vivo. H2DBB-Ru 

ligand and PBS served as controls. When the tumors reached 100-150 mm3 in volume on day 7 

post tumor inoculation, Hf-DBB-Ru, Hf-DBA, or H2DBB-Ru was injected intratumorally at 

equivalent doses of 0.2 µmol per mouse followed by daily X-ray irradiation at a dose of 1 Gy per 

fraction for a total of 6 fractions on consecutive days. As shown in Figure 3-18a, the H2DBB-Ru 

treated group showed slight tumor growth inhibition with a TGI of 34.4% on Day 22, which was 

likely due to the RT-RDT damage to mitochondria caused by slight X-ray absorption by the Ru 

compound. The Hf-DBA group showed moderate tumor suppression with a TGI of 57.9%, 

indicating the radiosensitization effect of Hf-DBA. In stark contrast, Hf-DBB-Ru treatment led to 

effective tumor regression at a low X-ray dose of 6 Gy. The average tumor volume of the Hf-DBB-

Ru treatment group was only 3.0 % of that of the PBS control on Day 22, affording an impressive 

TGI of 97.0 %.  

We also tested the therapeutic efficacy of intravenously injected Hf-DBB-Ru followed by X-

ray irradiation.  Hf-DBB-Ru was injected intravenously to MC38 tumor-bearing mice at a dose of 

2 µmol per mouse twice on day 7 and day 9 followed by daily X-ray irradiation at a dose of 2 Gy 

per fraction for a total of 4 consecutive fractions on days 8-11. PBS injected intravenously followed 
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the same X-ray irradiation treatment served as a control. Tumor sizes and body weights were 

measured daily. PBS group treated with daily X-ray irradiation did not exhibit statistically 

significant difference from the untreated group, indicating that fractionated X-ray irradiation for a 

total dose of 8Gy does not have radiotherapeutic effects. In contrast, intravenously injected Hf-

DBB-Ru followed by X-ray irradiation led to effective tumor regression with a TGI ratio of 93.9%.  

There is no statistically significant difference between the tumors of the mice intratumorally or 

intravenously injected with Hf-DBB-Ru followed by X-ray irradiation.   

We confirmed the radiotherapeutic efficacy of intravenously injected Hf-DBB-Ru followed 

by X-ray irradiation on BALB/c mice bearing CT26 tumors, another commonly used colorectal 

adenocarcinoma mouse model. Similar tumor regression results were observed on the CT26 with 

a TGI ratio of 91.5% (Figure 3-18b) when the mice were intravenously injected with Hf-DBB-Ru 

at a dose of 2 µmol per mouse twice on day 7 and day 9 followed by daily X-ray irradiation at a 

dose of 2 Gy per fraction for a total of 4 consecutive fractions on days 8-11.  These results indicate 

that Hf-DBB-Ru-enabled mitochondria-targeted RT-RDT can be administered to treat many 

different types of cancers. Statistical analysis of tumor sizes of all groups is listed in Table 3-1. 

Tumors were excised for further analysis (Figure 3-18c-e). 

The tumor growth inhibition/regression results of MC38 model were confirmed by the weights 

of excised tumors on Day 22 (Figure 3-18f). The weights of tumors treated with i.t. and i.v. 

injected Hf-DBB-Ru were 0.23 ± 0.16 and 0.25 ± 0.13 g compared to 2.69 ± 0.42 g, 1.15 ± 0.40 

g, and 1.80 ± 0.39 g for tumors treated with PBS, Hf-DBA, and H2DBB-Ru, respectively. For 

CT26 model, the weights of excised tumors on Day 21 treated with i.v. injected Hf-DBB-Ru was 

0.25 ± 0.17 g compared to 1.67 ± 0.30 g and 1.85 ± 0.38 g for tumors treated with PBS with or 
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without X-ray irradiation, respectively (inset of Figure 3-18b). Statistical analysis of tumor 

weights of all groups is listed in Table 3-2. 

 

Figure 3-18 (a) Tumor growth inhibition/regression curves in MC38 tumor-bearing mice treated 
with PBS, Hf-DBA, DBB-Ru, or Hf-DBB-Ru by intratumoral (i.t.) injection with (-) or without 
(+) X-ray irradiation or Hf-DBB-Ru by intravenous (i.v.) injection followed by X-ray irradiation, 
n = 6. (b) Tumor growth regression curves in CT26 tumor-bearing mice treated with PBS with (-) 
or without (+) X-ray irradiation or i.v. injected with Hf-DBB-Ru followed by X-ray irradiation. 
Black arrows refer to i.v. injection of different treatments and red arrows refer to X-ray irradiation. 
Excised tumor weights on day 21 shown in the inset, n = 6. Photos of excised tumors of MC38 
tumor model with different i.t. injected (c), i.v. injected (d) treatments and CT26 tumor model with 
i.v. injected treatment (e), n = 6. (f) Excised tumor weights on day 22, n = 6. **P<0.05, ***P<0.001 
from control by t-test. Reprinted with permission from Nature Communications, 2018, 9, 4321–
4333. Copyright 2018 Nature Publishing Group. 
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Table 3-1. Statistical analysis of the tumor sizes at the end of treatment on CT26 or MC38 tumor 
bearing mice. 

 

 

P values 

CT26 MC38 

PBS (+) vs PBS (-) 0.202 

 

 

 

<0.0001 

 

0.170 

0.002 

0.024 

<0.0001 

<0.0001 

0.109 

<0.0001 

<0.0001 

Hf-DBA (+, i.t.) vs PBS (+) 

H2DBB-Ru (+, i.t.) vs PBS (+) 

Hf-DBB-Ru (+, i.t.) vs PBS (+) 

Hf-DBB-Ru (+, i.v.) vs PBS (+) 

Hf-DBB-Ru (+, i.t.) vs Hf-DBB-Ru (+, i.v.) 

Hf-DBB-Ru (+, i.t.) vs Hf-DBA (+, i.t.) 

Hf-DBB-Ru (+, i.t.) vs H2DBB-Ru (+, i.t.) 

 

H&E histological staining indicated severe necrosis of tumor slices from Hf-DBB-Ru 

treatment (Figure 3-19a). A TdT-mediated dUTP nick end labeling (TUNEL, Invitrogen, USA) 

assay was performed to further evaluate the in vivo apoptosis. The sectioned tumor slices were 

fixed with acetone and then stained sequentially according to the product protocol. DAPI was 

employed to label cell nuclei. As shown in Figure 3-19b, strong green fluorescence was observed 

in Hf-DBB-Ru-treated tumor slice, indicating significant apoptosis after treatment. In comparison, 

negligible green fluorescence was found in DBB-Ru, Hf-DBA and PBS treated groups. The 

staining results support the high antitumor efficacy from mitochondria-targeted RT-RDT by Hf-

DBB-Ru.   
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Table 3-2. Statistical analysis of the tumor weights at the end of excised tumors from CT26 or 
MC38 tumor bearing mice. 

 

 

P values 

CT26 MC38 

PBS (+) vs PBS (-) 0.299 

 

 

 

<0.001 

 

0.321 

0.012 

0.025 

0.003 

0.0015 

0.866 

0.0019 

<0.001 

Hf-DBA (+, i.t.) vs PBS (+) 

H2DBB-Ru (+, i.t.) vs PBS (+) 

Hf-DBB-Ru (+, i.t.) vs PBS (+) 

Hf-DBB-Ru (+, i.v.) vs PBS (+) 

Hf-DBB-Ru (+, i.t.) vs Hf-DBB-Ru (+, i.v.) 

Hf-DBB-Ru (+, i.t.) vs Hf-DBA (+, i.t.) 

Hf-DBB-Ru (+, i.t.) vs H2DBB-Ru (+, i.t.) 

 

 

Figure 3-19 Representative (d) H&E histological staining and (e) TUNEL immunofluorescence 
staining of excised tumor slices for PBS, Hf-DBA, DBB-Ru, and Hf-DBB-Ru (i.t. injection) 
treatment groups (left to right), respectively. (d) H&E, scale bar = 100 μm. (e) TUNEL, scale bar 
= 50 μm. Reprinted with permission from Nature Communications, 2018, 9,  2351–2363. 
Copyright 2018 Nature Publishing Group. 
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Figure 3-20 Body weights curves of MC38 tumor-bearing mice were treated with PBS, Hf-DBA, 
DBB-Ru, or Hf-DBB-Ru by intratumoral (i.t.) injection with (-) or without (+) X-ray irradiation 
or Hf-DBB-Ru by intravenous (i.v.) injection followed by X-ray irradiation (a) or CT26 tumor-
bearing mice treated with i.v. injected PBS or Hf-DBB-Ru, n = 6. The error bars represent s.d. 
values. (c) Comparison of organ coefficients. MC38 tumor-bearing mice treated with i.t. injected 
PBS, Hf-DBA, DBB-Ru, or Hf-DBB-Ru followed by X-ray irradiation were euthanized and 
majors organs were harvested and weighted, n = 6. (d) Histologies of frozen sections of major 
organs of MC38 tumor-bearing mice receiving treatment of Hf-DBA, Hf-DBB-Ru, H2DBB-Ru or 
PBS and X-ray irradiation treatment after H&E staining. Scale bar = 100 μm. Reprinted with 
permission from Nature Communications, 2018, 9, 2351–2363. Copyright 2018 Nature Publishing 
Group. 

Finally, steady body weights (Figure 3-20a,b), and no obvious difference in organ weights 

and functions (Figure 3-20c) were observed in all groups, indicating that intratumoral or 

intravenous administration of mitochondria-targeted Hf-DBB-Ru was not systemically toxicity. 
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The lack of abnormalities on histological images of frozen major organ slices further supported 

non-toxic nature of Hf-DBB-Ru enabled RT-RDT treatment (Figure 3-20d).  

3.3 Discussion  

Due to a short lifetime of 1O2 in biological systems (~40 ns) and limited radius of diffusion 

from its site of generation (< 30 nm)11, the therapeutic effect of 1O2 is greatly influenced by 

localization of 1O2 generator (PSs in PDT and radiosensitizers in RT-RDT) in specific subcellular 

organelles. Sensitizers that target subcellular organelles, including mitochondria,12 lysosomes,13 

and plasma membranes,14 are actively pursued. In particular, mitochondria have been recognized 

as a novel pharmacological target for cancer treatment due to their central role in mediating cell 

apoptosis.15-17 Mitochondria undertake critical functions in various biological processes of cells, 

including energy production, molecular metabolism, and redox status maintenance.  Mitochondrial 

dysfunction can interrupt energy supply and activate mitochondria-mediated apoptotic pathways.18 

In cancer, mitochondria play key roles on tumor cell proliferation, invasion, and metastasis. Thus, 

generating 1O2 inside mitochondria can damage them at the early stage of PDT treatment to 

maximize the cytotoxic effect. Consequently, there is significant interest in developing 

mitochondria-targeted sensitizers to improve cancer treatment.  

Cationic Ru-based PSs can target mitochondria without the need of conjugating extrinsic 

mitochondria-targeting moieties such as the triphenylphosphonium group.19-20 Unfortunately, due 

to large Stoke shifts, Ru-based PSs can only be excited with light at short wavelengths, which has 

shallow tissue penetration depth (< 0.1 cm).21 Although two-photon excitation can be used activate 

Ru-based PSs for mitochondria-targeted PDT, the two-photon process has low photosensitizing 

efficiency.22-24 Innovative strategies are thus needed to realize anti-tumor PDT treatment with 
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mitochondria-targeted Ru-based PSs. Incorporated into Hf-DBB-Ru, Ru(bpy)3
2+ can be activated 

by highly penetrating X-ray while keeping mitochondria-targeting property to realize 

mitochondria-targeted RT-RDT. 

3.4 Conclusion  

In this chapter, we have designed the first nMOF for mitochondria-targeted and X-ray 

activated cancer therapy. The integration of Ru(bpy)3
2+ photosensitizers into Hf-DBB-Ru led to a 

nMOF with strong mitochondria-targeting property. When irradiated with low doses of X-rays, 

Hf-DBB-Ru enabled RT-RDT by efficiently generating hydroxyl radicals from the Hf6 SBUs and 

singlet oxygen from the DBB-Ru PSs. The mitochondria-targeted RT-RDT process depolarized 

the mitochondrial membrane potential, released cytochrome c, and disturbed the respiratory chain 

to initiate apoptotic pathways for programmable cell death. The nMOF-enabled, mitochondria-

targeted RT-RDT significantly regressed colorectal tumors on mouse models at very low X-ray 

doses and with no side effects.   

 
3.5 Methods  

Materials, cell lines, and animals:  All of the starting chemicals were purchased from Sigma-

Aldrich and Fisher (USA), unless otherwise noted, and used without further purification. 

Murine colon adenocarcinoma cell, MC38, was purchased from the American Type Culture 

Collection (Rockville, MD, USA). Cells were cultured in Dulbecco's Modified Eagle's Medium 

(DMEM) medium (GE Healthcare, USA) supplemented with 10% FBS. Medium was further 

supplemented with 100 U per mL penicillin G sodium and 100 μg per mL streptomycin sulfate. 

Cells were cultured in a humidified atmosphere containing 5% CO2 at 37 °C. Mycoplasma was 
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tested before use by MycoAlert detection kit (Lonza Nottingham, Ltd.). C57Bl/6 mice (6-8 weeks) 

were obtained from Harlan-Envigo Laboratories, Inc (USA). The study protocol was reviewed and 

approved by the Institutional Animal Care and Use Committee (IACUC) at the University of 

Chicago. 

Synthesis of Hf-DBB-Ru:  To a 1 dram glass vial was added 0.5 mL of HfCl4 solution (2.0 mg 

per mL in DMF), 0.5 mL of DBB-Ru solution (4.0 mg per mL in DMF), 5 μL of TFA and 2 μL of 

H2O. The reaction mixture was kept in an 80 °C oven for 24 h. The orange precipitate was collected 

by centrifugation and washed with DMF and ethanol.   

Irradiator settings: An RT250 orthovoltage X-ray machine model (Philips, USA) with fixed 

setting at 250 kVp, 15 mA and a built-in 1 mm Cu filter was used for in vitro studies. An X-RAD 

225 image-guided biological irradiator (Precision X-ray Inc., USA) was used for both test tubes 

and in vivo studies. The instrument was set at 225kVp and 13mA, with a 0.3mm flat-board Cu 

filter installed before a 25 mm collimator. Irradiators were maintained and calibrated for dosimetry 

routinely by the Department of Radiation Oncology, The University of Chicago, before all 

experiments. 

Hydroxyl radical detection: Hf-DBA and Hf-DBB-Ru were suspended in water at equivalent Hf 

concentrations of 20 μM in the presence of 5 μM APF. A water solution of 5 μM APF was used 

as a control for background subtraction. 100 μL of each suspension was added to a 96-well plate 

and then irradiated with 0, 1, 2, 3, 5, or 10 Gy X-ray. The fluorescence signal was immediately 

collected with the Xenogen IVIS 200 imaging system. 

Singlet oxygen detection: Hf-DBA and Hf-DBB-Ru were suspended in water at equivalent Hf 

concentrations of 20 μM in the presence of 12.5 μM SOSG. A water solution of 12.5 μM SOSG 
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was used as a control for background subtraction. 100 μL of each suspension was added to a 96-

well plate and then irradiated with 0, 1, 2, 3, 5, or 10 Gy X-ray. The fluorescence signal was 

immediately collected with the Xenogen IVIS 200 imaging system. 

Synthesis of Hf-DBA-R: The Hf-DBA nMOF was dispersed in DMF (1 mL, 1 mmol per L by 

DBA concentration). To the dispersion was added 25 μL of rhodamine B isothiocyanate solution 

(2 mol per mL in DMF). The mixture was stirred overnight. The resulting Hf-DBA-R nMOF was 

washed with ethanol and water. 

Co-localization of nMOFs and mitochondria: MC38 cells were cultured in 35 mm tissue culture 

dishes overnight and incubated with Hf-DBA-R or Hf-DBB-Ru at an equivalent dose of 20 µM 

for 4 h. Cellular nuclei and mitochondria were labeled with Hoechest 33342 and Rhodamine 123, 

respectively. The slides were then washed with PBS and observed under CLSM. Fluorescence 

topographic profiles and Pearson’s correlation coefficients were obtained using the Co-localization 

Analysis plugin for ImageJ.25  

Isolation of mitochondria: Extraction of mitochondria was conducted according to previously 

reported protocol, with a few modifications.4 MC38 cells were washed twice in mitochondrial 

extraction buffer containing mannitol (200 mM), sucrose (70 mM), HEPES (10 mM), and EGTA 

(1.0 mM) at pH 7.2 and 4 ℃ and then resuspended for homogenization. The homogenate was spun 

for 10 min at 600 g to recover the supernatant. The supernatant was further spun for 10 min at 

11,000 g to recover the mitochondrial fraction for ICP-MS quantification.  

Cytotoxicity: 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-phenyl)-2H-

tetrazolium (MTS) assay (Promega, USA) was employed to evaluate cytotoxicity. MC38 cells 

were seeded on 96-well plates at 1×103/well and further cultured for 12 h. Hf-DBA, H2DBB-Ru 
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or Hf-DBB-Ru was added to the cells at an equivalent dose of 0, 0.5, 1, 2, 5, 10, 20, 50 μM and 

incubated for 4 h, followed by X-ray irradiation with 0 or 2 Gy. The cells were further incubated 

for 72 h before determining the cell viability by MTS assay. 

Clonogenic assay: The clonogenic assay was performed according to a previously reported 

protocol, with a few modifications.26 MC38 cells were cultured in a 6-well plate overnight and 

incubated with particles at equivalent Hf concentration of 20 µM for 4 h followed by irradiation 

with 0, 1, 2, 4, 8 and 16 Gy X-ray. Cells were trypsinized and counted immediately. 100-1000 

cells were seeded in a 6-well plate and cultured with 2 mL medium for 10-20 days. Once colony 

formation was observed, the culture medium was discarded. The plates were rinsed twice with 

PBS, then stained with 500 µL of 0.5% w/v crystal violet in 50% methanol per H2O. The wells 

were rinsed with water and the colonies were counted manually.  

In vitro singlet oxygen generation: SOSG reagent (Life Technologies, USA) was employed for 

the detection of singlet oxygen. MC38 cells were seeded on cover slides in 35 mm tissue culture 

dishes overnight. Hf-DBA, H2DBB-Ru or Hf-DBB-Ru was added to the cells at an equivalent dose 

of 20 μM. Cells incubated with PBS served as a control. After incubation of 4 hours, cells were 

irradiated with X-rays (250 kVp, 15 mA, 1 mm Cu filter) at a dose of 0 or 2 Gy. The slides were 

then immediately washed with PBS and observed under CLSM (FV1000, Olympus, Japan). 

COX-2 Assay: The cell membrane damage caused by RDT upon X-ray was investigated by COX-

2 assay (BD Bioscience, USA). MC38 cells were seeded on cover slides in 35 mm tissue culture 

dishes and cultured for 12 h then incubated with particles at an equivalent concentration of 20 µM 

for 4 h followed by X-ray irradiation at 0 and 2 Gy dose. Cells were fixed with 4% 

paraformaldehyde 24 h after X-ray irradiation. Biotin-conjugated anti-COX-2 antibody 
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(PerkinElmer, USA) with concentration of 10 µg per mL was incubated with cells at 4 °C overnight 

then followed by incubation with Cy5-conjugated streptavidin for flow cytometry.  

Apoptosis/necrosis: MC38 cells were cultured in 35 mm tissue culture dishes overnight and 

incubated with Hf-DBA, H2DBB-Ru or Hf-DBB-Ru at an equivalent dose of 20 µM for 4 h 

followed by irradiation with 0 or 2 Gy X-ray. 24 h later, the cells were stained according to the 

AlexaFluor 488 Annexin V/dead cell apoptosis kit (Life technology, USA) and quantified by flow 

cytometry with three different runs for statistical analysis.  

DNA damage: MC38 cells were cultured in 35 mm tissue culture dishes overnight and incubated 

with particles at an equivalent concentration of 20 µM for 4 h followed by irradiation at 0 and 2 

Gy X-ray. Cells were stained immediately with the HCS DNA damage kit (Life Technology, USA) 

for CLSM. 

JC-1 staining: MC38 cells were cultured in 35 mm tissue culture dishes overnight and then treated 

with PBS, Hf-DBA, H2DBB-Ru, or Hf-DBB-Ru at an equivalent dose of 20 µM for 4 h followed 

by irradiation with 0 or 2 Gy X-ray. 4 h later, samples were stained with JC-1 (Abcam, UK) at a 

concentration of 10 µM at 37°C for 30 min in the dark. Slides were washed with PBS and observed 

under CLSM or quantified with flow cytometry. 

Respiratory chain activity assay: Respiratory chain activity was assayed with (3-(4,5-

Dimethylthiazol-2-yl)-2,5-di-phenyltetrazolium bromide (MTT). MC38 cells seeded on cover 

slides in in 35 mm tissue culture dishes overnight. Hf-DBA, H2DBB-Ru or Hf-DBB-Ru was added 

to the cells at an equivalent dose of 20 μM. Cells incubated with PBS served as a control. After 

incubation of 4 hours, cells were irradiated upon X-ray irradiation at a dose of 0 or 2 Gy. After 24-
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hour incubation, MTT was added with concentration of 0.1 mg/mL and stained for 20 min at room 

temperature. The slides were then washed with PBS and observed under the stereomicroscope. 

Cytochorome c release:  MC38 cells were cultured in 35 mm tissue culture dishes overnight and 

then treated with PBS, Hf-DBA, H2DBB-Ru, or Hf-DBB-Ru at an equivalent dose of 20 µM for 

4 h followed by irradiation with 0 or 2 Gy X-ray. Cells were then stained with Mitotracker Red 

CMXRos (Thermofisher, USA) at a concentration of 1 µg per mL at 37°C for 10 min, fixed and 

permeabilized 8 h after irradiation. After being stained with FITC-conjugated cytochrome c 

antibody (Thermofisher, USA) at a concentration of 10 µM at 37°C for 1h and DAPI, slides were 

observed under CLSM.  

Caspase-3 and Bcl-2 western blot: MC38 cells were cultured in 35 mm tissue culture dishes 

overnight and then treated with PBS, Hf-DBA, H2DBB-Ru, or Hf-DBB-Ru at an equivalent dose 

of 20 µM for 4 h followed by irradiation with 2 Gy X-ray. 8 h later, cells were lysed and separated 

by SDS/polyacrylamide-gel electrophoresis. After membrane transfer, anti-caspase-3 (#9662, Cell 

Signaling, USA, 1: 2000) and anti-Bcl-2 (Bcl-2-100, Thermofisher, USA, 1: 1000) were separately 

incubated with the cropped membranes for blotting.  

In vivo anticancer efficacy: For the evaluation of RT-RDT efficacy of Hf-DBA, H2DBB-Ru, and 

Hf-DBB-Ru, a syngeneic model was established by subcutaneously inoculating 2×106 MC38 cells 

onto the right flanks subcutaneous tissues of C57Bl/6 mice on day 0 as a MC38 model. When the 

tumors reached 100-150 mm3 in volume, Hf-DBA, H2DBB-Ru, or Hf-DBB-Ru at an equivalent 

dose of 0.2 µmol or PBS was injected intratumorally. 12 h after injection, mice were anaesthetized 

with 2% (v/v) isoflurane and the primary tumors were irradiated with 1 Gy X-ray per fraction for 

a total of 6 daily fractions. The tumor sizes were measured with a caliper every day where tumor 
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volume equals (width2 × length)/2. Body weight of each group was monitored every day. Mice 

were sacrificed on Day 22 and the excised tumors were photographed and weighed. Tumors and 

major organs were sectioned for hematoxylin-eosin staining (H&E) and immunofluorescence 

analysis. Tumor growth inhibition indices (TGI) was calculated by the formula: TGI=[1-(mean 

volume of treated tumors/mean volume of control tumors)]×100% 

TUNEL assay: TdT-mediated dUTP nick end labeling (TUNEL, Invitrogen, USA) assay was used 

for evaluating the in vivo apoptosis. The sectioned tumor slices were fixed with acetone then 

stained sequentially according to product protocol. DAPI was employed to label cell nuclei.  
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CHAPTER 4. Ultrathin Metal-Organic-Layer Mediated Radiotherapy-

Radiodynamic Therapy for Checkpoint Blockade Immunotherapy 

4.1 Rationale for the project design 

We discussed the principle of developing Hf-based nMOF for radiosensitization to potentiate 

checkpoint blockade immunotherapy (CBI) in Chapter 2 and we demonstrated a novel therapeutic 

modality, radiotherapy-radiodynamic therapy (RT-RDT), mediated by an nMOF assembled from 

high-Z SBUs and photosensitizing linkers in Chapter 3. In this chapter, we report the design of a 

novel Hf-based nanoscale metal-organic layer (nMOL), the 2D version of nMOF, Hf-MOL, for 

effective treatment of local tumors by enabling RT-RDT upon low-dose X-rays and, when in 

combination with an immune checkpoint inhibitor, regression of metastatic tumors by re-activating 

anti-tumor immunity and inhibiting myeloid-derived suppressor cells (MDSCs). The RT-RDT 

effect of nMOLs can be optimized by facilitating the diffusion of reactive oxygen species (ROS) 

owing to the reduced dimensionality.1-2 The synergy of Hf-MOL-enabled RT-RDT immune 

activation and anti-programming death ligand 1 (anti-PD-L1) CBI led to robust abscopal effects 

on a series of bilateral models of colon, head and neck, and breast cancers and significant anti-

metastatic effects on an orthotopic model of breast cancer (Figure 4-1).  
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Figure 4-1 Schematic presentation of Hf-MOL-enabled local RT-RDT treatment synergizes with 
CBI to elicit systemic anti-tumor and anti-metastatic effects. Local injection of Hf-MOL in 4T1 
orthotopic tumors enables RT-RDT with fractionated, low-dose X-rays. The RT-RDT effects 
potentiate CBI to systemically eliminate tumors and prevent metastasis through three mechanisms: 
regressing local tumors by direct killing effects, stimulating anti-tumor immunity via 
immunogenic cell death and tumor antigen release, and decreasing pro-metastatic MDSCs in bone 
marrow, spleen, and lungs. The combination of Hf-MOL-enabled RT-RDT and anti-PD-L1 
antibody thus overcomes suppressive tumor microenvironments and activate cytotoxic T cells to 
eliminate lung metastasis. Reprinted with permission from Matter, 2019, 1, 1331-1353. Copyright 
2019 Elsevier Inc. 
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4.2 Results 

4.2.1 Synthesis and characterization of Hf-MOL  

By carefully controlling the synthetic conditions, we synthesized the Hf-DBP nMOL based 

on Hf-oxo SBUs and photosensitizing porphyrin-based ligands for RT-RDT, reducing the 

dimensionality of 3D nMOFs to 2D nMOLs to relief the diffusion barrier for ROS (Scheme 4-1). 

Scheme 4-1 Reduction of dimentionality to nMOL from nMOF. Reprinted with permission from 
Matter, 2019, 1, 1331-1353. Copyright 2019 Elsevier Inc. 

 

Hf-MOL was synthesized through a solvothermal reaction between HfCl4 and H2DBP in DMF 

at 80 °C with AcOH and water as modulators. Hf-MOL is constructed from Hf12(μ3-O)8(μ3-

OH)8(μ2-OH)6 SBUs and DBP bridging ligands as a monolayer with an infinite 2D network of 

kagome dual (kgd) topology. Hf-MOL monolayers are vertically capped by acetate groups (via 

coordination to the Hf12 SBUs) to afford a molecular formula of Hf12(μ3-O)8(μ3-OH)8(μ2-

OH)6(DBP)6(AcO)6. Transmission electron microscopy (TEM) imaging showed a flat-plate 

morphology of Hf-MOL with a diameter of ~150 nm (Figure 4-2a,b) and a thickness of ~1.6 nm 

by atomic force microscopy (AFM, Figure 4-2 e,f), consistent with the modeled height of Hf12 
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SBUs capped with acetate groups (Figure 4-2d). High resolution TEM (HRTEM) images of Hf-

MOL, in which Hf12 SBUs appear as black spots, and fast Fourier transform (FFT) patterns of the 

HRTEM image revealed six-fold symmetry that is consistent with its kgd topology (Figure 4-2c). 

 

Figure 4-2 TEM image of Hf-MOL in a large (a) and small (b) field. (c) HR-TEM image of Hf-
MOL with its fast Fourier transform (FFT) pattern shown in inset of (c). (d) A view of the Hf12 
cluster capped by acetate with a height measured to be ~1.6 nm. The formulation for the Hf12 

cluster is Hf12(μ3-O)8(μ3-OH)8(μ2-OH)6(DBP)6(AcO)6(carboxylate)12. (e) Representative AFM 
topography of Hf-MOL in a large field. Height profile in inset of straight green line display the 
heights of marked Hf-MOL. (f) AFM topography and (g) height profile of Hf-MOL. Scale bar = 
200 nm (a), 50 nm (b), 5 nm (c) and 20 nm (e). Reprinted with permission from Matter, 2019, 1, 
1331-1353. Copyright 2019 Elsevier Inc. 

As a control, the 3D Hf-DBP nMOF (Hf-MOF) was also synthesized through a solvothermal 

reaction between HfCl4 and H2DBP as reported previously.3 Hf-MOF displayed a 3D nanoplate 

morphology with a diameter of ~100 nm and a thickness of 15-50 nm (Figure 4-3). Dynamic light 

scattering (DLS) measurements gave number-average sizes of 59.2 ± 0.6 nm and 80.6 ± 4.2 nm 

for Hf-MOL and Hf-MOF, respectively (Figure 4-4a). Singlet oxygen sensor green (SOSG) 

indicated ~1.5 times higher 1O2 presence in solutions of 2D Hf-MOL upon light irradiation over 
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3D Hf-MOF under identical conditions, likely due to enhanced diffusion of generated 1O2 which 

facilitates reaction with SOSG (Figure 4-4b). The powder X-ray diffraction (PXRD) patterns of 

Hf-MOL incubated in 6 mM phosphate buffered saline (PBS) solution for 10 days were identical 

to that of the pristine sample (Figure 4-4c), indicating the stability of Hf-MOL in physiological 

environments. This was further confirmed by the TEM image of Hf-MOL incubated in 6 mM PBS 

(Figure 4-4d). 

 

Figure 4-3 TEM (a) and HRTEM (b) images of Hf-MOF. (c) AFM topography and (d) height 
profile of Hf-MOL. Scale bar = 200 nm (a), 20 nm (b), and 200 nm (c). Reprinted with permission 
from Matter, 2019, 1, 1331-1353. Copyright 2019 Elsevier Inc. 
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Figure 4-4 (a) Number-average diameter of Hf-MOL (black line) and Hf-MOF (red line) in water, 
n = 3. (b) 1O2 generation was detected using SOSG with Hf-MOL (black line) Hf-MOF (red line) 
or water (blue line). (c) PXRD patterns of Hf-MOL samples that were freshly prepared or 
incubated in 6 mM PBS for 2, or 10 days or in serum for 5 days. (d) Representative TEM image 
of Hf-MOL incubated with 6 mM PBS solution with its fast Fourier transform (FFT) pattern shown 
in inset of (d). Scale bar = 20 nm. Reprinted with permission from Matter, 2019, 1, 1331-1353. 
Copyright 2019 Elsevier Inc. 

To further evaluate the RDT effects of Hf-MOL, Hf12-DBA previously reported in Chapter 2, 

(denoted as Hf-DBA), was synthesized and used as a control. Hf-DBA is constructed from non-

photosensitizing DBA bridging ligand and the same Hf12(μ3-O)8(μ3-OH)8(μ2-OH)6 SBU and 

enhances RT only. 
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4.2.2 In vitro anti-tumor effect of Hf-MOL-enabled RT-RDT  

Murine triple-negative breast cancer cell 4T1 was employed for all in vitro experiment. 

Clonogenic assays were performed on cells first treated with Hf-MOL or Hf-DBA at a Hf 

concentration of 20 µM for 4 h followed by irradiation with either X-ray or 60Co isotope γ-ray 

source at 0-16 Gy. The irradiated cells were cultured for an additional 10 days to form visible 

colonies, which were counted to determine the survival fraction. At the same Hf concentration, 

Hf-MOL outperformed Hf-DBA with an REF10 value of 2.29 compared to 1.45 for Hf-DBA upon 

X-ray radiation (Figure 4-5a). Upon irradiation with γ-rays from a 60Co source, Hf-MOL exhibited 

an REF10 value of 1.45 compared to 1.25 for Hf-DBA on 4T1 cells (Figure 4-5b). This result 

suggests that Hf-MOL can be activated with γ-rays from linear accelerators commonly used in the 

clinic for RT treatment. For convenience, we denote PBS, Hf-MOL, H2DBP, or Hf-DBA plus X-

ray radiation as PBS(+), Hf-MOL(+), H2DBP(+), or Hf-DBA(+), respectively, and PBS, Hf-MOL, 

or Hf-DBA without X-ray radiation as PBS(-), Hf-MOL(-), H2DBP(-), or Hf-DBA(-), respectively. 

MTS assays further showed that Hf-MOL(+) exhibited much higher acute cytotoxicity than 

Hf-DBA(+) and H2DBP(+). At 2 Gy, the IC50 value for Hf-MOL against 4T1 cells was calculated 

to be 8.18 ± 3.15 μM while IC50 values for H2DBP and Hf-DBA both exceeded 100 μM (Figure 

4-5c). No cytotoxicity was observed without irradiation for any group (Figure 4-5d). The colony 

and MTS results indicate higher radioenhancing effects of Hf-MOL over Hf-DBA, likely due to 

the RT-RDT effect and the enhanced ROS diffusion in Hf-MOL. Cell death pathways were 

investigated with an Annexin V/Cell death kit. Significant amounts of cells underwent 

apoptosis/necrosis when treated with Hf-MOL(+) with only 38.2% healthy cells, compared to 90.2% 

and 86.5% healthy cells for H2DBP(+) and Hf-DBA(+), respectively (Figure 4-6a). More than 90% 

cells remained healthy in dark controls and PBS(+) group, indicating that Hf-DBA, H2DBP, and 
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Hf-MOL are not intrinsically cytotoxic and low dose X-ray elicits negligible cytotoxicity with PBS 

treatment. These results were further confirmed by confocal laser scanning microscopy (CLSM) 

which showed the majority of cells after Hf-MOL(+) treatment were apoptotic with red and green 

fluorescence (Figure 4-6b). 

 

Figure 4-5 Clonogenic assays to evaluate radioenhancement of Hf-DBA and Hf-MOL on 4T1 
cells upon (a) orthovoltage X-ray and (b) 60Co -ray irradiation, n = 6. Cytotoxicity of Hf-DBA, 
H2DBP, or Hf-MOL upon X-ray irradiation at a dose of 2 Gy (c) or 0 Gy (d) on 4T1 cells, n = 6. 
Reprinted with permission from Matter, 2019, 1, 1331-1353. Copyright 2019 Elsevier Inc. 
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Figure 4-6 Annexin V/PI analysis by flow cytometry (a) and CLSM (b) showing apoptosis and 
necrosis of 4T1 cells treated with PBS, Hf-DBA, H2DBP or Hf-MOL and irradiated upon X-ray 
at a dose of 0 (-) or 2 (+) Gy. (a) The quadrants from lower left to upper left (counter clockwise) 
represent healthy, early apoptotic, late apoptotic, and necrotic cells, respectively. The percentage 
of cells in each quadrant was shown on the graphs. (b) Blue, red and green fluorescence represent 
DAPI, PI and Annexin-V-conjugated Alexa-488, respectively. Scale bar = 20 μm. Reprinted with 
permission from Matter, 2019, 1, 1331-1353. Copyright 2019 Elsevier Inc. 
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Figure 4-7 DNA double strand break of 4T1 was assessed after incubation with PBS, Hf-DBA, 
H2DBP or Hf-MOL and irradiated with X-ray at 0 (-) or 2 (+) Gy by CLSM (a) or flow cytometry 
(b). (a) Blue and red fluorescence show DAPI-stained nucleus and antibody-labeled γ-H2AX in 
the cells, respectively. Scale bar = 100 μm. (b) Grey histogram (control) and red histogram show 
the difference of γ-H2AX level in the cells. Reprinted with permission from Matter, 2019, 1, 1331-
1353. Copyright 2019 Elsevier Inc. 
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We further performed DNA DSB quantification to determine the RT effects from 

generated ꞏOH. Phosphorylated γ-H2AX was immunostained to quantify the DSBs in cells treated 

with PBS, Hf-DBA, H2DBP, or Hf-MOL at an X-ray dose of 0 or 2 Gy to evaluate the RT 

enhancing effect. 6 h after irradiation, significantly higher red γ-H2AX fluorescence was observed 

in the group treated with Hf-MOL(+) than that treated with Hf-DBA(+), while no fluorescence 

was observed in groups either without X-ray irradiation or without Hf-based nanoparticle (Figure 

4-7a). Flow cytometric analyses further showed that cells treated with Hf-MOL(+) exhibited 

stronger red γ-H2AX fluorescence than Hf-DBA(+) treatment, confirming the stronger RT 

enhancement of Hf-MOL (Figure 4-7b) 

1O2 generation was determined to probe the Hf-MOL enabled RDT process. No green 

fluorescence was detected in PBS(+), Hf-DBA(+), or H2DBP(+) treated 4T1 cells or in the Hf-

MOL(-) treatment group after co-cultured with SOSG. In contrast, 4T1 cells treated with Hf-

MOL(+) presented strong green fluorescence in CLSM images, indicating the generation of 1O2 in 

Hf-MOL-enabled RDT process (Figure 4-8a). Transwell invasion assay was then performed to 

evaluate the anti-migration effect of RT-RDT treatment. Upon X-ray irradiation, Hf-MOL 

treatment represses invasion of 4T1 cells compared with other groups (Figure 4-8b). Taken 

together, Hf-MOL(+) elicits strong anti-cancer effects via a distinct RT-RDT mechanism of action 

through a combination of electron-dense Hf12-based SBUs and porphyrin-based photosensitizing 

bridging ligands. The ultrathin 2D structure of Hf-MOL facilitates ROS diffusion to further 

enhance both acute and chronic cell death. Hf-MOL(+) treatment also exhibits anti-migration 

effect on tumor cells, prompting us to examine its ability to prevent metastasis of 4T1 tumor cells 

to distant sites. 
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Figure 4-8 Intracellular 1O2 generation detected by SOSG (a) and images of crystal violet-stained 
invading (b) 4T1 cells incubated with PBS, Hf-DBA, H2DBP or Hf-MOL and irradiated upon X-
ray at 0 (-) or 2 (+) Gy. Scale bar = 20 µm (a) or 50 μm (b). Reprinted with permission from Matter, 
2019, 1, 1331-1353. Copyright 2019 Elsevier Inc. 
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4.2.3 Immunogenicity  

We investigated immunogenic cell death (ICD) induced by Hf-MOL(+) treatment via 

detecting cell-surface exposure of CRT by flow cytometry and CLSM as well as high mobility 

group box protein 1 (HMGB-1) release and adenosine triphosphate (ATP) excretion by enzyme-

linked immunosorbent assay (ELISA). Quantitative flow cytometric analysis demonstrated that 

both Hf-DBA(+) and Hf-MOL(+) treated groups showed high cell surface CRT expression 

(Figure 4-9a). The Hf-MOL(+) treated group exhibited higher CRT fluorescence than the Hf-

DBA(+) treated group, suggesting that Hf-MOL(+) enabled RT-RDT induced more ICD than Hf-

DBA(+)-mediated RT. CRT exposure on cell surface was further confirmed by CLSM imaging. 

Stronger green fluorescence was observed in the group treated with Hf-MOL(+) than in the groups 

treated with PBS(+), H2DBP(+), and Hf-DBA(+), which well merged with CellMask, a red 

fluorophore labeling cell membranes. The CLSM results support higher immunogenicity induced 

by Hf-MOL(+) treatment (Figure 4-9b). 

To further validate ICD, HMGB-1 and ATP excretion were examined by ELISA. Compared 

to groups treated with either Hf-DBA(+) or H2DBP(+), cells treated with Hf-MOL(+) showed 

higher excretion of HMGB-1(Figure 4-10a) and ATP (Figure 4-10b), providing further support 

to more ICD by Hf-MOL(+) treatment. We then performed an anti-tumor vaccination experiment 

to confirm the ICD induced by Hf-MOL(+)-treated cells in vivo. 4T1 cells incubated with Hf-MOL 

followed by irradiation with X-rays were inoculated into BALB/c mice as a tumor vaccine. Seven 

days later, the mice were challenged with live 4T1 cells by subcutaneous transplantation to the 

contralateral flanks. As shown in Figure 4-10c, mice receiving Hf-MOL(+)-treated 4T1 cells were 

protected against challenge with live 4T1 cells. This result indicates that Hf-MOL(+) treatment 
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induced strong ICD in 4T1 cells and Hf-MOL(+)-treated cells acted as an effective vaccine against 

live tumor cells in immunocompetent mice. 

 

Figure 4-9 In vitro CRT exposure on the cell surface of 4T1 was assessed after incubation with 
PBS, Hf-DBA, H2DBP, or Hf-MOL upon X-ray irradiation at a dose of 2 Gy by (a) flow cytometry 
and (b) immunofluorescence microscopy. (+) and (-) refer to with and without irradiation, 
respectively. Blue, red and green fluorescence show DAPI-stained nucleus, RedMask-stained cell 
membrane and CRT exposure on the cell surface, respectively. Scale bar = 20 μm. Reprinted with 
permission from Matter, 2019, 1, 1331-1353. Copyright 2019 Elsevier Inc. 
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Figure 4-10 HMGB-1 release (a) and ATP extracellular secretion from the cells incubated with 
PBS, Hf-DBA, H2DBP, or Hf-MOL with or without X-ray irradiation at a dose of 2 Gy, n = 3. (c) 
Volumes of challenge tumors, n = 6. 4T1 cells treated with Hf-MOL or PBS upon X-ray irradiation 
in vitro were inoculated subcutaneously in BALB/c mice. After 7 days, mice were challenged with 
live 4T1 cells. Reprinted with permission from Matter, 2019, 1,  1331-1353. Copyright 2019 
Elsevier Inc. 

4.2.4 Abscopal effects of Hf-MOL-enabled RT-RDT plus immune checkpoint blockade  

After demonstrating the anti-tumor effects of Hf-MOL(+) and its ability to induce ICD in vitro, 

we combined Hf-MOL(+) with CBI to extend the local RT-RDT treatment to systemic cancer 

management. A bilateral model of 4T1 tumor was established to assess the systemic anticancer 

efficacy of Hf-MOL(+) in combination with anti-PD-L1 CBI. Hf-MOL was intratumorally 

injected to the primary tumors at a dose of 0.11 mg/mouse on days 10 and 14 post tumor 

inoculation, with daily X-ray irradiation at a dose of 1 Gy/fraction beginning on day 10 for a total 

of 8 fractions. 75 µg of anti-PD-L1 antibody (α-PD-L1) was administered every three days by 

intraperitoneal injection for a total of 3 doses. As shown in Figure 4-11a-c, PBS(+) and PBS(-) 

groups did not show any difference in tumor growth, indicating that low dose X-rays alone had no 

radiotherapeutic effects. Anti-PD-L1 plus fractionated X-ray irradiation [α-PD-L1(+)] moderately 

delayed 4T1 tumor progression on both primary and distant tumors. Hf-MOL(+) alone regressed 

local tumors, but only moderately delayed the growth of distant tumors. The combination of Hf-

MOL(-) and anti-PD-L1 [Hf-MOL(-)/α-PD-L1] showed similar modest inhibition of both primary 
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and distant tumors as anti-PD-L1 alone. In contrast, the combination treatment of Hf-MOL(+) and 

anti-PD-L1 [Hf-MOL(+)/α-PD-L1] significantly regressed both primary and distant 4T1 tumors, 

indicating a strong synergy between Hf-MOL(+) and α-PD-L1. Histological analysis showed that 

Hf-MOL(+) caused apoptosis/necrosis in local tumors, while only Hf-MOL(+)/α-PD-L1 treatment 

afforded the highest levels of apoptosis/necrosis in the un-irradiated distant tumor (Figure 4-11e). 

In addition, no weight loss (Figure 4-11d) or obvious histopathological changes in the main organs 

were observed in the treated groups, indicating the absence of general systemic toxicity (Figure 

4-11f). After treatment, four out of six mice had both of their primary and distant tumors 

completely eradicated, affording a cure rate of 66.7%. Tumors in the other two mice shrank to 

minute sizes, but eventually regrew.  

30 days post tumor eradication, treated mice and naïve control mice were challenged with 2 

× 106 4T1 cells subcutaneously. None of the treated mice developed tumors on the left flank within 

27 days post tumor inoculation when the distant tumors of the control mice reached 2cm3 (Figure 

4-12a). This result indicates that tumor specific immune memory was generated in mice after 

tumor eradication by the combination of Hf-MOL(+) and α-PD-L1. We further confirmed immune 

involvement in the therapeutic effects of Hf-MOL(+)/α-PD-L1 by depleting CD4+ T cells, CD8+ 

T cells, or B cells. Mice receiving intraperitoneal injections of anti-CD4, anti-CD8, mouse IgG 

antibodies or B cell inhibitor ibrutinib were treated simultaneously with Hf-MOL(+)/α-PD-L1. 

Mouse IgG did not have any effect on tumor growth, but T/B cell depletion groups all showed 

rapid tumor growth after cessation of Hf-MOL(+)/α-PD-L1 treatment (Figure 4-12b). 

Significantly, all groups inhibiting the immune system showed no abscopal effect on distant 

tumors (Figure 4-12c). These results indicate that T and B cells play essential roles in the 

anticancer efficacy of both local RT-RDT treatment and distant abscopal effects. The depletion 
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studies thus support the immunotherapic effect of the combination treatment and the rationale of 

using Hf-MOL(+) to potentiate CBI.  

 

Figure 4-11 Tumor growth curves of primary (a), distant  (b) tumors, body weights (d) and tumor 

histology (e) of 4T1 bilateral tumor-bearing mice treated with PBS(-), PBS(+), -PD-L1(+), Hf-
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Figure 4-11, continued MOL(-)/ -PD-L1 and Hf-MOL(+)/-PD-L1, n = 6. (c) Tumor weights 
with representative optical images of tumors sectioned from groups in (a) & (b) shown in inset. 

Top row: primary tumors; bottom row: distant tumors. From left to right: PBS(-), PBS(+), -PD-

L1(+), Hf-MOL(-)/-PD-L1 and Hf-MOL(+)/-PD-L1. (f) Representative histology of frozen 

sections of major organs of bilateral 4T1 tumors-bearing mice treated with Hf-MOL(+)/-PD-L1 
compared with organs of healthy mouse. Scale bar = 100 μm. Reprinted with permission from 
Matter, 2019, 1, 1331-1353. Copyright 2019 Elsevier Inc. 

 

Figure 4-12 (a) Growth curves of challenged tumor on tumor-free mice treated with Hf-

MOL(+)/-PD-L1, n = 4. Tumor growth curves of primary (b) and distant (c) tumors of 4T1 

bilateral tumor-bearing mice with T cell or B cell depletion and treatment with Hf-MOL(+)/-PD-
L1, n = 6. Reprinted with permission from Matter, 2019, 1, 1331-1353. Copyright 2019 Elsevier 
Inc. 

 

Figure 4-13 (a) ELISpot assay was performed to detect tumor-specific IFN-γ producing T cells. 
The primary and distant tumors were collected from tumor-bearing mice with as-mentioned 
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Figure 4-13, continued treatments for flow cytometry analysis and the percentages of tumor-
infiltrating CD45+ cells (b), CD8+ T cells (c), CD4+ T cells (d), B cells (e) and NK cells (f) with 
respect to the total tumor cells. (+) and (-) refer to with and without irradiation, respectively. Data 
are expressed as means ± s.d., n = 5. *P < 0.05, **P < 0.01 and ***P < 0.001 by t-test. Central 
lines, bounds of box and whiskers represent mean values, 25% to 75% of the range of data and 1.5 
fold of interquartile range away from outliers, respectively. Reprinted with permission from Matter, 
2019, 1, 1331-1353. Copyright 2019 Elsevier Inc. 

 

4.2.5 Anti-tumor immunity  

The inhibition of distant tumors and the rejection of challenged tumors suggest the effective 

induction of a systemic antitumor immune response. We first determined the presence of tumor-

antigen specific cytotoxic T cells with an IFN-γ Enzyme-Linked ImmunoSpot (ELISpot) assay. 

On day 10 after the first treatment, splenocytes were harvested from 4T1-bearing mice and 

stimulated with X-ray irradiated 4T1 cells for 42 hours and the IFN-γ spot forming cells were 

counted with an Immunospot Reader. The number of antigen-specific IFN-γ producing T cells per 

106 splenocytes significantly increased in tumor-bearing mice treated with Hf-MOL(+) and Hf-

MOL(+)/α-PD-L1 [64.2 ± 33.7 and 108.3 ± 27.5 compared to 8.6 ±11.6 for PBS(-), Figure 4-13a], 

suggesting that Hf-MOL(+) effectively generates a tumor-specific T cell response. We further 

profiled infiltrating leukocytes in both primary and distant tumors. There was no significant 

difference between PBS(+) and PBS(-) treatment groups, demonstrating that low-dose X-ray 

irradiation did not influence the immunological environment of 4T1 tumors. Hf-MOL(+)/α-PD-

L1 treatment group showed significant increase of tumor-infiltrating leukocytes, CD4+ T cells and 

CD8+ T cells in both primary and distant tumors (Figure 4-13b-d). Specifically, after treatment 

with Hf-MOL(+)/α-PD-L1, the percentages of CD8+ T cells in the total primary and distant tumor 

cells significantly increased to 1.3 ± 0.6 % and 1.3 ± 1.0 % from 0.3 ± 0.2 % and 0.4 ± 0.6 % in 

PBS(-) group, respectively (Figure 4-13c). Hf-MOL(+)/α-PD-L1 group also showed significant 
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increase of tumor-infiltrating B cells and NK cells (Figure 4-13e,f) in both tumors. These results 

suggest that the combination of Hf-MOL(+) and α-PD-L1 not only induces innate immune 

response but also augments tumor-specific adaptive response in both local, irradiated and distant, 

un-irradiated tumors. 

4.2.6 Efficacy of Hf-MOL-enabled RT-RDT in other synergistic tumor models  

The triple negative breast cancer 4T1 model has moderate PD-L1 expression and resistance 

to RT. To demonstrate the efficacy of Hf-MOL(+) andα-PD-L1 on a broad spectrum of cancers, 

we further evaluated the anti-tumor activity on a bilateral CT26 colorectal tumor model in BALB/c 

c mice with high PD-L1 expression and low resistance to RT and a bilateral SCC VII squamous 

cell carcinoma tumor model in C3H mice with low PD-L1 expression and high resistance to RT. 

Similar tumor regression was observed in both CT26 and SCC VII tumor models after combination 

treatment with Hf-MOL(+) and α-PD-L1 (Figure 4-14). Tumor growth inhibition indices, defined 

as [1-(mean volume of treated tumors/mean volume of control tumors)]×100%, of primary and 

distant tumors are 99.5% and 98.0% for CT26 and 94.7% and 92.2% for SCC VII tumor models, 

respectively, which are significantly higher than control groups (Table 4-1). In addition, several 

other checkpoint inhibitors were tested in combination with Hf-MOL(+) to explore broader 

applications of RT-RDT in potentiating different CBIs. Hf-MOL(+) significantly enhanced the 

therapeutic efficacy of anti-PD-1 antibody (α-PD-1) and anti-CTLA-4 antibody (α-CTLA-4) on 

CT26 and SCC VII tumor models, leading to effective regression of both primary and distant 

tumors. These results demonstrate that Hf-MOL(+) synergizes with multiple checkpoint inhibitors 

to afford robust abscopal effects on several different mouse tumor models with varied 

immunogenicity, suggesting the potential of using Hf-MOL(+) to significantly boost the 

therapeutic efficacy of checkpoint blockade immunotherapies on a broad spectrum of cancers.  



127 
 

 

Figure 4-14 Abscopal effect of RT-RDT synergized CBI on CT26 (a,b) and SCC VII (c,d) 
bilateral tumor model. Tumor growth curves of primary (a) and (b) distant tumors of CT26 bilateral 
tumor-bearing BALB/c mice or primary (c) and (d) distant tumors of SCC VII bilateral tumor-
bearing C3H mice treated with PBS (with or without X-ray irradiation), Hf-MOL with X-ray 
irradiation, anti-PD-1, anti-PD-L1 or anti-CTLA-4 antibody with X-ray irradiation, Hf-MOL with 
X-ray irradiation combined with anti-PD-1, anti-PD-L1 or anti-CTLA-4 antibody. N = 5 (CT26) 
or 4 (SCC VII).  Black, red, and green arrows refer to the times of PBS or particle injections, X-
ray irradiation, and antibody administration, respectively. Central lines, bounds of box and 
whiskers represent mean values, 25% to 75% of the range of data and 1.5 fold of interquartile 
range away from outliers, respectively. Reprinted with permission from Matter, 2019, 1, 1331-
1353. Copyright 2019 Elsevier Inc. 
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Table 1. TGIs of CT26 and SCC VII tumor models with different treatments. 

TGI (%) 
CT26 SCC VII 

Primary Distant Primary Distant 

PBS(+) 6.1 4.8 0.3 0.0 

α-CTLA-4(+) 49.6 25.3 - - 

α-PD-1(+) 28.0 16.6 42.0 38.0 

α-PD-L1(+) 30.6 44.4 - - 

Hf-MOL (+) 95.9 36.3 92.7 26.3 

Hf-MOL/α-CTLA-4 (+) 96.1 95.6 92.3 91.6 

Hf-MOL/α-PD-1(+) 99.4 91.2 88.2 84.8 

Hf-MOL/α-PD-L1(+) 99.5 98.0 94.7 92.2 

 
 

4.2.7 Anti-metastatic effect  

We then investigated the anti-tumor activity and anti-metastatic effect of Hf-MOL(+) in 

combination with α-PD-L1 on an orthotopic 4T1 tumor model. 4T1 cells were implanted into the 

mammary fat pads of immunocompetent BALB/c mice and allowed to form primary breast tumors 

of sizes of 100-150 mm3 in volume. Hf-MOL at a dose of 0.11 mg/mouse was intratumorally 

injected followed by daily X-ray irradiation at a dose of 1 Gy/fraction for a total of 8 fractions. 

Anti-PD-L1 antibody was administered every three days at a dose of 75 µg/mouse for a total of 3 

doses. As shown in Figure 4-15a-c, α-PD-L1 (+) moderately delayed 4T1 tumor progression 

whereas Hf-MOL(-) showed no effect on tumor growth. In comparison, Hf-MOL(+) significantly 

inhibited tumor growth initially, but tumors regrew 5 days after cessation of treatment. Notably, 

Hf-MOL(+)/α-PD-L1 treatment nearly eradicated primary 4T1 tumors with a TGI of 98.9% on 
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day 17 post treatment. Combination treatment thus markedly improved the therapeutic efficacy 

over Hf-MOL(+) or α-PD-L1 alone. Terminal-deoxynucleoitidyl transferase mediated nick end 

labeling (TUNEL) assay showed that the Hf-MOL(+)/α-PD-L1 group induced the most DNA 

fragmentation and apoptosis (Figure 4-15e), supporting its superior anticancer efficacy over 

monotherapy controls. Body weights were monitored daily and no systemic toxicity was observed 

(Figure 4-15d). 

The anti-metastatic effect was evaluated by examining lung tissues for tumor nodules at the 

end of the study. 4T1 cells can rapidly metastasize to the lungs from the mammary fat pad.4 

Compared to the PBS control group, Hf-MOL(+) or α-PD-L1 alone showed little effect preventing 

lung metastasis (Figure 4-16a). In contrast, Hf-MOL(+)/α-PD-L1 significantly reduced tumor 

nodules in the lungs, resulting in a 93.3% decrease in the number of macroscopically visible 

pulmonary metastases. Examination of the lungs revealed that mice treated with PBS had an 

average of 39.7 ± 8.34 visible lesions while mice treated with Hf-MOL(+)/α-PD-L1 exhibited an 

average of 2.7 ± 0.6 macroscopic lung metastases (Figure 4-16d). The proportion of the metastasis 

area relative to the whole lung was further quantified by H&E staining (Figure 4-16b). Hf-MOL(+) 

or α-PD-L1(+) alone only slightly suppressed spontaneous metastasis with metastatic nodules 

covering 34.5 ± 5.3 % and 21.8 ± 4.8 % of the lung, respectively, compared to nodules covering 

42.7 ± 5.8% of the lung in the PBS group (Figure 4-16e). Hf-MOL(+)/α-PD-L1 treatment on the 

other hand significantly decreased the presence of lung metastasis to 2.2 ± 1.6%. Combination 

treatment with Hf-MOL(+)/α-PD-L1 is thus much more effective in preventing lung metastasis 

than Hf-MOL(+) or α-PD-L1(+) alone.  
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Figure 4-15 Tumor growth curves (a) and body weights (d) of 4T1 orthotopic tumor-bearing mice 

treated with PBS(-), PBS(+),-PD-L1(+), Hf-MOL(-)/-PD-L1 and Hf-MOL(+)/-PD-L1. Black, 
red, and green arrows refer to the times of PBS or nanoparticles injections, X-ray irradiation, and 
antibody administration, respectively. Optical images (b), tumor weights (c) and TUNEL 
immunofluorescence staining (e) of excised tumors sectioned from groups in (a) at the endpoint. 

Data are expressed as means ± s.d., n = 6. Scale bar = 100 m. *P < 0.05, ** P < 0.01, *** P < 
0.001. Reprinted with permission from Matter, 2019, 1, 1331-1353. Copyright 2019 Elsevier Inc. 
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Figure 4-16 (a) Representative pictures showing the gross appearance of tumor nodules in the 
lungs. (b) Representative lung sections stained with H&E. (c) Representative pictures showing the 
colonies formed after culturing in the presence of 6-thiogunine for 10 days. (d) The numbers of 
tumor nodules present in the lungs. (e) Percentage of metastasis area in lung. (f) Normalized 
absorbance of crystal violet in different treatment groups. Representative histology with H&E 
staining of liver or heart slices to detect metastasis on orthotopic 4T1 tumor-bearing mice receiving 
intratumoral injection of Hf-MOL or PBS and X-ray irradiation treatment with or without antibody 
treatment. Scale bar = 5000 μm (a) or 100 μm (g). Data are expressed as means ± s.d., n = 6. Scale 
bar = 100 μm. *P < 0.05, ** P < 0.01, *** P < 0.001. Reprinted with permission from Matter, 
2019, 1, 1331-1353. Copyright 2019 Elsevier Inc.  
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We then performed colony assays to quantitatively assess lung metastases after various 

treatments. At the end of the treatment, lungs were digested and the cells were harvested and 

cultured in the presence of 60 M 6-thioguanine for 10 days. After being fixed with methanol, 

colonies formed by clonogenic metastatic cancer cells were stained with 0.1% crystal violet. 

Because 4T1 tumor cells are resistant to 6-thioguanine, only metastasized tumor cells can 

proliferate to form colonies. As shown in Figure 4-16c, only the Hf-MOL(+)/α-PD-L1 treatment 

significantly reduced the number of colonies, decreasing the absorbance of crystal violet to only 

10.0% of the PBS control group (Figure 4-16f). Hf-MOL(+) or α-PD-L1 treatment alone reduced 

the absorbance of crystal violet to 84.5% or 74.3% of the PBS control group, respectively. 

Clonogenic assay results indicate that mice treated with Hf-MOL(+)/α-PD-L1 have far fewer 

clonogenic metastatic 4T1 cells in the lungs than other treatment groups. We also examined 

metastases in other major organs as shown in (Figure 4-16g). The Hf-MOL(+)/α-PD-L1 group 

significantly reduced the number of macroscopically visible cardiac and hepatic metastases 

compared to the control groups. 

4.2.8 Anti-metastatic mechanism  

In order to understand the anti-metastatic mechanism, we examined the anti-tumor immunity 

of orthotopic 4T1 tumor-bearing mice treated with Hf-MOL(+)/α-PD-L1 by ELISpot and 

immunostaining flow cytometry. We first determined the presence of tumor-antigen specific 

cytotoxic T cells with an IFN-γ ELISpot assay. On day 12 after the first treatment, splenocytes 

were harvested from treated mice and stimulated with 4T1 cells, which exposed to 60Co γ-ray 

irradiation at a dose of 50 Gy to release tumor antigens, for 42 hours and the IFN-γ spot forming 

cells were counted. The number of antigen-specific IFN-γ producing T cells significantly increased 

in tumor-bearing mice treated with Hf-MOL(+)/α-PD-L1 (Figure 4-17a), suggesting that Hf-
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MOL(+)/α-PD-L1 treatment effectively generates systemic tumor-specific T cell response on the 

orthotopic 4T1 model. We further profiled infiltrating leukocytes in both breast tumors and lungs. 

The Hf-MOL(+)/α-PD-L1 group showed a significant increase of leukocytes, in particular CD4+ 

T cells and CD8+ T cells, in both primary tumors and distant lungs (Figure 4-17b-d). The increase 

of CD8+ T cells in the lungs of the Hf-MOL(+)/α-PD-L1 group was confirmed with 

immunostaining under CLSM (Figure 4-17g). Interestingly, the Hf-MOL(+)/α-PD-L1 group 

showed significant increases of NK cells and B cells (Figure 4-16e-f) in the breast tumors but not 

in the lungs.  

We also profiled both monocytic MDSCs (mMDSCs, CD11b+Ly6ChiLy6G- phenotype) and 

granulocytic MDSCs (gMDSCs, CD11b+Ly6ClowLy6G+ phenotype) in primary breast tumors and 

distant lungs. Significant reduction of mMDSCs was observed in the primary tumors and lungs 

after Hf-MOL(+)/α-PD-L1 treatment (Figure 4-18a). Significant reduction of gMDSCs was also 

observed in the lungs (Figure 4-18b). It is well-established that both mMDSCs and gMDSCs 

suppress T cell-mediated anti-tumor immunity and directly inhibit T cell proliferation. Hf-

MOL(+)/α-PD-L1 treatment thus relieves inhibitory effects of MDSCs and enhances T cell 

activation and proliferation in both primary tumors and distant sites to suppress metastasis. 

Furthermore, it was reported that gMDSCs play an important role in mesenchymal-epithelial 

transition (MET) of circulating tumor cells and gMDSCs in the hematopoietic system support 

metastasis formation.5 Immune cell profiling studies indicated a reduction of gMDSCs in bone 

marrow and spleen for the Hf-MOL(+)/α-PD-L1 group, suggesting that Hf-MOL(+)/α-PD-L1 

inhibits metastasis through suppressing the pro-tumor effect of gMDSCs and weakening MET. 

The significant decrease of gMDSCs in both distant lungs and bone marrow further suggests the 

suppression of distant metastasis via worsening the environments for metastatic seeds. 
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Interestingly, we observed a correlation between the level of metastasis and spleen 

enlargement in this study. As a highly lung-metastatic breast tumor model, 4T1-bearing mice show 

severe spleen enlargement compared with other non-lung-metastatic breast tumor models such as 

TUBO and MCF-7. The spleens of the mice receiving different treatments were harvested, imaged 

and grounded. The splenocytes were harvested and counted. The spleens from Hf-MOL(+)/α-PD-

L1-treated mice displayed a normal morphology as those from naïve mice, while the spleens from 

other treatment groups were enlarged (Figure 4-18c). The spleens from the mice treated with Hf-

MOL(+)/α-PD-L1 had similar average weight as those from naïve mice but were only ~1/4 of 

those from other treatment groups (Figure 4-18d). The number of splenocytes from the mice 

treated with Hf-MOL(+)/α-PD-L1 were similar to those of naïve mice but only ~ 1/3 of those from 

other treatment groups (Figure 4-18e). We profiled the splenocytes and detected significate 

upregulation of gMDSCs in the groups with enlarged spleens. Only the Hf-MOL(+)/α-PD-L1 

treatment afforded a significant decrease of gMDSC, indicating that MOL(+)/α-PD-L1 

systemically depletes gMDSCs and prevents abnormal spleen enlargement which is a typical 

syndrome in mice with highly metastatic tumors (Figure 4-18f).  
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Figure 4-17 (a) ELISpot assay was performed to detect tumor-specific IFN-γ producing T cells. 
The tumors and lungs were collected from 4T1 tumor-bearing mice for flow cytometry analysis 
and the percentages of tumor-infiltrating CD45+ cells (b), CD8+ T cells (c), CD4+ T cells (d), NK 
cells (e) and B cells (f) with respect to the total tumor cells. (+) and (-) refer to with and without 
irradiation, respectively. Data are expressed as means ± s.d., n = 6. *P < 0.05, **P < 0.01 and ***P 
< 0.001 by t-test. Central lines, bounds of box and whiskers represent mean values, 25% to 75% 
of the range of data and 1.5 fold of interquartile range away from outliers, respectively. (g) 
Immunofluorescence staining showing CD8+ T cell (red) infiltration on 4T1 orthotopic tumors. 
Scale bar = 100 μm. Reprinted with permission from Matter, 2019, 1, 1331-1353. Copyright 2019 
Elsevier Inc.  
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Figure 4-18 Tumors, lungs and bone marrows were collected from 4T1 tumor-bearing mice for 
flow cytometry analysis and the percentages of tumor-infiltrating mMDSCs (a) and gMDSCs (b) 
with respect to the total tumor cells. Spleen on 4T1 orthotopic tumor-bearing mice treated with 
PBS or Hf-MOL with or without anti-PD-L1 was collected, weighted and ground through the cell 
strainers to get single cell suspensions. Splenocytes were then counted by hemocytometer. The 
images (c) and weights (d) of spleens from as-treated groups. (e) The numbers of splenocytes. (f) 
gMDSCs with respect to the total splenocytes. Data are expressed as means ± s.d., n = 6. *P < 0.05, 
**P < 0.01 and ***P < 0.001 by t-test. Central lines, bounds of box and whiskers represent mean 
values, 25% to 75% of the range of data and 1.5 fold of interquartile range away from outliers, 
respectively. Reprinted with permission from Matter, 2019, 1, 1331-1353. Copyright 2019 
Elsevier Inc. 
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4.3 Discussion 

Tumor metastasis is one of the major reasons for the failure of cancer management in the 

clinic.6-8 Significant current efforts are focused on developing combination therapies that synergize 

local cancer treatment with systemic anti-metastasis efficacy.9-13 We used the highly metastatic 

murine triple-negative breast cancer model 4T1 to evaluate anti-metastasis efficacy of Hf-MOL-

enabled RT-RDT. MDSCs are known to play a significant role on tumor progression and 

metastasis. It is thus logical to develop anti-metastasis therapeutics by targeting MDSCs.14-15 We 

observed ubiquitous spleen enlargement in the groups with poor therapeutic efficacy but no spleen 

enlargement in the Hf-MOL(+)/α-PD-L1 group. Similar spleen enlargement was reported for late 

stages of 4T1 model in several studies,16-17 and a recent study established the correlation between 

spleen enlargement and tumor metastasis.18 Significant increase of gMDSCs in both bone marrow 

and spleen leads to pulmonary infiltration of gMDSCs to then enhance MET process and facilitate 

the formation of metastatic niches. In the meanwhile, the increase of infiltrated mMDSCs in 

primary tumor site induces epithelial–mesenchymal transition (EMT) process to facilitate tumor 

cell dissemination. We found the link between the lack of spleen enlargement and the decrease of 

gMDSC populations in the spleen, bone marrow, and lung, which is correlated with significantly 

reduced lung metastasis and better prognosis. 
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4.4 Conclusion 

In this work, we have designed a novel ultrathin based on electron-dense SBUs and 

photosensitizing ligands for effective RT-RDT with low dose X-rays by taking advantage of 

enhanced ROS diffusion.  The synergistic combination of Hf-MOL-enabled RT-RDT and immune 

checkpoint inhibitors led to superb anti-tumor efficacy on bilateral models of colon, head and neck, 

and breast cancers and significant anti-metastatic effects on an orthotopic model of lung-metastatic 

triple-negative breast cancer. This combination extends the local therapeutic effects of RT-RDT 

to distant tumors via systemic antitumor immunity and inhibits metastasis by re-activating T cells 

and inhibiting immunosuppressive MDSCs in both orthotopic tumors and metastatic lung lesions. 

Rational tuning of MOL compositions and structures promises to lead to even more potent RT-

RDT to potentiate CBI for the treatment of metastatic tumors.  
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4.5 Methods 

Materials, cell lines, and animals: All of the starting chemicals were purchased from Sigma-

Aldrich and Fisher (USA), unless otherwise noted, and used without further purification.  

Murine triple-negative breast cancer cell line 4T1 was kindly provided by Dr. Stephen J. Kron at 

University of Chicago Murine colon adenocarcinoma cell CT26 and murine squamous cell 

carcinoma SCC VII were purchased from the American Type Culture Collection (Rockville, MD, 

USA). CT26 cells was cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (GE 

Healthcare, USA). 4T1 and SCC VII cells were cultured in Dulbecco's Modified Eagle's Medium 

(DMEM) medium (GE Healthcare, USA). All media were supplemented with 10% FBS, 100 

U/mL penicillin G sodium and 100 μg/mL streptomycin sulfate. Cells were cultured in a 

humidified atmosphere containing 5% CO2 at 37oC. Mycoplasma was tested before use by 

MycoAlert detection kit (Lonza Nottingham, Ltd.) BALB/c mice (6-8 weeks) and C3H mice (6-8 

weeks) were obtained from Harlan-Envigo Laboratories, Inc (USA). The study protocol was 

reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at the 

University of Chicago. 

Synthesis of Hf-MOL:  To a 1-dram glass vial was added 0.5 mL of HfCl4 solution [2 mg/mL in 

N,N-dimethylformamide (DMF)], 0.5 mL of the H2DBP solution (3.5 mg/mL in DMF), 55 L 

acetic acid and 5 L of H2O. The reaction mixture was kept in a 80 °C oven for 2 days. The purple 

precipitate was collected by centrifugation and washed with DMF, 1% triethylamine in ethanol 

(v/v), and ethanol. 

Clonogenic assay: The clonogenic assay was performed according to a modified protocol. 4T1 

cells were cultured in a 6-well plate overnight and incubated with particles at a Hf concentration 
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of 20 µM for 4 h followed by irradiation with 0, 1, 2, 4, 8 and 16 Gy X-ray or γ- ray . Cells were 

trypsinized and counted immediately. 200-2000 cells were seeded in a 6-well plate and cultured 

with 2 mL medium for 15 days. Once colony formation was observed, the culture medium was 

discarded. The plates were rinsed twice with PBS, then stained with 500 µL of 0.5% w/v crystal 

violet in 50% methanol/H2O. The wells were rinsed with water for three times and the colonies 

were counted manually.  

Apoptosis/necrosis: 4T1 cells were cultured in a 6-well plate overnight and incubated with PBS, 

Hf-DBA, H2DBP, or Hf-MOL at an equivalent concentration of 20 µM for 4 h followed by 

irradiation at 0 and 2 Gy X-ray. 24 h later, the cells were stained according to the AlexaFluor 488 

Annexin V/dead cell apoptosis kit (Life technology, USA) and quantified by flow cytometry.  

DNA damage: 4T1 cells were cultured in a 6-well plate overnight and incubated with PBS, Hf-

DBA, H2DBP, or Hf-MOL at an equivalent concentration of 20 µM for 4 h followed by irradiation 

at 0 and 2 Gy X-ray. Cells were stained 6 h after irradiation with the HCS DNA damage kit (Life 

Technology, USA) for confocal laser scanning microscopy (CLSM, FV1000, Olympus, Japan) 

and flow cytometry.  

Transwell invasion: 4T1 cells were cultured in a 6-well plate overnight and incubated with PBS, 

Hf-DBA, H2DBP, or Hf-MOL at an equivalent concentration of 20 µM for 4 h followed by 

irradiation with 0 or 2 Gy X-ray. The cells were collected, washed three times with PBS, and then 

adjusted to a concentration of 2 × 105 cells/mL in serum-free medium. 200mL of the cell 

suspension was seeded onto the upper chamber of a Millicell Cell Culture Insert with 8.0 mm pores 

(Millipore, USA). The lower chamber contained 1 mL medium with 10% FBS. After 24 h, the 

non-invading cells on the upper surface were removed with a cotton swab and the invading cells 
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on the lower surface were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. 

The invading cells were observed and photographed under an Axioskop inverted microscope 

(Zeiss, Germany) at 10× magnification.  

Immunogenic cell death: 4T1 cells were cultured in a 6-well plate overnight and incubated with 

PBS, Hf-DBA, H2DBP, or Hf-MOL at an equivalent concentration of 20 µM for 4 h followed by 

irradiation with 0 or 2 Gy X-ray. After incubation for 4 h, supernatant was harvested for 

extracellular HMGB-1 and ATP secretion assayed by HMGB-1 ELISA kit (Invitrogen, USA) and 

Chemiluminescence ATP Determination kit (Thermo Fisher, USA), respectively. The cells were 

washed three times with PBS, fixed with 4% paraformaldehyde, incubated with AlexaFluor 488-

CRT (Enzo Life Sciences, USA) with 1: 100 dilution for 2 h, stained with DAPI, and observed by 

CLSM, or collected, incubated with AlexaFluor 488-CRT antibody for 2 h, and then stained with 

PI for analysis by flow cytometry (LSRFortessa, BD, USA). 

Vaccination: 4T1 cells were cultured in a 3.5-cm dish overnight and incubated with Hf-MOL at 

an Hf concentration of 20 µM for 4 h followed by irradiation 4 Gy X-ray. After incubation for 48 

h, cells were harvested and injected subcutaneously as vaccine. Mice injected with same amount 

of PBS serves as control. 7 days after vaccination, mice were challenged with live 4T1 cells. 

Abscopal Effect: Three synergistic bilateral tumor models, 4T1, CT26 and SCC VII were 

established to evaluate the in vivo anti-cancer efficacy of combination of Hf-MOL-enabled RT-

RDT and CBI. For 4T1, 1×106 and 5×105 4T1 cells were subcutaneously inoculated onto the right 

and left flanks of BALB/c mice for respective primary and secondary tumors. For CT26, 2×106 

and 1×106 CT26 cells were subcutaneously inoculated onto the right and left flanks of BALB/c 

mice for respective primary and secondary tumors. For SCCVII, 1×106 and 2×105 SCC VII cells 
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were by subcutaneously inoculated onto the right and left flanks of C3H mice for respective 

primary and secondary tumors. When the primary tumors reached 100-150 mm3 in volume, mice 

were injected intratumorally with Hf-MOL at a dose of 0.2 µmol Hf or PBS. 12 h after injection, 

mice were anaesthetized with 2% (v/v) isoflurane and the primary tumors were irradiated with 0.5 

or 1 Gy X-ray/fraction for a total of 8 or 10 daily fractions. Antibodies (α-PD-L1, Clone: 10F.9G2; 

α-PD-1, Clone: RMP1-14; α-CTLA-4, Clone: 9D9, all from BioXCell) were given every three 

days by intraperitoneal injection at a dose of 75 µg/mouse. The tumor sizes were measured daily 

with a caliper where tumor volume equals (width2 × length)/2. Mice with 4T1, CT26 or SCCVII 

were sacrificed on Day 27, 19 or 22, respectively.  

T/B cell depletion: The bilateral subcutaneous model was established as for the in vivo anti-cancer 

efficacy. When the primary tumors reached 100-150 mm3 in volume, mice were injected 

intratumorally with nMOFs at a dose of 0.11 mg/mouse or PBS. Anti-CD4 (GK1.5, BioXCell, 

USA), anti-CD8 (OKT-8, BioXCell, USA), mouse IgG (C1.18.4, BioXCell, USA) antibodies  Or 

B cell inhibitor ibrutinib (PCI-32765, Selleckchem) were intraperitoneally injected into the mice 

(200 µg/mouse) on Day 0 and 5 after the first treatment. Twelve hours post-injection, mice were 

anesthetized with 2% (v/v) isoflurane, and tumors were irradiated with X-ray at 225 kVp and 13 

mA with a 0.3-mm Cu filter.  

Tumor challenge studies: On day 50 post tumor inoculation, mice were challenged with 2×106 

cells on the contralateral flank. Healthy mice were simultaneously inoculated as control. The mice 

were sacrificed when the tumors of the control mice reached 2 cm3.  

ELISpot assay: Tumor-specific immune responses to IFN-γ was measured ex vitro by ELISpot 

assay (Mouse IFN gamma ELISPOT Ready-SET-Go!®; Cat. No. 88-7384-88; eBioscience). A 
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4T1 cells were irradiated with X-ray irradiator at a dose of 50 Gy to expose tumor-specific antigen. 

Millipore Multiscreen HTS-IP plates was coated overnight at 4°C with anti-Mouse IFN-γ capture 

antibody. Single-cell suspensions of splenocytes were obtained from 4T1 tumor-carrying mice and 

seeded onto the antibody-coated plate at a concentration of 2×105 cells/well. Cells were incubated 

with or without antigen-exposed 4T1 cell stimulation (1×104 cells per well) for 42 h at 37 °C and 

then discarded. The plate was then incubated with biotin-conjugated anti-IFN-γ detection antibody 

at room temperature (r.t.) for 2 h, followed by incubation with Avidin-HRP for 2 h at r.t. 3-amino-

9-ethylcarbazole substrate solution (Sigma, Cat. AEC101) was added for cytokine spot detection. 

Spots were imaged and quantified with a CTL ImmunoSpot Analyzer (Cellular Technology Ltd, 

USA).  

Flow Cytometry:Tumors were harvested, treated with 1 mg/mL collagenase I (Gibco™, USA) 

for 1 h, and ground by the rubber end of a syringe. Cells were filtered through nylon mesh filters 

with size of 40 µm and washed with PBS. tumor-draining lymph nodes were collected and directly 

ground through the cell strainers. The single-cell suspension was incubated with anti-CD16/32 

(clone 93) to reduce nonspecific binding to FcRs. Cells were further stained with the following 

fluorochrome-conjugated antibodies: CD45 (30-F11), TCR(H57-597), CD4 (GK1.5), CD8 (53-

6.7), Foxp3 (FJK-16s), CD25 (PC61.5), Nkp46 (29A1.4), F4/80 (BM8), B220 (RA3-6B2), CD11b 

(M1/70), Ly6C (HK1.4), Ly6G (RB6-8C5) and yellow-fluorescent reactive dye (all from 

eBioscience). Antibodies were used with the dilution of 1: 200. Representative gating strategies 

for different immune cells are shown in Figure 4-19. LSR Fortessa (BD Biosciences) was used 

for cell acquisition and data analysis was carried out with FlowJo software (Tree Star, Ashland, 

OR).  
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Figure 4-19 Representative gating strategies for CD45+ cells, CD4+ T cells, CD8+ T cells, T 
regulatory cells, B cells, NK cells, mMDSCs, gMDSCs, dendritic cells and macrophages. 
Reprinted with permission from Matter, 2019, 1, 1331-1353. Copyright 2019 Elsevier Inc. 

 

In vivo anti-metastasis effect:  Orthotopic 4T1 model was established by inoculating 4T1 cells 

into the mammary fat pads of BALB/c mice.  When the primary tumors reached 100-150 mm3 in 



145 
 

volume, mice were injected intratumorally with Hf-MOL at a dose of 0.2 µmol Hf or PBS. 12 h 

after injection, mice were anaesthetized with 2% (v/v) isoflurane and the orthotopic tumors were 

irradiated with 0.5 Gy X-ray/fraction for a total of 10 daily fractions. Antibodies were given every 

three days by intraperitoneal injection at a dose of 75 µg/mouse. Body weights and tumor volumes 

were monitored and recorded over a period of 24 days. At the end of experiment, mice were 

sacrificed, and tumors were excised, weighed and photographed. Lungs were also harvested, 

observed for the gross examination of tumor nodules, or sectioned and stained with H&E for 

quantification of metastasis area, or digested with collagenase type IV/elastase cocktail and 

cultured with 60 µM 6-thiogunine for 10 days. The colonies formed by clonogenic metastatic 

cancer cells were then fixed with methanol and stained with 0.1% crystal violet. For quantification, 

the crystal violet stained colonies were dissolved with 10% acetic acid and their absorbance at 590 

nm was measured and normalized to the PBS control group. 
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CHAPTER 5. Nanoscale Metal-Organic Frameworks Mediate Radiotherapy-

Radiodynamic Therapy and Deliver CpG Oligodeoxynucleotides to Enhance 

Antigen Presentation and Cancer Immunotherapy 

5.1 Rationale for the project design 

In previous Chapters, we report the strategies to enhance nMOF-mediated radiotherapy (RT) 

by optimizing Hf-oxo based SBUs and nMOF-mediated radiotherapy-radiodynamic therapy (RT 

-RDT) by assembling Hf-SBUs with photosensitizing ligands to promote local inflammation via 

generating reactive oxygen species (ROS). nMOF-mediated immunogenic local treatment as X-

ray-induced in situ cancer vaccination can generate danger-associated molecular patterns (DAMPs) 

and tumor antigens to further synergize with CBI, attenuating T cell exhaustion, to awaken 

systemic anti-tumor immunity.  

Besides immunogenic local treatment, stimulation of dendritic cells (DCs) with 

immunoadjuvants such as stimulator of interferon genes (STING) agonist1-3 or CpG 

oligodeoxynucleotides further promotes antigen presentation and immune responses4. Naturally 

existing as microbial DNAs known as pathogen-associated molecular patterns (PAMPs), CpGs are 

short DNA strands explored widely as vaccine adjuvants for toll-like receptor 9 (TLR9) 

stimulation, DC maturation, antigen presentation, and the priming of tumor-specific cytotoxic T 

lymphocytes (CTL)5. In addition, antigen presentation by immature DCs in the absence of 

immunoadjuvants induces tolerance rather than stimulates an immune reaction6. In particular, class 

C CpGs enhance Type I interferon (IFN) production to activate DCs and stimulate B cells, which 

in turn upregulates co-stimulatory molecules and secretes pro-inflammatory cytokines to afford 
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superb anticancer effects7-8. However, even locally administrated CpGs are prone to enzymatic 

degradation and cannot be efficiently internalized by APCs due to their anionic nature9.  

In this Chapter, we designed two cationic nMOFs, Hf-DBB-Ir and Hf-DBBF-Ir to release 

DAMPs and tumor antigens via X-ray activated RT-RDT and to deliver class C CpGs via 

electrostatic interactions. Activated by X-rays, the in situ vaccination afforded by nMOFs 

effectively expand cytotoxic T cells in tumor-draining lymph nodes to reinvigorate the adaptive 

immune system for tumor regression (Figure 5-1). The local therapeutic effects of the nMOF-

based in situ vaccines were extended to distant tumors by combination treatment with an anti-PD-

L1 antibody to afford an 83.3% cure rate on an MC38 colorectal cancer model. 

 

Figure 5-1 Illustration of anti-tumor effect of in situ cancer vaccination via nMOFs plus CBI. 
(1) Hf-DBBF-Ir@CpG was intratumourally administrated in the primary tumor. (2) Upon X-



150 
 

Figure 5-1, continued ray activation, Hf-DBBF-Ir generate ROSs to induce immunogenic cell 
death to expose tumor antigens and DAMPs, while CpG as PAMPs deliver to antigen 
presenting cells assisted by cationic Hf-DBBF-Ir. (3) DAMPs and PAMPs promote DC 
maturation. (4) Tumor antigens are presented by mature DCs onto T cell in tumor-draining 
lymph nodes. (5) T cells are expanded and primed to the distant tumor as well as the primary 
tumor. (6) Systemically administrated immune checkpoint blockade inhibitor PD-L1 
attenuates T cell exhaustion.  

 

5.2 Results 

5.2.1 Synthesis and characterization of nMOFs  

Scheme 5-1 Synthesis routes of DBBF-Ir and DBB-Ir.  

 

 

To generate DAMPs and tumor antigens through RT-RDT and deliver PAMPs with high CpG 

loading, we designed two cationic photosensitizing DBBF-Ir and DBB-Ir ligands (Scheme 5-1) to 

assemble with high-Z metal Hf6 SBUs to generate two positively charged nMOFs, Hf-DBBF-Ir 

and Hf-DBB-Ir, respectively. Hf-DBBF-Ir and Hf-DBB-Ir nMOFs possessed UiO-like structures 
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(Figure 5-2f) with a formula of Hf6(µ3-O)4(µ3-OH)4L6, where L = DBBF-Ir or DBB-Ir. Hf-DBBF-

Ir and Hf-DBB-Ir exhibited spherical to octahedral morphologies with diameters of ~100 nm, as 

revealed by transmission electron microscopy (TEM) imaging (Figure 5-2a-d) and dynamic light 

scattering (DLS) measurements (Figure 5-2e). The photosensitizing characteristics of Hf-DBBF-

Ir and Hf-DBB-Ir were confirmed by UV-Vis absorption and luminescence spectroscopy (Figure 

5-3), where Hf-DBBF-Ir and Hf-DBB-Ir showed similar absorbance and luminescence to those of 

DBBF-Ir and DBB-Ir, respectively.  

 

Figure 5-2 Large-area TEM images and small-area TEM images of Hf-DBB-Ir (a,b) and Hf-
DBBF-Ir (c,d), respectively. Hf-DBBF-Ir@CpG (C & D). (e) Number-averaged diameters of Hf-
DBBF-Ir (112.2 ± 2.8 nm) and Hf-DBB-Ir (113.9 ± 1.6 nm) in EtOH. (f) PXRD patterns of Hf-
DBBF-Ir and Hf-DBB-Ir, freshly prepared or after 24 h incubation in 0.6 mM PBS, in comparison 
to that of UiO-69.10 Scale bar = 500 nm (a,c) or 100 nm (b,c).  
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Figure 5-3 (a) UV-Vis spectra of Hf-DBBF-Ir and Hf-DBB-Ir, in comparison to those of H2DBBF-
Ir and H2DBB-Ir, respectively. Excitation and emission spectra of Hf-DBBF-Ir (b) and Hf-DBB-Ir 
(c), in comparison to those of H2DBBF-Ir and H2DBB-Ir, respectively. (d) Excitation and emission 
spectra of Hf-DBBF-Ir and Hf-DBB-Ir.  

 

5.2.2 ROS generation  

We proposed that photosensitizing Hf-DBBF-Ir and Hf-DBB-Ir could generate multiple 

reactive oxygen species (ROS) upon X-ray irradiation, including •OH through water radiolysis of 

Hf6 SBUs, and 1O2 and O2
- through excitation of photosensitizing ligands (Scheme 5-2).  
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Scheme 5-2 Schematic showing synthesis of Hf-DBB-Ir and Hf-DBBF-Ir nMOFs based on Hf-
oxo clusters and DBBF-Ir or DBB-Ir ligands, respectively.  Upon X-ray irradiation, Hf-oxo clusters 
absorb X-ray to generate •OH through radiolysis and transfer energy to adjacent photosensitizing 
ligands to generate 1O2 and/or O2

-.  

 

As quantified by APF and SOSG assays, both Hf-DBBF-Ir plus X-ray irradiation [denoted Hf-

DBBF-Ir(+)] and Hf-DBB-Ir(+) exhibited significantly enhanced •OH and 1O2 generation in 

comparison to their ligand controls (Figure 5-4a-d). However, only Hf-DBBF-Ir(+) displayed 

efficient O2
- generation as determined by BMPO assay, which is ascribed to the higher reduction 

potential of DBBF-Ir than DBB-Ir (Figure 5-4e).11  

Prior to detect ROS generation in vitro, we first evaluated the uptake of Hf-DBB-Ir and Hf-

DBBF-Ir by MC38 cells. Inductively coupled plasma-mass spectrometry (ICP-MS) studies showed 

the two nMOFs reached similar intracellular Hf levels after 4 h incubation (Figure 5-5). We then 

probed in vitro 1O2 and O2
- generation by SOSG and superoxide assay kits, respectively. Both Hf-

DBB-Ir(+) and Hf-DBBF-Ir(+) induced strong green fluorescence, indicating significant 1O2 

generation. However, only Hf-DBBF-Ir (+) exhibited strong red fluorescence, indicating the 
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generation of O2
- through Hf-DBBF-Ir-mediated RT-RDT process (Figure 5-6). To confirm the 

RT effect, •OH induced DNA double-strand breaks (DSBs) were quantified by flow cytometric 

analysis of phosphorylated γ-H2AX in cells treated with PBS, ligands or nMOFs with or without 

X-ray. Interestingly, 2 h after irradiation, significantly higher red γ-H2AX fluorescence was 

observed in the group treated with Hf-DBBF-Ir(+) than Hf-DBB-Ir(+), likely due to the 

biotransformation O2
- to •OH by superoxidase dismutase. No fluorescence was observed in the 

groups without X-ray irradiation or without nMOF incubation (Figure 5-7).  

 

Figure 5-4 •OH generation determined by APF assay (a,c), 1O2 generation determined by SOSG 
assay (b,d), and O2

- generation probed by BMPO in EPR (e) of H2O, DBB-Ir, DBBF-Ir, Hf-DBB-
Ir, and Hf-DBBF-Ir.  
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Figure 5-5 Cellular uptake of Hf-DBB-Ir and Hf-DBBF-Ir on MC38 cells after incubation with 
20 μM Hf, n = 3. The Hf concentrations were determined by ICP-MS.  

 

Figure 5-6 Generation of 1O2 and O2
- in MC38 cells treated with PBS, DBB-Ir, DBBF-Ir, Hf-

DBB-Ir, or Hf-DBBF-Ir with (+) or without (-) X-ray irradiation as detected by SOSG and 
superoxide kits. Green (1O2) and red (O2

-) florescence merged to appear as yellow florescence. 
Scale bar = 50 µm.   

0

2

4

6

8

10

 
n

m
o

l H
f/

 1
05  c

e
ll

s

1 h               2 h               4 h               8 h

 Hf-DBB-Ir

 Hf-DBBF-Ir

*



156 
 

 

Figure 5-7 Flow cytometric analysis of DNA double strain breaks (DSBs) probed by γ-H2AX in 
MC38 cells treated with PBS, H2DBB-Ir, H2DBBF-Ir, Hf-DBB-Ir, or Hf-DBBF-Ir for 4 h and then 
irradiated upon X-ray at a dose of 0 (-) or 2 (+) Gy. Grey histogram (control), and carmine 
histogram show the difference of γ-H2AX level in the cells, respectively.  

 

5.2.3 Release of DAMPs and in vitro immunogenicity  

To test the hypothesis that the myriad of ROSs generated by Hf-DBBF-Ir damages cancer cells 

more effectively than other treatments, we evaluated Hf-DBBF-Ir mediated cell damage and 

DAMP generation. Clonogenic assays showed that Hf-DBBF-Ir(+) slightly outperformed Hf-

DBB-Ir(+) with an REF10 value of 1.75 vs 1.68 (Figure 5-8a). MTS assays further showed that 

Hf-DBBF-Ir(+) exhibited higher cytotoxicity than Hf-DBB-Ir(+) with IC50 values of 4.28 ± 1.15 

μM and 7.85 ±2.41 M, respectively, at 2 Gy (Figure 5-8b). A greater level of cell death was also 

observed for Hf-DBBF-Ir(+) by live/dead cell imaging (Figure 5-8c) and apoptotic cell 

quantification by CLSM and flow cytometry (Figure 5-9). These results indicate a stronger cell 

killing effect by Hf-DBBF-Ir(+) via the RT-RDT process.  
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Figure 5-8 (a) Clonogenic assays to evaluate radioenhancement of Hf-DBB-Ir or Hf-DBBF-Ir on 
MC38 cells upon X-ray irradiation, n = 6. (b) Cytotoxicity of Hf-DBB-Ir or Hf-DBBF-Ir upon X-
ray irradiation at a dose of 2 Gy on MC38 cells, n = 6. (c) Representative CLSM imaging of 
Live/dead cell analysis on MC38 cells treated with PBS, DBB-Ir, DBBF-Ir, Hf-DBB-Ir, or Hf-
DBBF-Ir for 4 h and irradiated upon X-ray at a dose of 0 (-) or 2 (+) Gy. Green and red fluorescence 
represent Calcein AM and PI signal, indicating live or dead cells, respectively. Scale bar = 50 μm. 
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Figure 5-9 Flow cytometric Annexin V/PI analysis (a) and representative CLSM images of MC38 
cells treated with PBS, DBB-Ir, DBBF-Ir, Hf-DBB-Ir, or Hf-DBBF-Ir for 4 h and then irradiated 
upon X-ray at a dose of 0 (-) or 2 (+) Gy. (a) The quadrants from lower left to upper left (counter 
clockwise) represent healthy, early apoptotic, late apoptotic, and necrotic cells, respectively. The 
percentage of cells in each quadrant was shown on the graphs. (b) Blue, red and green fluorescence 

represent DAPI, PI and Annexin-V-conjugated Alexa-488, respectively. Scale bar = 50 m.  

 

We next investigated the generation of DAMPs from nMOF-mediated RT-RDT by examining 

immunogenic cell death (ICD) of tumor cells and phagocytosis of dying tumor cells and their 

apoptotic debris by APCs. In the ICD process, calreticulin (CRT) is translocated to cell membrane 

as an “eat-me” signal which is recognized by macrophages and DCs to engulf dying tumor cells 
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and their apoptotic debris. Flow cytometric quantification revealed that Hf-DBBF-Ir(+) treated 

cells exhibited higher CRT fluorescence, suggesting that Hf-DBBF-Ir(+) induced stronger ICD 

with higher cytotoxicity (Figure 5-10).  

 

Figure 5-10 Flow cytometric analysis of calreticulin exposure (CRT) in MC38 cells treated with 
PBS, DBB-Ir, DBBF-Ir, Hf-DBB-Ir, or Hf-DBBF-Ir for 4 h and then irradiated upon X-ray at a 
dose of 0 (-) or 2 (+) Gy. Grey histogram (control) and green histogram show the difference of 
CRT level in the cells, respectively.  

 

To assess the impact of nMOF-mediated RT-RDT on antigen processing by and immune 

activation of APCs, DCs differentiated from bone marrow cells were co-cultured with CFSE-

labeled MC38 cells treated with PBS, DBB-Ir, DBBF-Ir, Hf-DBB-Ir, or Hf-DBBF-Ir with or 

without X-ray irradiation. Flow cytometry showed that the population of CFSE+ MC38 cells gated 

from CD11c+ cells significantly increased in cells with Hf-DBBF-Ir(+) treatment (Figure 5-11a,b). 

CLSM imaging confirmed that Hf-DBBF-Ir(+) treated cells recruited more DCs (labeled with PE-

Cy5.5 conjugated CD11c) for phagocytosis (Figure 5-11c) than all other treatment groups, 

indicating enhanced immune stimulation mediated by cationic nMOFs. 
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Figure 5-11 Phagocytosis of CFSE-labelled MC38 cells by DCs treated with PBS, DBB-Ir, 
DBBF-Ir, Hf-DBB-Ir, or Hf-DBBF-Ir for 4 h and then irradiated upon X-ray at a dose of 0 (-) or 2 
(+) Gy by flow cytometry. DCs co-cultured with treated MC38 cells were stained with PE-Cy5.5-
conjugated CD11c antibody as shown in (a). MC38 cells were gated on PE-Cy5.5-positive cells 
as shown in (b). (c) Red and green fluorescence represents DCs and MC38 cancer cells, 
respectively. Scale bar = 50 μm.  
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5.2.4 In vitro delivery of PAMPs  

We rationalized that fluorination of the DBBF ligand in Hf-DBBF-Ir could introduce electron-

withdrawing effects to increase the surface charge for more efficient delivery of CpG. Hf-DBBF-

Ir and Hf-DBB-Ir exhibited ζ-potential values of 31.6 ± 1.2 mV and 23.8 ± 0.8 mV, respectively, 

confirming a more cationic skeleton of Hf-DBBF-Ir for electrostatic adsorption of anionic CpG 

(Figure 5-12a). 1 mg of CpG was incubated in 20 mL PBS solution of Hf-DBBF-Ir or Hf-DBB-Ir 

with an equivalent Hf concentration of 10 mM for 10 mins. After centrifugation, DNA gel 

electrophoresis showed the adsorption of 82.7% CpG onto Hf-DBBF-Ir and 46.5% CpG onto Hf-

DBB-Ir, with 8.6% and 43.8% of CpG remaining in the corresponding supernatants as quantified 

by NanoDrop spectrophotometry (Figure 5-12b). We next examined CpG internalization by DCs. 

Flow cytometry and CLSM imaging showed that Hf-DBBF-Ir delivered the highest amount of CpG 

to DCs after they were cultured with FITC-labeled free CpG, Hf-DBB-Ir@CpG or Hf-DBBF-

Ir@CpG (Figure 5-13). These results confirm the superior ability of Hf-DBBF-Ir in delivering 

CpG as PAMPs to APCs.  

 

Figure 5-12 (a) Zeta potential of Hf-DBB-Ir and Hf-DBBF-Ir. (b) Left lanes, quantification of 
adsorbed CpG with DNA gel. Right lanes: non-absorbed CpG by NanoDrop with free CpG served 
as control. 
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Figure 5-13 (a) FITC-labeled CpG uptake by DCs incubated with free CpG, Hf-DBB-Ir@CpG 
or Hf-DBBF-Ir@CpG quantified with flow cytometry and observed under CLSM. Scale bar = 4 

m. 

 

5.2.5 In vitro DC maturation  

To evaluate the effects of CpG delivery on DC maturation, we incubated bone marrow derived 

DCs with CpG, Hf-DBB-Ir@CpG or Hf-DBBF-Ir@CpG at CpG concentrations of 0, 62.5, 125, 

250, 500 and 1000 ng/mL for 60 h. The cells were harvested and stained for the detection of DCs 

maturation markers, including MHC-II and co-stimulatory molecules CD80 and CD86. The 

supernatants were also collected and assayed for the presence of cytokines interferon-alpha (IFN-

 and interleukin-6 (IL-6). Both Hf-DBB-Ir@CpG and Hf-DBBF-Ir@CpG effectively promoted 

DC maturation with increased MFI signals of CD80 (Figure 5-14a), CD86 (Figure 5-14b) and 

MHC-II compared to free anionic CpG (Figure 5-14c). Hf-DBBF-Ir@CpG outperformed Hf-

DBB-Ir@CpG in the upregulation of CD80, CD86, and MHC-II signals as a result of its more 

effective CpG delivery. Only cationic nMOF-delivered CpG showed elevated IFN- levels while 

free CpG completely had no effect (Figure 5-15a). Moreover, DCs treated with free CpG excreted 
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IL-6 only in high CpG concentrations, while treated with nMOFs/CpG excreted IL-6 at low CpG 

concentrations (Figure 5-15c). qPCR of IL-6 and IFN- expression confirmed that Hf-DBBF-Ir 

more efficiently delivered CpG as PAMPs to activate DCs (Figure 5-15b,d).  

 

Figure 5-14 Functional surface markers CD80 (a), CD86 (b) and MHC-II (c) on DCs stimulated 
with free CpG, Hf-DBB-Ir@CpG or Hf-DBBF-Ir@CpG with increasing CpG concentrations 
quantified by flow cytometry, n=6.  

 

Figure 5-15 Biomarkers IL-6 (a,b) and IFN- (c,d) by ELISA (a,c) or qPCR (b,d) of DCs 
stimulated with free CpG, Hf-DBB-Ir@CpG or Hf-DBBF-Ir@CpG with increasing CpG 
concentrations, n=6. 
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To directly demonstrate the enhanced antigen presentation property of DCs after Hf-DBBF-

Ir@CpG stimulation, MC38 cells transfected with ovalbumin antigen (OVA, cell line denoted as 

MC38-ova) were cultured with CpG, Hf-DBB-Ir@CpG or Hf-DBBF-Ir@CpG stimulated DCs in 

a 3:1 ratio. Tumor antigen uptake and presentation was examined by detecting the expression of 

H-2Kb-SIINFEKL complex (Kb-ova) on DCs surface. Hf-DBBF-Ir@CpG outperformed Hf-DBB-

Ir@CpG and free CpG on promoting antigen uptake and presentation by DCs (Figure 5-16), likely 

as a result of more efficient delivery of PAMPs and antigen presentation. 
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Figure 5-16 Expression level of SIINFEKL-Kb on DCs co-cultured with MC38-ova cells at a 1:3 
ratio, n=6. DCs stimulated with free CpG, Hf-DBB-Ir@CpG or Hf-DBBF-Ir@CpG with increasing 
CpG concentrations, n=6.  

 

5.2.6 X-ray triggered In situ cancer vaccines  

We next investigated the local anti-tumor effect of Hf-DBBF-Ir@CpG(+) as an in situ cancer 

vaccine. We first showed that intravenous injection of 2 mol DBBF-Ir or Hf-DBBF-Ir biweekly 

for a total of 4 doses did not cause toxicity on C57BL/6 mice as judged from the steady bodyweight 

gains (Figure 5-17).  
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Figure 5-17 Toxicity test of DBBF-Ir or Hf-DBBF-Ir on C57Bl/6 mice, n = 3. Body weights of 
C57BL/6 mice were monitored after receiving H2DBBF-Ir at a dose of 2 μmol biweekly with a 
total of four injections (a) or Hf-DBBF-Ir at a dose of 2 μmol based on Hf biweekly with a total of 
four injections (b). Black arrows refer to the times of injections.  

 

We then established a murine colorectal model MC38 on C57BL/6c mice by subcutaneous 

injection on right flanks. When the tumors reached 100-150 mm3, PBS, Hf-DBB-Ir, Hf-DBBF-Ir, 

or Hf-DBBF-Ir@CpG was injected intratumorally at a Hf dose of 0.2 µmol and/or CpG dose of 1 

µg. 12 h later, the tumors were irradiated with 1Gy of X-ray (225 kVp, 13 mA, 1 Gy) and followed 

by four more daily irradiation of X-ray (1 Gy). Hf-DBBF-Ir(+) outperformed Hf-DBB-Ir(+) with 

a tumor growth inhibition index (TGI) of 81.9% vs 64.7%, suggesting more efficient release of 

DAMPs by Hf-DBBF-Ir-mediated RT-RDT in vivo. Hf-DBBF-Ir-@CpG(+) showed enhanced 

tumor regression over CpG(+) (TGI of 99.6% vs 34.8%) or Hf-DBBF-Ir(+) on Day 31, indicating 

the synergy of DAMPs released by nMOF-mediated RT-RDT and PAMPs delivered by cationic 

nMOFs (Figure 5-18a). The anti-tumor efficacy was confirmed by optical images (Figure 5-18c) 

and averaged weights (Figure 5-18d) of excised tumors on Day 31. Immunofluorescence of 

terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) and H&E staining 

indicated significant apoptosis of tumor cells with Hf-DBBF-Ir@CpG(+) treatment (Figure 5-

18e,f). No systemic toxicity was observed for all treatment groups (Figure 5-18b,g).  
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Figure 5-18 Tumor growth curves (a) and body weights (b) of MC38 tumor-bearing mice treated 
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Figure 5-18, continued with PBS(-), PBS(+), CpG(+), Hf-DBBF-Ir(+), Hf-DBBF-Ir@CpG(-), or 
Hf-DBBF-Ir@CpG(+). Hf-DBB-Ir(+) served as control group on the MC38 model, n = 6. (c) Photo 
of excised tumors of MC38-bearing C57BL/6 mice, n = 6. From top to bottom: PBS(-), PBS(+), 
Hf-DBBF-Ir/CpG(-), CpG(+), Hf-DBBF-Ir(+), Hf-DBB-Ir(+), and Hf-DBBF-Ir/CpG(+). (d) 
Weights of excised tumors of the MC38-bearing mice. Data are expressed as means ± s.d., n = 6. 
*P < 0.05 and ***P < 0.001 by t-test. H&E staining (e) and TUNEL assay (f) of excised tumors 
of MC38-bearing C57BL/6 mice. (g) Representative histology of frozen sections of major organs 
of MC38-bearing C57BL/6 mice receiving intratumoral injection of PBS or Hf-DBBF-Ir/CpG with 
(+) or without (-) X-ray irradiation, and CpG, Hf-DBB-Ir, or Hf-DBBF-Ir with X-ray irradiation. 
Scale bar = 100 μm.  

 

We further evaluated the antitumor activity on a murine pancreatic cancer model, Panc02, on 

C57BL/6c mice with high radioresistance and poor immunogenicity. Hf-DBBF-Ir@CpG(+) 

afforded superior tumor growth inhibition over other groups (Figure 5-19 and Table 5-1), 

suggesting the potential of using Hf-DBBF-Ir@CpG(+) as in situ cancer vaccine on a broad 

spectrum of cancers with varied immunogenicity.  

 

Figure 5-19 (a) Tumor growth curves of Panc02 tumor-bearing mice treated with PBS(-), PBS(+), 
CpG(+), Hf-DBBF-Ir(+), Hf-DBBF-Ir@CpG(-), or Hf-DBBF-Ir@CpG(+). (b) Photo of excised 
tumors of MC38-bearing C57BL/6 mice, n = 6. From top to bottom: PBS(-), PBS(+), Hf-DBBF-
Ir/CpG(-), CpG(+), Hf-DBBF-Ir(+),and Hf-DBBF-Ir/CpG(+). (c) Weights of excised tumors of the 
MC38-bearing mice. Data are expressed as means ± s.d. *P < 0.05 and ***P < 0.001 by t-test. 
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Table 5-1. TGIs of MC38 and Panc02 tumor models with different treatments. 

TGI (%) MC38 Panc02 

PBS(+) 4.8 0.9 

CpG(+) 34.8 54.8 

Hf-DBB-Ir(+) 64.7 - 

Hf-DBBF-Ir(+) 81.9 69.4 

Hf-DBBF-Ir/CpG(-) 11.3 24.1 

Hf-DBBF-Ir/CpG(+) 99.6 89.1 

 
5.2.7 Innate immunity after in situ cancer vaccination  

Flow cytometry showed significant increases of tumor- and tumor-draining lymph node 

(DLN)-infiltrating APCs, including macrophages (Figure 5-20a) and DCs (Figure 5-20b), in the 

Hf-DBBF-Ir@CpG(+) treatment group, which indicates the synergistic effect of DAMPs and 

tumor antigens released by nMOF-mediated RT-RDT and PAMPs delivered by cationic nMOFs. 

The increase of APC populations was further confirmed by CLSM (Figure 5-20d). DC maturation 

promoted by Hf-DBBF-Ir@CpG(+) was further demonstrated with elevated expression of MHC-

II and costimulatory CD80 molecules (Figure 5-20c). Furthermore we assayed plasma IL-6 and 

IFN- concentrations by ELISA and determined gene expression in tumors and DLNs by qPCR 

24 h post treatment to evaluate the innate immune response. Hf-DBBF-Ir@CpG(+) treatment 

showed significantly elevated levels of plasma and intratumoral IL-6 and IFN- over CpG(+) or 

Hf-DBBF-Ir(+) treatment (Figure 5-21). Elevations of total IgG (Figure 5-22a) and IgM (Figure 

5-22b) in plasma 2 and 12 days after Hf-DBBF-Ir@CpG(+) treatment suggest effective promotion 

of humoral immunity mediated by B cells. As IgM can bind and activate the complement system 

to promote the opsonization and degradation of antigens and antigen presentation by phagocytes, 
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the increased levels of plasma IgG and IgM results imply an important role of B cells in promoting 

antigen presentation after in situ vaccination.  

 

Figure 5-20 The percentages of macrophages (a) and DCs (b) with respect to the total cells in 
tumors and tumor-draining lymph nodes excised from MC38-bearing mice 2 days post treatment. 
The percentages of tumor-infiltrating CD80+ MHCII+ cells (c) with respect to DCs in tumors and 
tumor-draining lymph nodes excised from MC38-bearing mice day 2 post treatment. (d) 
Representative immunofluorescence imaging for infiltration of antigen presenting cells into MC38 
tumors-bearing mice receiving treatment of PBS(-), PBS(+), Hf-DBBF-Ir@CpG(-), CpG(+), Hf-
DBBF-Ir(+), and Hf-DBBF-Ir@CpG(+). Grey, green, blue, red and cyan fluorescence indicate 
nucleus, CD11b, F4/80, CD11c and MHC-II, respectively. Scale bar = 100 μm. Data are expressed 
as means ± s.d. *P < 0.05, **P < 0.005 and ***P < 0.001 by t-test. 
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Figure 5-21 Plasma concentration of IL-6 (a) and IFN- (b) 48 h after first irradiation quantified 

by ELISA, n=6. IL-6 (c, e) or IFN- (d, f) expression level extracted from tumors (c, d) or tumor-
draining lymph nodes (e, f) of MC38-bearing C57BL/6 mice treated by PBS(-), PBS(+), Hf-DBBF-
Ir@CpG(-), CpG(+), Hf-DBBF-Ir(+), or Hf-DBBF-Ir@CpG(+) quantified by qPCR, n = 4. 
GAPDH was used as a housekeeping gene for comparison of gene expression. Data are expressed 
as means ± s.d. *P < 0.05 and ***P < 0.001 by t-test.  

 

Figure 5-22 Total IgG (a) and total IgM (b) in plasma 2 days and 12 days post irradiation on  
MC38 tumors-bearing mice receiving treatment of PBS(-), PBS(+), Hf-DBBF-Ir@CpG(-), CpG(+), 
Hf-DBBF-Ir(+), and Hf-DBBF-Ir@CpG(+), n = 6. Data are expressed as means ± s.d. *P < 0.05, 
and **P < 0.005 by t-test.  

We then generate MC38-ova model to probe the antigen presentation process. The expression 

of Kb-ova complex (SIINFEKL-H2Kb gated from CD45+ cells) was significantly upregulated post 
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Hf-DBBF-Ir@CpG(+) treatment on the MC38-ova model, confirming the facilitated antigen 

presentation process (Figure 5-23). Hf-DBBF-Ir@CpG(+) group also exhibited enlarged DLNs 

(Figure 5-24a,b), suggesting T cell expansion in DLNs. The increased expression of Ki67 in 

DLNs by CLSM supported T cell expansion in DLNs following Hf-DBBF-Ir@CpG(+) treatment 

(Figure 5-24c).  

 

Figure 5-23 Percentages of macrophages (a), DCs (b) and SIINFEKL-H2Kb+ cells (c) with respect 
to the total cells. Tumor-draining lymph nodes or tumors were excised from MC38-ova tumor-
bearing mice 6 days after treated with PBS(-), PBS(+), Hf-DBBF-Ir@CpG(-), CpG(+), Hf-DBBF-
Ir(+), and Hf-DBBF-Ir@CpG(+). Data are expressed as means ± s.d., n=6. *P < 0.05, **P < 0.005, 
and ***P < 0.001 by t-test. Central lines, bounds of box and whiskers represent mean values, 25% 
to 75% of the range of data and 1.5 fold of interquartile range away from outliers, respectively.  

 

Figure 5-24 (a) Photo of excised tumor-draining lymph nodes of MC38-bearing C57BL/6 mice. 
From top to bottom: PBS(-), PBS(+), Hf-DBBF-Ir@CpG(-), CpG(+), Hf-DBBF-Ir(+), Hf-DBB-
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Figure 5-24, continued Ir(+), and Hf-DBBF-Ir@CpG(+). (b) Weights of excised tumor-draining 
lymph nodes of the MC38-bearing mice. Data are expressed as means ± s.d., n = 6. *P < 0.05, **P 
< 0.005, and ***P < 0.001 by t-test. (c) Representative immunofluorescence imaging of excised 
tumor-draining lymph nodes of MC38-bearing C57BL/6 mice for detecting T cell expansion. Blue, 

green, and red fluorescence indicate nucleus, CD8 and Ki67, respectively. Scale bar = 100 μm.  

 

Finally, MC38-ova tumors were established on immuno-deficient Rag2-/- mice and then 

treated with Hf-DBBF-Ir(+) or Hf-DBBF-Ir@CpG(+) plus adoptive transfer of OT-I T cells. Mice 

treated with Hf-DBBF-Ir@CpG(+) plus OT-I T cell transfer showed more effective tumor 

suppression than either Hf-DBBF-Ir(+) plus OT-I T cell transfer or Hf-DBBF-Ir@CpG(+) alone 

(Figure 5-25), supporting an effective antigen presentation process after Hf-DBBF-Ir@CpG(+) 

treatment as an in situ cancer vaccine.  

 

Figure 5-25 Individual (a) and average (b) growth curves of MC38-ova tumor-bearing Rag2-/- 
mice treated with Hf-DBBF-Ir(+) or Hf-DBBF-Ir@CpG(+) with or without OT-I T cell transfer 
study. Black, red, and green arrows refer to i.t. injections, X-ray irradiation, and adoptive T cell 
transfer, respectively. Data are expressed as means ± s.d., n = 6. n.s. P > 0.05 and *P < 0.05 by t-
test.  

 



173 
 

Interestingly, we observed macrophage repolarization with an increased ratio of pro-

inflammatory M1 subtype to anti-inflammatory (tumor-promoting) M2 subtype following Hf-

DBBF-Ir@CpG(+) treatment (Figure 5-26). 

 

Figure 5-26 Representative immunofluorescence imaging for infiltration of antigen presenting 
cells into MC38 tumors-bearing mice receiving treatment of PBS(-), PBS(+), Hf-DBBF-
Ir@CpG(-), CpG(+), Hf-DBBF-Ir(+), and Hf-DBBF-Ir@CpG(+). Grey, green, blue, red and cyan 
fluorescence indicate nucleus, CD11b, F4/80, CD11c and MHC-II, respectively. Scale bar = 100 
μm. 

 

5.2.8 Abscopal effect  

A bilateral model of MC38 was then established to assess the systemic anticancer efficacy of 

Hf-DBBF-Ir@CpG(+) in combination with anti-PD-L1 (PD-L1) CBI. Hf-DBBF-Ir@CpG was 

intratumorally injected into primary tumors at a dose of 0.2 mol Hf and 1 g CpG 14 days post 

tumor inoculation, with daily X-ray irradiation at a dose of 1 Gy/fraction beginning on day 15 for 
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a total of 5 fractions. 75µg of PD-L1 was administered every three days by intraperitoneal 

injection for a total of 3 doses. Without PD-L1, Hf-DBBF-Ir@CpG(+) almost eradicated primary 

tumors but only moderately delayed progression of distant tumors. In stark contrast, the 

combination of Hf-DBBF-Ir@CpG(+) and PD-L1 significantly regressed both primary and 

distant tumors with a cure rate of 83.3% (Figure 5-27). This result indicates a strong synergy 

between Hf-DBBF-Ir@CpG(+) based in situ cancer vaccination and CBI.  

 

Figure 5-27 Primary treated (a), distant untreated (b) tumor growth curves and survival curves (c) 
of MC38 tumor-bearing mice treated with PBS(-), PBS(+), PD-L1(+), Hf-DBBF-Ir@CpG(+), 
Hf-DBBF-Ir@CpG(-)+PD-L1, or Hf-DBBF-Ir@CpG(+)+PD-L1. Black, red, and green arrows 
refer to the times of i.t. injections, X-ray irradiation, and i.p. injection, respectively, n = 6.  

 

5.2.9 Adaptive immunity  

We profiled infiltrating leukocytes in both primary and distant tumors 10 days post irradiation. 

Hf-DBBF-Ir@CpG(+)+PD-L1 treatment group showed significant increase of tumor-infiltrating 

CD45+ leukocytes, DCs, and CD80+MHC-II+ cells (Figure 5-28a-c) in both primary and distant 

tumors, implying a strengthened innate immune response after in situ vaccination. Specifically, 

after treatment with Hf-DBBF-Ir@CpG(+)+PD-L1, the percentages of natural kill cells, CD4+ T 

cells and CD8+ T cells  of the total primary and distant tumor cells significantly increased to 
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0.52±0.42 % and 1.21±0.89 %, 0.25±0.23 % and 1.15±1.14 %, and 1.46±0.59 % and 1.43±0.55 % 

from 0.06 ±0.05 % and 0.13 ±0.19 %, 0.05 ±0.04 % and 0.03±0.02 %, and 0.41±0.30 % and 0.36 

±0.27 % in PBS(-) group, respectively  (Figure 5-28d-f). The effector T cell infiltration was shown 

by both representative flow cytometry (Figure 5-28g) and CLSM (Figure 5-28h).  

 

Figure 5-28 The percentages of tumor-infiltrating CD45+ cells (a), DCs (b) CD80+ MHC-II+ DCs 
(c), NK cells (d), CD4+ T cells (e), and CD8+ T cells (f) with respect to the total cells. Data are 
expressed as means ± s.d., n = 6. *P < 0.05, **P < 0.01 and ***P < 0.001 by t-test. Central lines, 
bounds of box and whiskers represent mean values, 25% to 75% of the range of data and 1.5 fold 
of interquartile range away from outliers, respectively. (g) Representative flow cytometric plots 
showing infiltration of CD4+ and CD8+ T cells on both primary and distant tumors treated by PBS(-) 

or Hf-DBBF-Ir@CpG(+)+PD-L1 shown in black or green contours, respectively. (h) 
Representative pictures showing the infiltration of T cells on excised tumor section slides. Blue, 

green and red fluorescence represent DAPI, CD8 and CD4, respectively. Scale bar = 50 μm.    
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DLNs on both sides were harvested, weighed and immunostained to detect T cell expansion, 

which indicating that Hf-DBBF-Ir@CpG(+)+PD-L1 treatment promoted T cell expansion on 

bilateral DLNs (Figure 5-29). These results suggest that the combination of Hf-DBBF-

Ir@CpG(+)+PD-L1 not only induces innate immune response but also augments adaptive 

immunity in both treated local and untreated distant tumors. 

 

Figure 5-29 (a) Photo of excised tumor-draining lymph nodes of MC38-bearing C57BL/6 mice. 

From top to bottom: PBS(-), PBS(+), -PD-L1(+), Hf-DBBF-Ir@CpG(+), Hf-DBBF-

Ir(-)@CpG+-PD-L1, and Hf-DBBF-Ir@CpG(+)+-PD-L1. (b) Weights of excised tumor-
draining lymph nodes of the MC38-bearing mice. Data are expressed as means ± s.d., n = 6. *P < 
0.05, **P < 0.005, and ***P < 0.001 by t-test. (c) Representative immunofluorescence imaging of 
excised tumor-draining lymph nodes of MC38-bearing C57BL/6 mice for detecting T cell 

expansion. Blue, green, and red fluorescence indicate nucleus, CD8 and Ki67, respectively. Scale 
bar = 100 μm. 
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We then determined the presence of tumor-antigen specific cytotoxic T cells with an IFN-γ 

Enzyme-Linked ImmunoSpot (ELISpot) assay. Splenocytes were harvested from MC38-bearing 

mice 10 days post first irradiation and stimulated with the peptide sequence KSPWFTTL for 42 

hours.  IFN-γ spot forming cells were counted with an Immunospot Reader. The number of 

antigen-specific IFN-γ producing T cells per 106 splenocytes significantly increased in tumor-

bearing mice treated with Hf-DBBF-Ir@CpG(+) and Hf-DBBF-Ir@CpG(+)+PD-L1 (60.2 ± 39.6 

with P < 0.04 and 139.0 ± 52.4 compared to 16.4 ± 5.9 for PBS(-), Figure 5-30), suggesting that 

both Hf-DBBF-Ir@CpG(+) and Hf-DBBF-Ir@CpG(+)+PD-L1 effectively generate tumor-

specific T cell responses.  

 

Figure 5-30 Representative images of colonies (left) and statistical analysis (right) of ELISpot 
assay performed to detect tumor-specific IFN-γ producing T cells, n = 6.  

 

To further investigate the specific antitumor immunity, we treated MC38 primary tumors with 

Hf-DBBF-Ir@CpG(+) or Hf-DBBF-Ir@CpG(+)+PD-L1 to observe if the treatment could regress 

unmatched syngeneic tumors on distant flanks. As illustrated in Figure 5-31a, MC38 were used 

as the primary treated tumors and syngeneic tumor cell lines B16F10 and LL2 were implanted 

concurrently as the distant untreated tumors. Both Hf-DBBF-Ir@CpG(+) and Hf-DBBF-

Ir@CpG(+)+PD-L1 treatments effectively regressed the primary MC38 tumors but had no effect 
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on the distant B16F10 or LL2 tumors (Figure 5-31b-e). These experiments indicate tumor-

specificity and personalized nature of the newly expanded T cells following in situ vaccination 

with the Hf-DBBF-Ir@CpG(+)+PD-L1 treatment. 

 

Figure 5-31 (a) Schematic illustration of bilateral models established by s.c. injection of MC38 
and B16F10 or LL2 cells onto flanks as primary and distant tumors, respectively. Primary treated 
MC38 (b, d) and distant untreated (B16F10 for c and LL2 for e) tumor growth curves on unmatched 

bilateral tumor models treated with PBS(+),PD-L1(+), Hf-DBBF-Ir@CpG(+), or Hf-DBBF-

Ir@CpG(+)+PD-L1, n = 4.   

 

The involvement of cytotoxic T cells in efficient abscopal effect was further supported by the 

lack of efficacy of Hf-DBBF-Ir@CpG(+)+PD-L1 treatment on a bilateral subcutaneous model of 

MC38 on Rag2-/- C57BL/6 mice deficient of mature T and B cells. The primary tumors treated 

with Hf-DBBF-Ir@CpG(+)+PD-L1 were initially suppressed, but grew rapidly after the end of 

X-ray irradiation. No abscopal effect was observed on the distant tumors (Figure 5-32). This result 
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confirms that both the abscopal effect and local tumor regression/eradication require the presence 

of tumor-specific adaptive immunity.  

 

Figure 5-32 Primary (a) and distant (b) tumor growth curves on MC38-bearing Rag2-/- models 

treated with PBS(-) or Hf-DBBF-Ir@CpG(+)+PD-L1, n = 6.  

 

Finally, we carried out a tumor rechallenge study to confirm the long-term immune memory 

effect. For the mice completely cured after treatment with Hf-DBBF-Ir@CpG(+)+ PD-L1, 5×105 

MC38 cells were inoculated on the contralateral, left flank 30 days post tumor eradication and 

those cured mice remained tumor-free after first challenge, indicating strong antitumor immune 

memory effect. 2 months after the first challenge, 2×106 B16F10 cells were inoculated on the right 

flank and the cured mice established tumors similarly to naïve mice, suggesting the tumor-

specificity of the immune memory effect (Figure 5-33a). We also profiled memory effector cells 

(CD3+CD8+CD44highCD62Llow phenotype) in splenocytes after the combination treatment. As 

shown in Figure 5-33b, significant increase of memory effector cells was observed in spleens after 

Hf-DBBF-Ir@CpG(+)+PD-L1 treatment.  
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Figure 5-33 (a) Tumor growth curves after challenge with MC38 tumor cells and rechallenge 
with B16F10 cells on cured mice as treated from Figure 5-27. (b) The percentages of 
CD44highCD62Llow cells with respect to the total splenocytes, n = 6.  
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5.3 Discussion 

Checkpoint blockade immunotherapy has become a standard of care for some cancers by 

targeting T cell inhibitory checkpoint signaling pathways to afford durable anticancer efficacy with 

low side effects. Immune checkpoint inhibition, however, only elicits durable responses in a 

minority of cancer patients due to the reliance on immunogenic tumor microenvironments, so-

called “hot” tumors. For patients with relatively “cold” tumors, e.g., low tumor mutation burden, 

low PD-L1 expression level and/or low abundance of pre-existing T cells, immunoadjuvant 

treatments to turn “cold” tumors “hot” are actively examined in combination with checkpoint 

inhibitors to overcome immune tolerance and potentiate antitumor immunity in the host system. 

Here, to increase the difficulty for CBI, few cells were subcutaneously injected to establish a 14-

day MC38 mice model with strong immunosuppression (data not shown). 

Personalized vaccines overcoming tumor heterogeneity are lengthy, complicated, and 

expensive12. In situ cancer vaccination induced by immunostimulatory treatments can afford 

systemic antitumor immune responses in a personalized fashion and modulate local tumor 

microenvironments to relieve immunosuppression13. Having previously described the abscopal 

effect in the setting of RT (Chapter 2) and RT-RDT (Chapter 4) as immunoadjuvant therapies, we 

propose that local treatment generating innate immunity with tumor antigen exposure may 

effectively reinvigorate “cold” tumors to immunogenic hotbeds. Furthermore, two pattern 

recognition receptor (PRR) pathways14, cGAS-STING induced by DAMPs after RT damage3, 15 

and TLR pathway induced by PAMPs like CpG16 operate independently17, indicating that they 

may be activated simultaneously to achieve an additive or synergistic effect on immune stimulation. 

Cationic Hf-based nMOF, Hf-DBBF-Ir, stimulates non-viral in situ vaccination by mediating 

efficient RT-RDT to generate immunogenic tumor antigens and DAMPs and to deliver anionic 
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CpG as PAMPs. To our knowledge, Hf-DBBF-Ir@CpG(+) provides the first treatment with 

synergistic DAMPs and PAMPs packaged in the in situ cancer vaccine in local tumors while 

engaging lymphoid organs for antigen presentation to synergize with CBI to induce CTL 

infiltration in distant tumors. Furthermore, the 83.3% cure rate achieved by Hf-DBBF-

Ir@CpG(+)+PD-L1 on a relatively immunosuppressive 14-day MC38 colorectal cancer model 

suggests the potential use of nMOF-based in situ vaccines on immunologically “cold” tumors. 

The in situ cancer vaccination afforded by nMOFs has several potential advantages over 

traditional cancer vaccines. First, the in situ vaccine afforded by nMOFs is personalized from 

autologous antigens released from tumors by a myriad of ROSs, and can overcome the tumor 

heterogeneity issue facing traditionally manufactured peptide vaccines. Second, cationic nMOFs 

can capture DAMPs and tumor antigens from dying cancer cells via electrostatic interactions, and 

with virus-like size distribution, can be recognized and taken up by APCs for efficient antigen 

presentation to stimulate a strong cytotoxic T-cell response. Third, cationic nMOFs deliver and 

protect anionic CpGs from enzymatic degradation for TLR stimulation and downstream 

immunologic processes. Fourth, tumor antigens and DAMPs released by the nMOF-mediated RT-

RDT process and CpG-based PAMPs delivered by cationic nMOFs work synergistically to 

stimulate DC maturation to promote antigen presentation and adaptive immunity. Fifth, the nMOF-

based vaccine is activated by X-rays to release DAMPs and tumor antigens with relatively 

nontoxic components, and is thus expected to have few side effects. Furthermore, systemic 

administration of PD-L1 blocks the immunosuppressive co-inhibitory marker PD-L1 to augment 

antigen presentation and attenuate T cell exhaustion. The combination of nMOF-mediated in situ 

cancer vaccine with CBI affords tumor-specific and long-term antitumor immunity. 
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5.4 Conclusion 

In this chapter, we have designed a novel nMOF, Hf-DBBF-Ir, by rationally fluorinating 

photosensitizing ligands for effective ROS generation through RT-RDT and tuning nMOF surface 

charge for efficient CpG loading. Following intratumoral administration of Hf-DBBF-Ir and X-ray 

irradiation, the in situ released DAMPs and tumor antigens and PAMPs delivered by Hf-DBBF-Ir 

synergistically function as a potent personalized cancer vaccine to activate APCs and expand 

cytotoxic T cells in tumor-draining lymph nodes to reinvigorate the adaptive immune system for 

local tumor regression. CpG effectively promoted the innate immunity stimulated by local RT-

RDT on an immunosuppressive murine colorectal cancer model, solidified with promoted innate 

immunity, expanding T cell population in tumor-draining lymph node, and adoptive T cell transfer 

on immunodeficient mice. When combined with an immune checkpoint inhibitor, innate and 

adaptive immunity from the nMOF-based cancer vaccine were further enhanced to generate superb 

antitumor efficacy with tumor specificity and long-term immune memory effect. This combination 

treatment extends the local therapeutic effects of the in situ cancer vaccine to distant tumors via 

systemic antitumor immunity by re-activating CTLs to afford a durable tumor-specific immunity.  
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5.5 Methods 

Cell lines and animals: All of the starting chemicals were purchased from Sigma-Aldrich and 

Fisher (USA), unless otherwise noted, and used without further purification.  

Murine colorectal adenocarcinoma cell line MC38, Lewis lung carcinoma cell line LL2, and 

melanoma cell line B16F10 were purchased from the American Type Culture Collection 

(Rockville, MD, USA). Murine pancreatic cancer cell line Panc02 was kindly provided by Dr. 

Hans Schreiber from Department of Pathology, University of Chicago. MC38-ova cell line 

(OVA(257-264)-ZSGREEN) was generated by transfection of MC38 cells with LZRS-based  

retrovirus. All of the cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) 

medium (GE Healthcare, USA) supplemented with 10% FBS, 100 U/mL penicillin G sodium and 

100 μg/mL streptomycin sulfate. C57BL/6 mice (6 - 8 weeks) were obtained from Harlan-Envigo 

Laboratories, Inc (USA). The study protocol was reviewed and approved by the Institutional 

Animal Care and Use Committee at the University of Chicago. 

•OH generation: Aminophenyl fluorescein (APF, ThermoFisher, USA) reacts with •OH to give 

bright green fluorescence (excitation/emission maxima 490/515 nm). H2DBB-Ir, H2DBBF-Ir, Hf-

DBB-Ir, or Hf-DBBF-Ir were suspended in water at an equivalent concentration of 20 μM in the 

presence of 5 μM APF. A water solution of 5 μM APF was used as blank control. 100 μL of each 

suspension was added to a 96-well plate and then irradiated with X-rays at 0, 1, 2, 3, 5, or 10 Gy. 

The fluorescence signal was immediately collected with an IVIS 200 imaging system (Xenogen, 

USA). 

1O2 generation:  Singlet oxygen sensor green (SOSG, ThermoFisher, USA) reacts with 1O2 to 

give bright green fluorescence (excitation/emission maxima 504/525 nm). H2DBB-Ir, H2DBBF-Ir, 
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Hf-DBB-Ir, or Hf-DBBF-Ir were suspended in water at an equivalent concentration of 20 μM in 

the presence of 12.5 μM SOSG. A water solution of 12.5 μM SOSG was used as blank control. 

100 μL of each suspension was added to a 96-well plate and then irradiated with X-rays at 0, 1, 2, 

3, 5, or 10 Gy. The fluorescence signal was immediately collected with a Xenogen IVIS 200 

imaging system. 

O2
- generation: 5-tert-butoxycarbonyl 5-methyl-1-pyrroline N-oxide (BMPO) is a nitrone spin 

trap, which can form distinguishable adducts with O2
- (BNPO-O2

-) with a long half-life (t1/2 = 23 

minutes). PBS, H2DBB-Ir, H2DBBF-Ir, Hf-DBB-Ir, or Hf-DBBF-Ir were suspended in benzene at 

an equivalent concentration of 200 μM in the presence of 25 mM BMPO. A benzene solution of 

25 mM BMPO was used as a blank control. 1 mL of each suspension was added to a 4 mL vial 

and then irradiated with X-ray at 5 Gy. The electron paramagnetic resonance (EPR) signal was 

immediately collected by an X-Band ELEXSYS-II 500 EPR (Bruker, USA). 

Clonogenic assay: The clonogenic assay was performed according to a modified protocol. MC38 

cells were cultured in a 6-well plate overnight and incubated with particles at a Hf concentration 

of 20 µM for 4 h followed by irradiation with 0, 1, 2, 4, 8 and 16 Gy X-ray or γ- ray. Cells were 

trypsinized and counted immediately. 200-2000 cells were seeded in a 6-well plate and cultured 

with 2 mL medium for 15 days. Once colony formation was observed, the culture medium was 

discarded. The plates were rinsed twice with PBS, then stained with 500 µL of 0.5% w/v crystal 

violet in 50% methanol/H2O. The wells were rinsed with water for three times and the colonies 

were counted manually.  

Cytotoxicity: 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-phenyl)-2H-

tetrazolium (MTS) assay (Promega, USA) was used to evaluate cytotoxicity with X-ray irradiation. 
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MC38 cells were seeded on 96-well plates at 1×104/well and further cultured for 12 h. PBS, 

H2DBB-Ir, H2DBBF-Ir, Hf-DBB-Ir, or Hf-DBBF-Ir was added to the cells at an equivalent ligand 

dose of 0, 1, 2, 5, 10, 20, 50 and 100 μM and incubated for 4 h. The cells were then irradiated with 

X-rays at a dose of 2 Gy. The cells were further incubated for 72 h before determining the cell 

viability by MTS assay.  

Live/dead cell analysis: The live/dead cell analysis was evaluated with cell permeable dye calcein 

AM and propidium iodide (PI) kit. MC38 cells were cultured in a 6-well plate at 5×105/well 

overnight and incubated with PBS, H2DBB-Ir, H2DBBF-Ir, Hf-DBB-Ir, or Hf-DBBF-Ir at an 

equivalent concentration of 20 µM for 4 h by irradiation with 0 or 2 Gy. The cells were then washed 

with PBS gently and stained with calcein AM (green) for visualization of live cells and with PI 

(red) for visualization of dead cells under FLUOVIEW FV1000 confocal laser scanning 

microscope (Olympus, Japan). 

Immunogenic cell death: The immunogenic cell death was examined by calreticulin (CRT) 

exposure. MC38 cells were cultured in a 6-well plate at 5×105/well overnight and incubated with 

PBS, H2DBB-Ir, H2DBBF-Ir, Hf-DBB-Ir, or Hf-DBBF-Ir at an equivalent concentration of 20 µM 

followed by irradiation at 0 and 2 Gy (Philips RT250 X-ray generator, 250 kVp, 15 mA, 1 mm Cu 

filter). The cells were then washed with PBS gently and stained with AlexaFluor 488-CRT 

antibody (Enzo Life Sciences, USA) with 1: 100 dilution for flow cytometric analysis.  

Phagocytosis: C57BL/C bone-marrow-derived monocytic cells were harvested, cultured and 

activated. Murine granulocyte–macrophage colony-stimulating factor (GM-CSF) and IL-4 were 

supplied to a final concentration of 1% for 168 h and the non-adherent cells as immature DCs were 

harvested for following studies. Medium was replaced every 2–3 days and cells were used after 6 
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to 8 days of culture. 5×105 CFSE-labeled (Life Technologies, USA) MC38 cells were cultured in 

a 6-well plate overnight and incubated with PBS, H2DBB-Ir, H2DBBF-Ir, Hf-DBB-Ir, or Hf-DBBF-

Ir at an equivalent dose of 20 µM for 4 h followed by X-ray irradiation at a dose of 0 or 2 Gy. 

1×106 PE-Cy5.5-labeled DCs were added and co-cultured with the treated MC38 cells at 37 °C for 

4 h. Cells were then collected, washed twice with cold PBS, imaged by CLSM or analyzed by flow 

cytometry.   

In situ vaccination on syngeneic models: Synergistic tumor models, MC38, MC38-ova and 

Panc02 were established to evaluate the in vivo anti-cancer efficacy of nMOF-mediated in situ 

vaccination. For single tumor models, 5×105 MC38 cells, 1×106 MC38-ova cells or 1×106 Panc02 

cells were subcutaneously inoculated onto the right flanks of C57BL/6 mice. When the tumors 

reached 100-150 mm3 in volume, mice were injected intratumourally with nMOFs at a dose of 0.2 

µmol Hf, CpG at a dose of 1 µg or PBS. 12 h after injection, mice were anaesthetized with 2% 

(v/v) isoflurane and the tumors were irradiated with 1 Gy X-ray/fraction for a total of 5 daily 

fractions. For bilateral tumor models, 5×105 MC38 cells were subcutaneously inoculated onto the 

right flanks as primary tumors while 2×105 MC38 cells, 2×105 B16F10 cells or 5×105 LL2 cells 

were subcutaneously inoculated onto the left flanks as distant tumors of C57BL/6 mice. PD-L1 

(Clone: 10F.9G2, Catalog No. BE0101, BioXCell) were given every three days by intraperitoneal 

injection at a dose of 75 µg/mouse. The tumor sizes were measured daily with a caliper where 

tumor volume equals (width2 × length)/2.  

ELISpot assay: Tumor-specific immune responses to IFN-γ was measured ex vitro by ELISpot 

assay (Mouse IFN gamma ELISPOT Ready-SET-Go!®; Cat. No. 88-7384-88; eBioscience). 

Millipore Multiscreen HTS-IP plates was coated overnight at 4°C with anti-Mouse IFN-γ capture 

antibody. Single-cell suspensions of splenocytes were obtained from MC38 tumor-carrying mice 
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and seeded onto the antibody-coated plate at a concentration of 2×105 cells/well. Cells were 

incubated with or without peptide sequence (KSPWFTTL) for 42 h at 37 °C and then discarded. 

The plate was then incubated with biotin-conjugated anti-IFN-γ detection antibody at room 

temperature (r.t.) for 2 h, followed by incubation with Avidin-HRP for 2 h at r.t. 3-amino-9-

ethylcarbazole substrate solution (Sigma, Cat. AEC101) was added for cytokine spot detection. 

Spots were imaged and quantified with a CTL ImmunoSpot Analyzer (Cellular Technology Ltd, 

USA).  

Flow Cytometry: Tumors were harvested, treated with 1 mg/mL collagenase I (Gibco™, USA) 

for 1 h, and ground by the rubber end of a syringe. Cells were filtered through nylon mesh filters 

with size of 40 µm and washed with PBS. tumor-draining lymph nodes were collected and directly 

ground through the cell strainers. The single-cell suspension was incubated with anti-CD16/32 

(clone 93) to reduce nonspecific binding to FcRs. Cells were further stained with the following 

fluorochrome-conjugated antibodies: CD45 (30-F11), CD3(145-2C11), CD4 (GK1.5), CD8 (53-

6.7),Nkp46 (29A1.4), F4/80 (BM8), CD11b (M1/70), Gr-1 (RB6-8C5), MHC-II (AF6-120), CD80 

(16-10A1), CD86 (GL1), CD206 (C068C2), CD44 (IM7), CD62L (MEL-14), H-2Kb SIINFEKL 

(25-D1.16), PI,  and yellow-fluorescent reactive dye (all from eBioscience). Antibodies were used 

with the dilution of 1: 200. LSR Fortessa (BD Biosciences) was used for cell acquisition and data 

analysis was carried out with FlowJo software (Tree Star, Ashland, OR). Gating strategies are 

shown as Figure 5-34 and 5-35. 

Adoptive OT-I T cells transfer:  2×106 MC38-ova cells were injected subcutaneously onto the 

right flanks of C57BL/6 Rag2-/- mouse. 14 days later, mice were intratumorally injected with Hf-

DBBF-Ir at a dose of 0.2 µmol Hf with or without CpG at a dose of 1 µg followed by 1 Gy X-

ray/fraction for a total of 5 daily fractions. 2 days post the first irradiation, spleen and lymph nodes 
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were isolated from OT-I mice and CD8+ T cells were negatively sorted using mouse CD8+ T Cell 

Isolation Kit (Miltenyi Biotec, Germany), 1×106 CD8+ T cells were intravenously injected into 

MC38-ova-bearing Rag2-/- mice. The tumor sizes were measured daily with a caliper where tumor 

volume equals (width2 × length)/2.  

 

Figure 5-34 Representative gating strategies for CD45+ cells, NK cells, CD4+ T cells, CD8+ T 
cells, neutrophils, macrophages, dendritic cells, SIINFEKL-H2Kb+ cells and CD80+ MHC-II+ 
cells profiled from tumor and lymph nodes.  

 

 

Figure 5-35 Representative gating strategies for CD44highCD62low cells profiled from spleen.  
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CHAPTER 6. Nanoscale Metal-organic Frameworks Mediates Hormone- and 

Light-Triggered Radical Therapy to Enhance Cancer Immunotherapy 

6.1 Rationale for the project design 

In previous chapters, we discussed several cases of nMOF-mediated ROS generation upon 

low-dose X-ray irradiation to potentiate cancer immunotherapy. Besides high energy X-ray/-ray, 

photons provide an alternative energy source for local immunoadjuvant therapy. In photodynamic 

therapy (PDT), tumors with preferentially accumulated photosensitizers (PSs) are activated by 

photons to convert tissue oxygen to cytotoxic singlet oxygen (1O2), which has been demonstrated 

to be highly immunogenic. RT, RT-RDT, or PDT needs to be activated by external stimuli to 

generate anti-tumor efficacy via ROS.  

As an external stimuli-independent radical therapy, chemodynamic therapy (CDT) has 

attracted more and more attention for immunoadjuvancy. Redox-active metal centers in tumor 

microenvironment decompose endogenous substrates such as hydrogen peroxide (H2O2) to 

generate cytotoxic hydroxyl radical (•OH) and other ROS.1-2 However, the efficacy of CDT is 

diminished by many factors in the TME, such as high intracellular concentrations of reducing thiol 

species3, hypoxia4, and insufficient endogenous H2O2
5. It is thus of both fundamental and clinical 

interest to develop new strategies to counteract these adverse factors to enhance the efficacy of 

radical therapies.   

Hormonal imbalance is a hallmark of many cancers.6 In particular, high serum levels of 

estradiol, the major and most potent species of estrogens, have long been linked to increased cancer 
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risks7-8. Estradiol primarily binds to estrogen receptors, ER and ER, whose expression levels 

directly impact cell proliferation, cell cycle arrest and ultimately, tumorigenesis9-10. Indeed, 

hormone therapy targeting the estrogen pathway to reduce cell proliferation-induced tumorigenesis 

has been widely used clinically11-12. Interestingly, estrogens have also been shown to form stable 

adducts with DNA via generating ROS in the downstream metabolic process that are catalyzed by 

bioavailable Cu2+ ions13-15. This is notable because a localized supply of free Cu2+ ions at the tumor 

sites can potentially be used to hijack the estrogen metabolic pathway and promote cytotoxic ROS 

generation for effective radical therapy.  

In this chapter, we synthesized Cu-TBP for a novel nMOF-mediated radical therapy that 

utilizes Cu2+ to catalyze estradiol-induced CDT and porphyrin-based ligands to perform light-

driven PDT to achieve local tumor control in mouse models with high estradiol expression and the 

combination of the radical therapy with CBI for synergistic systemic tumor rejection in 

subcutaneous melanoma mouse models. The degradable Cu-TBP efficiently releases Cu2+ and 

H4TBP intratumorally. Cu2+ ions catalyze estradiol metabolism to generate H2O2, •OH and O2
- 

whereas H4TBP mediates light-triggered PDT. The nMOF-mediated radical therapy depletes 

intratumoral estradiol and suppresses tumor growth. nMOF-mediated radical therapy given in 

conjunction with an anti-PD-L1 antibody not only eradicates local tumors but also regresses distant 

tumors through systemic antitumor immunity in a syngeneic B16F10 melanoma cancer model 

(Figure 6-1). We also profiled the immune responses to gain further insight into the abscopal 

effects elicited from the dual-triggered radical therapy with synergistic checkpoint blockade 

immunotherapy (CBI).  
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Figure 6-1 nMOF assembled from Cu-cluster and porphyrin-based tetracarboxylic acid was 
intratumorally injected into the primary tumors of mice bearing bilateral subcutaneous tumors and 
then decomposed in tumors with low pH to generate free Cu2+ and porphyrin. Copper can disturb 
the metabolism of estradiol, an important estrogen, to generate superoxide, hydroxyl radicals as 
well as hydrogen peroxide from which disassociated porphyrin can generate singlet oxygen 
through PDT process. Upon light irradiation on the primary tumors, nMOF-mediated ROS 
generation via PDT and estrogen-copper mechanism destroys the irradiated tumors, causing 
immunogenic cell death and releasing tumor antigens. Injected anti-PD-L1 antibody overcomes 
the suppressive tumor microenvironment by targeting PD-1/PD-L1 axis. The combination of 
nMOF-mediated ROS generation and anti-PD-L1 checkpoint blockade leads to the effective T cell 
expansion and tumor-infiltration, which effectively suppresses/eradicates the distant tumors. 
Adapted with permission from Chem, 2019, 136, 12253–12256. Copyright 2019 Elsevier Inc. 
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6.2 Results 

6.2.1 Synthesis and characterization of Cu-TBP 

Cu-TBP nanoplates were synthesized by sonicating a mixture of CuCl2 and H4TBP in ethanol 

at room temperature for 2 h and exhibited the same structure as bulk phase Cu-TBP MOF16. Cu-

TBP nanoplates have a formula of Cu2(H2O)4(TBP) and are assembled from Cu2(H2O)4 paddle-

wheel secondary building units (SBUs) (Figure 6-2a) and four-fold symmetric TBP bridging 

ligands (Figure 6-2b,c).  

 

Figure 6-2 Structure of Cu-TBP. (a) Top view (top) and side view (bottom) of Cu2(COO)4 paddle-
wheel SBU. (b) Chemical structure of TBP bridging ligand. (c) Structure of Cu-TBP showing a 
2D network of sql topology. Blue: copper; orange: oxygen; red: nitrogen; grey: carbon; white: 
hydrogen. Adapted with permission from Chem, 2019, 136, 12253–12256. Copyright 2019 
Elsevier Inc. 

 

Dynamic light scattering (DLS) measurements gave a number-averaged diameter and 

polydispersity index of 164.1 ± 48.5 nm and 0.07 ± 0.01, respectively (Figure 6-3a); while TEM 

imaging showed that Cu-TBP exhibited a nanoplate morphology with a diameter of 100~250 nm 

(Figure 6-3b). HRTEM and FFT pattern revealed four-fold symmetry that is consistent with the 

projection of the sql topology down the c axis (Figure 6-3c). PXRD pattern of Cu-TBP was 
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identical to the simulated pattern based on the single crystal structure of bulk phase Cu-TBP 

(Figure 6-3d). Cu-TBP showed similar absorption peaks as H4TBP ligands, confirming the 

presence of non-metalated TBP in the nMOF (Figure 6-3e).  

 

Figure 6-3 Characterization of Cu-TBP. (a) Number-averaged diameter of Cu-TBP in water by 
DLS measurements, n = 3. TEM (b) and HRTEM (c) image of Cu-TBP and its fast Fourier 
transform (FFT) pattern shown in the inset. Scale bar = 200 nm for (b) and 20 nm for (c). (d) 
Normalized UV-visible spectra of Cu-TBP and H4TBP. (e) Simulated and experimental PXRD 
patterns of Cu-TBP. Adapted with permission from Chem, 2019, 5, 1892-1913. Copyright 2019 
Elsevier Inc.  

 

As nMOFs are endocytosed into endosomes and progressively acidic lysosomes as 

demonstrated in Chapters 2 and 3, we posited that Cu-TBP would only be metastable 

intracellularly due to the relatively weak bonding between Cu2+ ions and carboxylate ligands in 

acidic conditions, thus providing an efficient means for triggered release of Cu2+ ions and H4TBP 
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inside cells. We analyzed the decomposition of Cu-TBP under extracellular neutral conditions as 

well as progressively acidic endosomal-lysosomal environments by measuring the absorbance of 

free H4TBP at 402 nm in the supernatants after incubating Cu-TBP nanoplates in PBS at pH 7.4, 

6.5, 5.5 and 4.5 for a pre-determined length of time.17 Up to 80% of Cu-TBP remained intact at 

pH 7.4 after 24 h incubation (Figure 6-4a). Similarly, after 30 mins of incubation at pH 6.5, only 

slight decomposition of Cu-TBP was observed; however, the percent decomposition at 30 min rose 

to ~50% and 75% when pH level was lowered to 5.5 and 4.5 respectively, confirming the pH-

triggered decomposition of Cu-TBP for the release of free Cu2+ and TBP ligands intracellularly. 

We then quantitatively compared cellular uptake of Cu-TBP and free H4TBP ligand by UV-visible 

absorption spectroscopy. B16F10 cells incubated with either Cu-TBP or H4TBP at the same TBP 

concentration were lysed at 1, 2, 4 and 8 h time-points for TBP quantification. Cells uptook more 

Cu-TBP than free H4TBP at all time-points (Figure 6-4b). We also determined intracellular Cu-

TBP decomposition by monitoring porphyrin fluorescence of the free ligand which is completely 

quenched by the paramagnetic Cu2+ ions in intact Cu-TBP.18 As shown in Figure 6-4c, the 

fluorescence of Cu-TBP is quenched at pH 7.4 and is recovered under acidic conditions due to the 

presence of free TBP from the decomposition of Cu-TBP. Both CLSM (Figure 6-4d) and flow 

cytometry (Figure 6-4e) studies showed that Cu-TBP treated cells exhibited more porphyrin 

fluorescence than H4TBP treated cells after 2 h due to more efficient cellular internalization and 

rapid decomposition in acidic environment. Taken together, Cu-TBP provides an efficient 

nanovehicle for the delivery and release of both Cu2+ and H4TBP, which are triggered by estradiol 

and light, respectively, to generate ROS for cell killing.  
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Figure 6-4 Cellular internalization and decomposition of Cu-TBP. (a) Time-dependent 
decomposition of Cu-TBP at pH 7.4, 6.5, 5.5 and 4.5 quantified by UV-Vis absorption of free 
H4TBP, n = 3. (b) Emission spectra of Cu-TBP with 420 nm excitation at pH 5.0 or 7.0 purged 
with N2. (c) Time-dependent cellular uptake of Cu-TBP or H4TBP after 1, 2, 4 or 8 hour incubation 
with equivalent TBP concentrations of 20 µM. The TBP concentration was quantified by UV-Vis 
spectroscopy. (d) Time-dependent cellular uptake of Cu-TBP or H4TBP after 1, 2, 4, 8 or 24 hour 
incubation with equivalent TBP concentrations of 20 µM monitored by confocal microscopy. Red 
fluorescence indicates the emission of free H4TBP. Scale bar = 50 µm. (e) Time-dependent cellular 
uptake of Cu-TBP or H4TBP after 1, 2, 4, 8 or 24 hour incubation with equivalent TBP 
concentrations of 20 µM detected by flow cytometry. Grey (control), blue and yellow histograms 
show the difference of cellular uptake level of Cu-TBP and H4TBP in the cells, respectively. The 
error bars represent s.d. values. Adapted with permission from Chem, 2019, 5, 1892-1913. 
Copyright 2019 Elsevier Inc.  
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6.2.2 Hormone and light dual-triggered ROS generation 

To demonstrate the feasibility of Cu2+-mediated ROS generation via estrogen metabolic 

pathway, we first identified key reaction products of the pathway. As shown in Scheme 6-1, 

estradiol (E2), the major and predominant estrogen species, undergoes oxidation by cytochrome 

P450 to form 4-hydroxy estradiol (4-OHE2). The catechol group on 4-OHE2 can then reduce free 

Cu2+ to Cu+ with the concomitant formation of a semiquinone radical which subsequently transfers 

an electron to tissue oxygen to afford a quinone derivative and the superoxide radical (O2
-). The 

short-lived O2
- may then be reduced by superoxide dismutase (SOD) or nicotinamide adenine 

dinucleotide (NADH) to form stable H2O2, which undergoes Fenton-like reactions with Cu+ 

species to give cytotoxic •OH.14  

Scheme 6-1 Hormone-induced Cu-mediated ROS generation process. 4-Hydroxy estradiol (4-
OHE2) generated from estradiol (E2) oxidation interacts with Cu2+ to generate a semiquinone 
radical and Cu+. The semiquinone radical can react with tissue O2 to generate O2

-. Intracellularly, 
O2

- is converted to stable H2O2 which undergoes Cu+-catalyzed Fenton-like reactions to generate 
•OH. Adapted with permission from Chem, 2019, 5, 1892-1913. Copyright 2019 Elsevier Inc. 

 

We first quantified the generation of H2O2 from a combination of Cu2+, NADH, and 4-OHE2 

using a hydrogen peroxide kit. 1 μL of hydrogen peroxide sensor solution was added to aqueous 

solutions of 50 µM CuCl2, 100 µM NADH and/or 40 µM 4-OHE2 to give a panel of five solutions, 

with A, B, C, D and E representing Cu2+, NADH, Cu2++4-OHE2, NADH+4-OHE2 and 

Cu2++NADH+4-OHE2, respectively (Table 6-1). The fluorescence signal at 520 nm (excitation at 

490 nm) was detected and calibrated against a standard curve (Figure 6-5a) to quantify the 
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concentration of H2O2 generated from the Cu-estradiol redox cycle. As shown in Figure 6-5b, the 

hydrogen peroxide probe showed its fluorescence only in the presence of Cu2+, NADH, and 4-

OHE2, indicating that H2O2 can only be generated from the combination of Cu2+, NADH, and 4-

OHE2. 

 

Table 6-1. Panel of five different mixtures for the generation of H2O2 and •OH. 

Mixture A B C D E 
50 M Cu2+ √  √  √ 

100 M NADH  √  √ √ 
40 M 4-OHE2   √ √ √ 

 

We next confirmed the formation of •OH using coumarin-3-carboxylic acid as the probe. In 

the presence of •OH, this compound is hydroxylated to form 7-hydroxycoumarin-3-carboxylic acid, 

which emits at 460 nm upon excitation at 380 nm. An aliquot of aqueous solution of 200 µM 

coumarin-3-carboxylic acid (0.1 mL) was added to a panel of five solutions, A-E, as previously 

described. Three independent measurements show that the coumarin probe forms its fluorescent 

derivative only in the presence of Cu2+, NADH and 4-OHE2 (Figure 6-5c).  

We then detected the short-lived O2
- by electron paramagnetic resonance (EPR) spectroscopy. 

A nitrone spin trap, 5-tert-butoxycarbonyl 5-methyl-1-pyrroline N-oxide (BMPO), was used to 

form the O2
- adduct BMPO-•OOH which has a half-life of 23 minutes13. A 25mM BMPO solution 

served as the control. A 50 μM aqueous solution of CuCl2 with or without 40 μM 4-OHE2 was 

added to 25 mM BMPO solution. Only the mixture containing both Cu2+ and 4-OHE2 showed 

EPR signals characteristic of the BMPO-•OOH adduct (Figure 6-5d), supporting our proposed 

mechanistic pathways in Scheme 6-1.  
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Prior to evaluating the in vitro ROS generation from dual-triggered radical therapy, we 

determined estradiol concentrations of three human cancer cell lines with high, mid, and low 

estradiol concentrations.19 Human ovarian cancer cell SKOV-3, human prostate cancer cell PC-3, 

and human colorectal cancer HCT-116 are reported to have estradiol concentrations of 132.33 ± 

9.43, 41.94 ± 2.30 and 2.17 ± 0.13 pg/106 cells, respectively.19 We determined their estradiol 

concentrations of 140.35 ± 13.45, 53.80 ± 9.23 and 8.30 ± 4.36 pg/106 cells, respectively, by 

Enzyme-linked immunosorbent assay (ELISA) kits (Figure 6-6a). We further found that the 

murine melanoma cell line, B16F10, exhibits a very high estradiol concentration of 124.25 ± 8.78 

pg/106 cells (Figure 6-6b). We then determined cytotoxicity of dual-triggered radical therapy by 

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-phenyl)-2H-tetrazolium 

(MTS) assay. SKOV-3, B16F10, PC-3, and HCT-116 cells were treated with CuCl2 or Cu-TBP 

with LED light irradiation at 0 or 90 J/cm2 (λmax = 650 nm, 100 mW/cm2, 0 or 15 min) and their 

cell viabilities were determined by MTS assay. Cu-TBP without light irradiation [denoted Cu-

TBP(-)] has IC50 values of 25.68 ± 5.67, 41.33 ± 8.87, 57.23 ± 10.12 and >100 μM based on TBP 

concentration against SKOV-3, B16F10, PC-3 and HCT116 cells, respectively (Figure 6-6c). Cu-

TBP with light irradiation [denoted Cu-TBP(+)] has IC50 values of 4.57 ± 2.45, 6.37 ± 4.26, 19.73 

± 6.78 and 34.52 ± 7.23 μM based on TBP concentration against SKOV-3, B16F10, PC-3 and 

HCT116 cells, respectively. These results support the Cu-estradiol redox cycle as a potential 

radical therapy approach and its synergy with light-triggered PDT.  
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Figure 6-5 (a) Standard curve of fluorescence intensity of hydrogen peroxide probe the 
concentration of hydrogen peroxide. (b) Quantification of H2O2 generated in A-E based on the 
fluorescence from hydrogen peroxide kit, n = 3. (c) Quantification of •OH generated in A-E by 
coumarin acid assay, n = 3. (d) EPR spectra of BMPO adduct of O2

- (g = 2.006) generated from 
Cu2+ and 4-OHE2. Adapted with permission from Chem, 2019, 5, 1892-1913. Copyright 2019 
Elsevier Inc. 
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Figure 6-6 (a) Comparison of reported intracellular level of 17-Estradiol and our results 
quantified with ELISA in SKOV-3, PC-3 and HCT-116, n = 3. (b) Intracellular level of 17-
Estradiol in B16F10 quantified with ELISA kit, n = 3. (c) Cytotoxicity of CuCl2 or Cu-DBP with 
(+) or without (-) light irradiation against SKOV-3, B16F10, PC-3, and HCT-116 cells at different 
TBP concentrations, n = 6. Adapted with permission from Chem, 2019, 5, 1892-1913. Copyright 
2019 Elsevier Inc. 

 

In vitro •OH generation was then assayed with coumarin-3-carboxylic acid in B16F10 

melanoma cells. The cells were incubated with CuCl2, H4TBP, or Cu-TBP at an equivalent dose 

of 20 µM for 4 h followed by LED irradiation and •OH imaging by CLSM and quantification flow 

cytometry, respectively. Only CuCl2 or Cu-TBP treated cells generated •OH with or without light 

irradiation to afford blue fluorescence in CLSM images (Figure 6-7a) and to show strong blue 

mean fluorescence intensity in flow cytometry (Figure 6-7b). These results are consistent with our 

proposed •OH generation via the Cu-estradiol redox cycle.  
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Figure 6-7 Coumarin-3-carboxylic acid assay of •OH observed under CLSM (a) and quantified by 
flow cytometry (b). The fluorescence at 460 nm comes from 7-OH coumarin-3-carboxylic. (a) 
Blue fluorescence indicates hydroxyl radical generation, respectively. Scale bar = 20 μm. (b) Grey 
histogram shows PBS control whereas blue histograms show CuCl2, H4TBP or Cu-TBP with (+) 
or without (-) light irradiation. Adapted with permission from Chem, 2019, 5, 1892-1913. 
Copyright 2019 Elsevier Inc. 
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In vitro 1O2 and O2
- generation in live cells were then probed by singlet oxygen sensor green 

(SOSG) and superoxide anion assay kit, respectively. The cells were seeded on cover slides and 

incubated with CuCl2, H4TBP, or Cu-TBP at an equivalent dose of 20 µM, irradiated at 0 or 90 

J/cm2, and then observed by CLSM (Figure 6-8). Only cells with H4TBP and Cu-TBP incubation 

and light irradiation presented green fluorescence, while CuCl2 and Cu-TBP groups afforded red 

fluorescence with or without light irradiation. The cells treated with Cu-TBP(+) showed yellow 

fluorescence that is merged from green and red fluorescence, indicating simultaneous 1O2 and O2
- 

production via Cu-TBP-mediated, hormone-triggered CDT and light-triggered PDT. 

 

 

Figure 6-8 Generation of 1O2 and O2
- of cells treated with PBS, CuCl2, H4TBP or Cu-TBP with 

(+) or without (-) light irradiation detected with SOSG and superoxide kit. Green (1O2) and red 
(O2

-) florescence merged to appear as yellow florescence. Scale bar = 20 µm.  Adapted with 
permission from Chem, 2019, 5, 1892-1913. Copyright 2019 Elsevier Inc. 
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6.2.3 In vitro anti-tumor mechanism 

Strong cytotoxicity of Cu-TBP(+) was demonstrated by MTS assay on B16F10 cells. Cu-

TBP(-) showed moderate cytotoxicity with an IC50 value of 41.33 ± 8.87 µM (Figure 6-9a). Upon 

light irradiation, Cu-TBP(+) outperformed H4TBP(+) with IC50 values of 6.37 ± 4.26 and 29.18 ± 

3.67 µM, respectively ((Figure 6-9b). Optical imaging showed that Cu-TBP(+) treated cells 

presented severe morphological changes (Figure 6-9c). These results indicate that Cu-TBP(+) 

elicits strong anti-tumor toxicity. 

 

Figure 6-9 MTS assay of CuCl2, H4TBP or Cu-TBP against B16F10 cells without (a) or with light 
irradiation (b). (c) Optical images of B16F10 cells treated with PBS, CuCl2, H4TBP or Cu-TBP 
with (+) or without (-) light irradiation. Scale bar = 20 μm. Adapted with permission from Chem, 
2019, 5, 1892-1913. Copyright 2019 Elsevier Inc. 
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The anti-tumor effects of Cu-TBP(+) were further investigated by examining cell apoptosis, 

DNA double strand break (DSB), and lipid peroxidation. First, B16F10 cells treated with CuCl2, 

H4TBP or Cu-TBP with or without light irradiation were examined by flow cytometry and confocal 

imaging (Figure 6-10a) using an Annexin V/dead cell apoptosis kit. Significant amounts of cells 

underwent apoptosis when treated with Cu-TBP(+) with only 19.9% healthy cells, compared to 

62.7% and 70.1% healthy cells for H4TBP(+) or CuCl2(+) treatments. In dark controls, only 79.9% 

and 76.8% cells remain healthy in CuCl2(-) and Cu-TBP(-) treatment groups, respectively, 

indicating the contribution of ROS generated from Cu-estradiol redox cycle to apoptotic cell death 

(Figure 6-10b). 

 

Figure 6-10 Annexin V/PI analysis of B16F10 cells observed under CLSM (a) and quantified with 
flow cytometry (b). Cells were incubated PBS, CuCl2, H4TBP or Cu-TBP with (+) or without (-) 
light irradiation. (a) Blue, red and green fluorescence represent DAPI, PI and Annexin-V-
conjugated Alexa-488, respectively. Scale bar = 50 μm. (b) The quadrants from lower left to upper 
left (counter clockwise) represent healthy, early apoptotic, late apoptotic, and necrotic cells, 
respectively. The percentage of cells in each quadrant was shown on the graphs. Adapted with 
permission from Chem, 2019, 5, 1892-1913. Copyright 2019 Elsevier Inc. 
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DNA DSB was determined by γ-H2AX assay. Phosphorylated γ-H2AX was labeled to 

visualize and quantify in vitro DNA damage caused by •OH generated from the Cu-estradiol redox 

cycle. With or without light irradiation, significantly higher red γ-H2AX fluorescence was 

observed in the groups treated with Cu-TBP than those treated with CuCl2, while no fluorescence 

was observed in other groups (Figure 6-11a). Flow cytometric analyses further showed that cells 

treated with Cu-TBP(+) exhibited stronger red γ-H2AX fluorescence than other treatment groups, 

confirming Cu-TBP(+) leads to higher •OH generation and more DNA DSB (Figure 6-11b).  

 

Figure 6-11 γ-H2AX immunostaining assay showing the DNA double strain breaks (DSBs) in 
B16F10 cells by CLSM (a) and flow cytometry (b). (a) Blue and red fluorescence show DAPI-
stained nucleus and antibody-labeled γ-H2AX in the cells, respectively. Scale bar = 20 μm. (b) 
Grey histogram (control) and red histogram show the difference of γ-H2AX level in the cells. 
Adapted with permission from Chem, 2019, 5, 1892-1913. Copyright 2019 Elsevier Inc. 
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Lipid peroxidation was then determined by cycloxygenase 2 (COX-2) assay. Membrane 

COX-2, a protein responsible for membrane damage repair, is up-regulated after lipid peroxidation, 

providing an excellent probe for 1O2 and/or O2
- induced damage of cell membranes.20 In dark 

controls, only Cu-TBP(-) or CuCl2(-) treated cells showed red fluorescence of Cy5-conjugated 

COX-2 antibody, while cells treated with PBS(-) or H4TBP(-) did not exhibit red fluorescence, 

indicating the lipid peroxidation induced by O2
- (Figure 6-12a). Cells treated with H4TBP(+) gave 

weak red fluorescence due to the PDT effect. Cu-TBP(+) treated cells presented strong red 

fluorescence, demonstrating that both 1O2 and O2
- generated in Cu-TBP(+) treatment contribute to 

lipid peroxidation. These results were confirmed by flow cytometry studies (Figure 6-12b).  

 

Figure 6-12 COX-2 expression of B16F10 cells treated with PBS, CuCl2, H4TBP or Cu-TBP upon 
light irradiation observed under CLSM (a) and quantified with flow cytometry (b). (a) Red 
fluorescence represents Cy5-conjugated COX-2. Scale bar = 50 μm. (b) Grey histogram (control) 
and red histogram show the difference of COX-2 level in the cells. Adapted with permission from 
Chem, 2019, 5, 1892-1913. Copyright 2019 Elsevier Inc. 
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6.2.4 In vivo anti-tumor efficacy 

We carried out in vivo efficacy studies with mice receiving a single intratumoral injection of 

Cu-TBP followed by light irradiation. A melanoma mouse model of single B16F10-tumor bearing 

C57BL/6 mice was employed to evaluate the anti-tumor efficacy of hormone- and light-triggered 

radical therapies. Zn-TBP, an nMOF with a similar structure for the delivery of H4TBP but not 

Cu2+, was synthesized, characterized (Figure 6-13) and used as a control. When the tumors 

reached 75-100 mm3 in volume, CuCl2, H4TBP, Zn-TBP, or Cu-TBP was injected intratumorally 

at equivalent doses of 0.2 µmol followed by light irradiation with a LED (λmax = 650 nm, 100 

mW/cm2) for 30 mins. As shown in Figure 6-14a, Cu-TBP(+) treatment effectively regressed the 

tumors with one mouse showing complete response to the treatment, significantly slowing the 

tumor growth with a tumor growth inhibition index (TGI) of 96.6%. In comparison, Zn-TBP(+) 

and H4TBP(+) showed only moderate anticancer efficacy with TGI values of 85.9% and 81.4%, 

respectively. With a TGI of 83.4%, Cu-TBP(-) also afforded comparable local outcomes as Zn-

TBP(+) or H4TBP(+), indicating a significant therapeutic contribution from Cu-catalyzed redox 

radical therapy. 15 days after tumor inoculation, mice were sacrificed and photographed (Figure 

6-14b) and tumors were harvested, photographed as shown in Figure 6-14c, and weighted as 

shown in Figure 6-14d. Similar results were also observed on a human ovarian carcinoma model 

of single SKOV-3-tumor bearing athymic nude mice; SKOV-3 model was chosen for this study 

because of its high intracellular estradiol concentration. Treatment began when the tumors 

exceeded 100 mm3 in volume. As shown in Figure 6-14e, Cu-TBP(-) slowed down the tumor 

growth with a TGI of 69.1% at a similar rate as H4TBP(+) with a TGI of 66.7%, affirming the 

efficient ROS generation from the Cu-estradiol pathway. Impressively, Cu-TBP(+) treatment 

eradicated the tumors in all treated mice, affording a TGI of 100%.   
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Figure 6-13 (a) Transmission electron microscopy image (TEM) and (b) High-resolution TEM 
image of Zn-TBP and its fast Fourier transform pattern shown in the inset. Scale bar = 100 nm for 
(a) and 20 nm for (b). (c) Number-averaged diameter of Zn-TBP in water by dynamic light 
scattering measurements, n = 3. Adapted with permission from Chem, 2019, 5, 1892-1913. 
Copyright 2019 Elsevier Inc. 

 

Figure 6-14 Anti-tumor efficacy of H4TBP or Cu-TBP with (+) or without (-) light irradiation on 
B16F10-bearing C57BL/6 mice (a) and SKOV-3-bearing nude mice (e), n = 6. Black and red 
arrows refer to the times of intratumoral injections and light irradiation, respectively. (b) 
Photograph of as-treated B16F10 tumor-bearing C57BL/6 mice. Photographs (c) and (d) weights 
of excised B16F10 tumor on day 15 as treated in (a), n = 6. Adapted with permission from Chem, 
2019, 5, 1892-1913. Copyright 2019 Elsevier Inc. 

The estradiol concentrations in the B16F10 and SKOV-3 tumors were quantified by ELISA 

kits 8 and 3 days post treatment, respectively. As shown in Figure 6-15, in both B16F10 and 

SKOV-3 models, the estradiol level was significantly reduced in groups injected with Cu-TBP 
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with or without light irradiation, indicating that estradiol in cancer cells was consumed in Cu-

catalyzed ROS generation for radical therapy. 

 

Figure 6-15 (a) Determination of intratumoral estradiol on (a) B16F10 model 8 days post 
treatment and (b) SKOV-3 model 3 days post treatment, n = 6. **P<0.05 from control by t-test. 
Adapted with permission from Chem, 2019, 5, 1892-1913. Copyright 2019 Elsevier Inc. 

 

6.2.5 Immunogenicity  

The immunogenic cell death (ICD) induced by Cu-TBP-mediated ROS generation was 

evaluated by detecting cell-surface expression of calreticulin (CRT) in vitro. As shown in Figure 

6-16a, more green fluorescence was observed in the group treated with Cu-TBP(+) compared to 

other groups, indicating that ROS generated from Cu-estradiol process induced immunogenicity. 

Similar results were further quantitatively analyzed with flow cytometry (Figure 6-16b). 

Considerable CRT exposure appeared in CuCl2(-) and Cu-TBP(-) treated groups, while Cu-TBP(+) 

showed much higher CRT expression on the cell-surface compared to H4TBP(+). These results 

demonstrate that Cu-TBP(+) treatment induced stronger ICD over other groups due to the 

combination of estradiol-mediated oxidative process and light-triggered PDT process. 
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Figure 6-16 (a) CRT exposure of B16F10 was assessed after incubation with PBS, CuCl2, H4TBP 
or Cu-TBP with (+) or without (-) light irradiation by CLSM (a) and flow cytometry (b). (a) Blue 
and green fluorescence show DAPI-stained nucleus and CRT exposure on the cell surface, 
respectively. Scale bar = 20 μm. (b) Grey histogram (control) and blue histogram show the 
difference of CRT exposure level on the cell surfaces. Adapted with permission from Chem, 2019, 
5, 1892-1913. Copyright 2019 Elsevier Inc. 

 

6.2.6 Phagocytosis  

As CRT-mediated phagocytosis is known to promote antigen processing and immune 

activation of professional antigen presenting cells (APCs), we determined whether Cu-TBP-

mediated ROS generation could enhance phagocytosis of Cu-TBP(+) treated B16F10 cells. We 

evaluated the phagocytosis of CFSE-labeled B16F10 by both PerCP-Cy5.5-conjugated F4/80-
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labeled macrophages and PE-Cy5.5-conjugated CD11c-labeled dendritic cells (DCs) with CLSM 

and flow cytometry. CLSM imaging showed that Cu-TBP(+) treated cells recruited more 

macrophages for phagocytosis (Figure 6-17a), which was further confirmed by flow cytometry 

analysis (Figure 6-17b).  

 

Figure 6-17 Phagocytosis of CFSE-labelled B16F10 cells by macrophages treated with PBS, 
CuCl2, H4TBP or Cu-TBP with (+) or without (-) light irradiation by CLSM (a) and flow cytometry 
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Figure 6-17, continued (b). (a) Macrophages co-cultured with treated B16F10 cells were stained 
with PerCP-Cy5.5-conjugated F4/80 antibody. B16F10 cells were gated on PerCP-Cy5.5-positive 
cells. (b) Red and green fluorescence show PerCP-Cy5.5-conjugated F4/80-labeled macrophages 
and CFSE-labeled B16F10 cancer cells, respectively. Scale bar = 20 μm. Adapted with permission 
from Chem, 2019, 5, 1892-1913. Copyright 2019 Elsevier Inc. 
 

 

Figure 6-18 Phagocytosis of CFSE-labelled B16F10 cells by DCs treated with PBS, CuCl2, 
H4TBP or Cu-TBP with (+) or without (-) light irradiation by flow cytometry (a) and CLSM (b). 
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Figure 6-18, continued (a) DCs co-cultured with treated B16F10 cells were stained with PE-
Cy5.5-conjugated CD11c antibody. B16F10 cells were gated on PE-Cy5.5-positive cells. (b) Red 
and green fluorescence show PE-Cy5.5-conjugated CD11c-labeled DCs and CFSE-labeled 
B16F10 cancer cells, respectively. Scale bar = 20 μm. Adapted with permission from Chem, 2019, 
5, 1892-1913. Copyright 2019 Elsevier Inc. 
 

For phagocytosis by DCs, the population of CD11c+ cells significantly increased in cells with 

Cu-TBP(+) treatment (Figure 6-18a). Further gating of CFSE+ cells from CD11c+ cells afforded 

phagocytosed B16F10 cells in DCs. Cu-TBP(+) treated cells showed almost 80% of phagocytosis, 

much higher than other treatment groups. These results were confirmed by CLSM imaging (Figure 

6-18b). Cu-TBP-mediated ROS generation thus promotes phagocytosis process, leading to 

enhanced antigen presentation. 

 
6.2.7 In vivo anti-tumor efficacy of Cu-TBP(+) plus immune checkpoint blockade  

As Cu-TBP(+) treatment is highly immunogenic and stimulates antigen presentation, we 

combined Cu-TBP(+) with immune checkpoint blockade to extend local therapy to systemic 

cancer management using a bilateral model of B16F10. When the primary tumors reached 75-100 

mm3 in volume, Cu-TBP was intratumorally injected to the primary tumors at a dose of 0.2 µmol, 

followed by LED irradiation (λmax = 650 nm, 100 mW/cm2) for 30 mins. 75µg of anti-PD-L1 

antibody was given every three days by intraperitoneal injection. The tumor sizes were measured 

daily with a caliper where tumor volume equals (width2 × length)/2 and plotted individually 

(Figure 6-19a). Each mouse was weighed daily to evaluate systemic toxicity. TGI values were 

calculated based on the tumor growth data on day 15 post-inoculation when at least one mouse in 

the study was sacrificed for tumor burden. Individual mice were sacrificed when total tumor 

burden reached 2 cm3 and the survival curve was plotted and analyzed by the Kaplan-Meier 

method.  
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As shown in Figure 6-19b, Cu-TBP(+) treatment successfully regressed the local tumors with 

or without the combination with -PD-L1, affording TGI values of 95.2% and 98.3% for Cu-

TBP(+) and Cu-TBP(+) plus -PD-L1, respectively. The local tumor control result is consistent 

with what we observed for the single tumor model (TGI = 96.6%). However, the Cu-TBP(+) 

treatment alone did not effectively suppress the distal tumor growth with a TGI of 64.0.  

 

Figure 6-19 Individual tumor growth curves of B16F10 bilateral tumor-bearing mice treated with 
PBS, -PD-L1, Cu-TBP or Cu-TBP plus -PD-L1 upon light irradiation, n = 6. (a) Averaged 
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Figure 6-19, continued primary (b) and distant (c) tumor growth curves, survival curves (d) and 
body weights (e) of B16F10 bilateral tumor-bearing mice treated with PBS(+), -PD-L1(+), Cu-
TBP(+) or Cu-TBP(+) plus -PD-L1, n = 6. Black, red, and azure arrows refer to the times of 
intratumoral PBS or Cu-TBP injections, light irradiation and intraperitoneal antibody 
administration, respectively. Central data points and error bars represent mean ± s.d. values, 
respectively. Adapted with permission from Chem, 2019, 5, 1892-1913. Copyright 2019 Elsevier 
Inc.  

In contrast, the Cu-TBP(+) plus -PD-L1 combination effectively regressed distant tumors 

with a TGI of 94.9% (Figure 6-19c). Notably, the combination therapy completely cured one-third 

of treated mice, indicating that the local treatment with Cu-TBP(+) synergizes with immune 

checkpoint blockade to induce systemic antitumor immune response. Survival analysis showed 

that Cu-TBP(+) plus -PD-L1 extended the median survival time to 31 days, which is significantly 

longer than 10, 12 and 23.5 days for PBS, α-PD-L1 and Cu-TBP(+) treatment groups, respectively 

(Figure 6-19d).  The steady body weights in all treated mice indicated that Cu-TBP(+) treatment 

with or without -PD-L1 did not lead to systemic toxicity (Figure 6-19e). This was further 

confirmed by similar histologies of major organs between the Cu-TBP(+) plus -PD-L1 group and 

the PBS group (Figure 6-20).  

 

Figure 6-20 Histologies of frozen sections of as treated mice after H&E staining. Major organs of 
B16F10 tumor-bearing C57BL/6 mice treated with treated with PBS(+), -PD-L1(+), Cu-TBP(+) 
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Figure 6-20, continued or Cu-TBP(+) plus -PD-L1 were harvested and sectioned. From left to 
right: heart, liver, spleen, lung or kidney. Scale bar = 100 μm. Adapted with permission from Chem, 
2019, 5, 1892-1913. Copyright 2019 Elsevier Inc. 

 

To confirm the anti-tumor immune memory effect, we carried out a tumor rechallenge study. 

B16F10 tumors were established on the right flanks of mice and treated with Cu-TBP(+) plus -

PD-L1. Two out of six mice had their tumors completely eradicated after treatment, affording a 

cure rate of 33.3%. Tumors in the other four mice shrank to very small sizes, but regrew beginning 

days 26, 30, 31 and 32, respectively, post tumor inoculation. Thirty days after tumor eradication, 

the cured mice and naïve control mice were challenged with 1.5×106 B16F10 cells on the 

contralateral, left flank. While all naïve control mice had to be euthanized due to their tumor sizes 

exceeding 2.0 cm3 by day 13 post-inoculation, the cured mice remained tumor-free after tumor 

rechallenge (Figure 6-21), indicating strong anticancer immune memory effect.  

 

Figure 6-21 Complete tumor growth curves after the tumor rechallenge with B16F10 cells. 
Adapted with permission from Chem, 2019, 5, 1892-1913. Copyright 2019 Elsevier Inc. 
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6.2.8 Anti-tumor immunity  

We then tested the anti-tumor immunity of B16F10-bearing mice treated with Cu-TBP(+) plus 

-PD-L1 by Enzyme-Linked ImmunoSpot (ELISpot) and flow cytometry. We first determined the 

presence of tumor-antigen specific cytotoxic T cells with an IFN-γ ELISPOT assay. On day 10 

after the treatment, splenocytes were harvested from B16F10-bearing mice and stimulated with 

SVYDFFVWL, a tumor associated antigen, for 42 hours and the IFN-γ spot forming cells were 

counted by Immunospot Reader. The number of antigen-specific IFN-γ producing T cells 

significantly increased in tumor-bearing mice treated with Cu-TBP(+) plus -PD-L1 (109.0 ± 29.7 

compared to 18.9 ± 14.9 for PBS or 53.7 ± 20.4 for -PD-L1, Figure 6-22). These results show 

that -PD-L1 treatment alone elicits some immunotherapeutic effects on the B16F10 model but 

Cu-TBP(+) treatment effectively synergizes -PD-L1 to generate strong tumor-specific T cell 

response. 
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Figure 6-22 The splenocytes were harvested and stimulated with 10 g/mL SVYDFFVWL 
peptide for 42 h. ELISPOT assay was performed to detect IFN-γ producing T cells. ***P<0.001 
from control by t-test. Central lines, bounds of box and whiskers represent mean values, 25% to 
75% of the range of data and 1.5 fold of interquartile range away from outliers, respectively. 
Adapted with permission from Chem, 2019, 5, 1892-1913. Copyright 2019 Elsevier Inc. 
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We further profiled infiltrating leukocytes in both primary and distant tumors. The 

representative tumor-infiltrating CD4+ T cells and CD8+ T cells gated on CD45+TCR+ cell 

populations indicated that CD4+ T cells and CD8+ T cells infiltrated more in both primary and 

distant tumor sites (Figure 6-23). The percentage of CD45+ cells in the total tumor cells 

significantly increased in the Cu-TBP(+) plus -PD-L1 group in both primary and distant sites 

(11.72 ± 5.41 % and 8.84 ± 2.84 %, respectively) compared to the PBS control group (3.53 ± 1.25 % 

and 1.53 ± 0.73%, respectively). For primary tumors, the percentage of both CD4+ and CD8+ T 

cells in the total tumor cells significantly increased in Cu-TBP(+) plus -PD-L1 group (1.60 ± 

0.81% and 2.62 ± 2.35%, respectively) compared to Cu-TBP(+) group (0.18 ± 0.05 % and 0.14 ± 

0.14%, respectively) and PBS control group (0.29 ± 0.15 % and 0.14 ± 0.14%, respectively). 

Similarly, for distant tumors, the percentage of both CD4+ and CD8+ T cells in the total tumor cells 

increased in Cu-TBP(+) plus -PD-L1 group (0.81 ± 0.17% and 0.54 ± 0.26%, respectively) 

compared to PBS control group (0.20 ± 0.17 % and 0.04 ± 0.03%, respectively, Figure 6-24a-c). 

 

Figure 6-23 Representative quantitative analysis of T cells (gated on CD45+TCR+ cells) in both 
primary (first row) and distant (second row) tumors analyzed by flow cytometry. Adapted with 
permission from Chem, 2019, 5, 1892-1913. Copyright 2019 Elsevier Inc. 
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In immunotherapy, the innate immune system is activated first after ICD in treated primary 

tumor sites. Macrophages are recruited to the tumor sites to expose tumor antigen and then 

dendritic cells migrate to the lymph nodes to present antigens to T cells. Cu-TBP(+) plus -PD-

L1 significantly increased the percentages of macrophages (Figure 6-24e) and dendritic cells 

(Figure 6-24f) in both primary and distant tumors. Moreover, the primary tumor-infiltrated 

neutrophils significantly increase in Cu-TBP(+) plus -PD-L1 group compared with Cu-TBP(+) 

group or PBS control group (Figure 6-24d). These findings match well with the in vitro 

phagocytosis results, and strongly suggest that the combination of Cu-TBP(+) and -PD-L1 not 

only induces innate immune response but also augments tumor-specific adaptive response in 

tumors. 

 

Figure 6-24 The percentage of tumor-infiltrating CD45+ cells (a), CD4+ T cells (b), CD8+ T cells 
(c), macrophages (d), dendritic cells (e) and neutrophils (f) with respect to the total tumor of cells 

treated with PBS(+), -PD-L1(+), Cu-TBP(+), or Cu-TBP(+) plus -PD-L1. Data are expressed 
as means ± s.d., n = 6. *P<0.05 from control, **P<0.01 from control and ***P<0.001 from control 
by t-test. Central lines, bounds of box and whiskers represent mean values, 25% to 75% of the 
range of data and 1.5 fold of interquartile range away from outliers, respectively. Adapted with 
permission from Chem, 2019, 5, 1892-1913. Copyright 2019 Elsevier Inc. 

0

6

12

18

24

C
D

4
5+

 c
el

ls
 (

%
)

***

Distant Primary

 

***

0

1

2

3

C
D

4
+
 T

 c
e

lls
 (

%
)

***

Distant Primary

 

*

0

2

4

6
C

D
8+

 T
 c

el
ls

 (
%

)
***

Distant Primary

 

*
*

***

0.0

0.1

0.2

D
en

d
ri

ti
c 

ce
lls

 (
%

)

***

Distant Primary

 

***

*

0.0

0.2

0.4

0.6

0.8

1.0

M
a

cr
o

p
h

a
g

e
s 

(%
)

***

Distant Primary

 

**

a b c

d e f

0.0

0.3

0.6

0.9

1.2
 PBS(+)
 -PD-L1(+)
 Cu-TBP(+)
 Cu-TBP/-PD-L1(+)

N
e

u
tr

o
p

h
il

s 
(%

) **

Distant Primary

 *



223 
 

6.3 Discussion 

In CDT, metal ions as redox active pairs, usually Mn(IV)/(II), Fe(III)/(II) and Cu(II)/(I) are 

introduced to decompose intratumoral H2O2 to generate cytotoxic •OH through Fenton and Fenton-

like reactions1,21. With the advent of nanotechnology, strategies such as pH-responsive sequential 

decomposition or the use of reducing agents to tailor the TME have also been explored to expand 

the scope of CDT.1,22-23 Here we demonstrate for the first time the ability to hijack the estrogen 

metabolic pathway to assist Cu2+/Cu+ catalytic cycle for ROS generation through H2O2 

decomposition. We proved this novel CDT process by detecting the generation of H2O2, •OH and 

O2
- in test tubes and in cells. Efficient internalization of both Cu2+ and H4TBP was realized using 

Cu-TBP nMOFs as delivery vehicles. Following endocytosis, Cu-TBP decomposes in 

endosome/lysosome at acidic pH to release free Cu2+ as a CDT agent and H4TBP as a PS 

Concentration of estradiol, the predominant estrogen, has long been used as a biomarker for 

cancer diagnosis and prognosis24. For example, elevated urinary level of estradiol is linked to an 

increased risk of breast cancer in postmenopausal women25. Moreover, hormone therapy is used 

to treat select cancer types by blocking the production of estrogens through the use of aromatase 

inhibitors, antiestrogens or selective estrogen receptor modulators11. Our in vivo findings indicate 

efficient depletion of intratumoral estradiol with free Cu2+ ions released from Cu-TBP nMOFs. In 

support of this observation, Zn-TBP was used as a control to deliver H4TBP for PDT but not Cu2+ 

for CDT. Mice treated with Cu-TBP displayed better tumor control over those treated with Zn-

TBP with or without light irradiation. Thus, Cu-TBP-mediated radical therapy via Cu-estradiol 

catalytic cycle not only promotes efficient generation of various ROS but also induces additional 

therapeutic efficacy by depleting intratumoral estradiol in a fashion similar to that of conventional 

hormone therapy.  
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Checkpoint blockade immunotherapies targeting the PD-1/PD-L1 axis have provided highly 

effective treatments for melanoma patients. For preclinical research, B16F10 is often used to study 

cancer immunotherapy due to the high mutation burden of this model26-29. We discovered a high 

level of estradiol in B16F10 cell line, making it an appropriate model to study estradiol-dependent 

catalytic ROS generation. We found that treatment of well-established B16F10 tumors with -PD-

L1 alone was largely ineffective due to the immunosuppressive tumor microenvironment. 

However, the combination treatment with Cu-TBP(+) and -PD-L1 effectively inhibited/regressed 

local and metastatic tumors, eradicating tumors in one-third of all treated mice. These results 

indicate that our proposed treatment regime can potentially expand the therapeutic scope of 

immune checkpoint blockade to include highly metastatic and immunosuppressive cancers. 

 

6.4 Conclusion 

In this chapter, we have synthesized Cu-TBP nMOFs to enable dual-triggered radical therapy 

by combining hormone-induced CDT via the Cu-estradiol catalytic redox cycle and light-triggered, 

porphyrin-based PDT. Cu-TBP-mediated CDT/PDT effectively regressed local B16F10 and 

SKVO-3 tumors with high estradiol levels. We further demonstrated that nMOF-mediated radical 

therapy potentiated -PD-L1 CBI with strong abscopal effects on bilateral B16F10 tumor model. 

This synergistic combination elicits systemic antitumor immunity by boosting innate immune 

response and re-activating T cells in both primary and distant tumors. We have thus established 

the feasibility of using nMOF-mediated CDT/PDT to broaden the therapeutic effects of CBI to 

hormonally dysregulated tumor phenotypes. 

   



225 
 

6.5 Methods 

Materials, cell lines, and animals: All of the starting chemicals were purchased from Sigma-

Aldrich and Fisher (USA), unless otherwise noted, and used without further purification.  

Murine melanoma cell line B16F10 was kindly provided by Dr. Ralph R. Weichselbaum at 

University of Chicago.  Human pancreatic cancer cell PC-3 was purchased from Developmental 

Therapeutics Core at Northwestern University. Human colon adenocarcinoma cell, HCT-116, and 

the human ovarian cancer cell, SKOV-3, were purchased from the American Type Culture 

Collection (Rockville, MD, USA). PC-3 cells were cultured in Roswell Park Memorial Institute 

(RPMI) 1640 medium (GE Healthcare, USA. B16F10 cells were cultured in Dulbecco's Modified 

Eagle's Medium (DMEM) medium (GE Healthcare, USA). HCT-116 and SKOV-3 cells were 

cultured in McCoy's 5A Modified Medium. All medium was further supplemented with 100 U/mL 

penicillin G sodium, 100 μg/mL streptomycin sulfate and 10% fetal bovine serum (FBS, VWR, 

USA). Cells were cultured in a humidified atmosphere containing 5% CO2 at 37oC. C57BL/6 

female mice (6-8 weeks) were obtained from Harlan-Envigo Laboratories, Inc (USA). The study 

protocol was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) 

at the University of Chicago. 

Synthesis of Cu-TBP:  To a 1 dram glass vial was added 0.43 mL of CuCl2 solution (1.1 mg/mL 

in ethanol), 0.5 mL of the H4TBP solution (1.9 mg/mL in ethanol), 200 μL of water, 0.74 μL of 

triethylamine and 10 μL of formic acid. The reaction mixture was then mixed and sonicated at 

room temperature for 2 h. The purple precipitate was collected by centrifugation and washed with 

ethanol, 5% trimethylamine/ethanol solution and ethanol. 
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Intracellular behavior of Cu-TBP: The cellular uptake, intracellular accumulation and 

decomposition of Cu-TBP were studied systemically and compared with H4TBP. B16F10 cells 

were seeded on 6-well plates at 1×106/well overnight. Cu-TBP or H4TBP was added to the cells at 

a TBP concentration of 20 μM. After incubation of 1, 2, 4, and 8 hours, cells were collected and 

counted with a hemocytometer then frozen and thawed repeatly for digestion. The H4TBP was 

extracted with 50 μL concentrated phosphoric acid in 450 μL DMSO for UV-Vis quantification. 

Cells were also incubated with Cu-TBP or H4TBP for 1, 2, 4, 8 and 24 hours for detecting 

fluorescence of H4TBP under a confocal laser scanning microscope (CLSM, FV1000, Olympus, 

Japan) and further quantified by flow cytometry  (LSRFortessa 4-15, BD, USA). The CLSM 

images were analyzed with ImageJ. 

H2O2 and •OH generation: H2O2 and •OH generation was determined by the hydrogen peroxide 

assay kit (Sigma, USA), which reacts with H2O2 to give green fluorescence (excitation/emission 

maxima 490/520 nm) and coumarin-3-carboxylic acid, which reacts with •OH to give blue 

fluorescence (excitation/emission maxima 390/465), respectively. Groups including CuCl2 alone, 

NADH alone, CuCl2+estradiol, NADH+estradiol or CuCl2+NADH+estradiol were suspended in 

200 μL water in the presence of 1 μL suspension of the hydrogen peroxide assay kit. The 

concentration of CuCl2, NADH and estradiol are 50 μM, 0.1 mM and 40 μM, respectively. The 

fluorescence of each group was measured with a RF-5301 PC Spectrofluorophotometer (Shimadzu, 

Japan).  

O2
- generation: O2

- generation was determined by the nitrone spin trap 5-tert-butoxycarbonyl 5-

methyl-1-pyrroline N-oxide (BMPO), which forms distinct adducts with O2
- (BNPO-O2

-). CuCl2 

was suspended in water at a concentrations of 50 μM in the presence of 25 mM BMPO and with 
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or without 40μM 4-OHE2. Each suspension was added to capillary tubes and scanned on a Bruker 

Elexsys 500 X-band EPR spectrometer at 298 K to collect EPR signals. 

Intracellular •OH generation: •OH generation in live cells was assayed with coumarin-3-

carboxylic acid. B16F10 cells were cultured in 6-well plates overnight. The cells were incubated 

with CuCl2, H4TBP, and Cu-TBP at an equivalent dose of 20 µM for 4 h followed by LED 

irradiation with 0 or 90 J/cm2 (λmax = 650 nm, 100 mW/cm2, 0 or 15 mins). Cells were stained 

immediately with the 20 μM coumarin-3-carboxylic acid. After incubating for 20 min, the cells 

were washed with PBS three times to remove excess coumarin-3-carboxylic acid. The •OH 

generated in the live cells was visualized by detecting the blue fluorescence inside the cells under 

CLSM and quantified by flow cytometry.  

Intracellular 1O2 and O2
- generation: 1O2 and O2

- generation in live cells was detected by SOSG 

and superoxide anion assay kit, respectively. B16F10 cells were seeded in 6-well plates and 

cultured for 12 h. The culture medium was then replaced with fresh medium containing 1 μM 

SOSG and 1 μM superoxide anion assay kit to preload the cells with SOSG and superoxide anion 

assay kit. After incubating for 30 min, the cells were washed by PBS three times to remove excess 

SOSG and superoxide anion assay kit. The cells were incubated with CuCl2, H4TBP, and Cu-TBP 

at an equivalent dose of 20 µM for 4 h followed by light irradiation with 0 or 90 J/cm2 (λmax = 650 

nm, 100 mW/cm2, 0 or 15 mins). CLSM was used to visualize the 1O2 and O2
- generated in the live 

cells by detecting the green and red fluorescence inside the cells, respectively. 

Cytotoxicity: 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-phenyl)-2H-

tetrazolium (MTS) assay (Promega, USA) was employed to evaluate cytotoxicity. B16F10 cells 

were seeded on 96-well plates at 1×104/well and further cultured for 12 h. CuCl2, H4TBP, and Cu-
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TBP was added to the cells at an equivalent dose of 0, 0.5, 1, 2, 5, 10, 20, 50 μM and incubated 

for 4 h, followed by light irradiation with 0 or 90 J/cm2 (λmax = 650 nm, 100 mW/cm2, 0 or 15 

mins). The cells were further incubated for 72 h before determining the cell viability by MTS assay. 

The optical images of each group were also captured under the SZX-Zb12 stereomicroscope 

(Olympus, Japan). 

Apoptosis/necrosis: B16f10 cells were cultured in 6-well plates overnight and incubated with 

CuCl2, H4TBP, and Cu-TBP at an equivalent  dose of 20 µM for 4 h followed by light irradiation 

with 0 or 90 J/cm2 (λmax = 650 nm, 100 mW/cm2, 0 or 15 mins). 24 h later, the cells were stained 

according to the AlexaFluor 488 Annexin V/dead cell apoptosis kit (Life technologies, USA), 

imaged by CLSM and quantified by flow cytometry.  

DNA damage: B16F10 cells were cultured in a 6-well plate overnight and further incubated with 

CuCl2, H4TBP, and Cu-TBP at an equivalent dose of 20 µM for 4 h followed by light irradiation 

with 0 or 90 J/cm2 (λmax = 650 nm, 100 mW/cm2, 0 or 15 mins). Cells were stained immediately 

with the HCS DNA damage kit (Life Technologies, USA) for CLSM and flow cytometry. 

In vivo anti-tumor efficacy: A murine melanoma model B16F10 and another human ovarian 

SKOV-3 were established by subcutaneously inoculating 1.5×106 B16F10 cells onto C57BL/6 

mice or 5×106 SKOV-3 cells onto athymic nude mice, respectively. When the flank tumors reached 

75-100 mm3 in volume, mice were injected intratumorally with CuCl2, H4TBP, and Cu-TBP at an 

equivalent dose of 0.2 µmol or PBS. 4 h after injection, mice were anaesthetized with 2% (v/v) 

isoflurane and the primary tumors were irradiated with a LED lamp (λmax = 650 nm, 100 mW/cm2) 

for 30 mins. Zn-TBP with or without light irradiation treatment were added as control on B16F10 

tumor-bearing mice. The tumor sizes were measured daily with a caliper where tumor volume 
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equals (width2 × length)/2. Mice were sacrificed on day 15 for B16F10 model and day 38 for 

SKOV-3 model and the excised tumors were photographed and weighed.  

Estradiol quantification: Tumors after anticancer treatment studies were harvested, weighed and 

homogenized to lysed cells. Intratumoral estradiol was extracted into chloroform three times and 

dried over vacuum. The quantification of estradiol was performed with the estradiol ELISA kit 

(No. 582251, Cayman, USA). 

Immunogenic cell death: B16F10 cells were cultured in a 6-well plate overnight and incubated 

with CuCl2, H4TBP, and Cu-TBP at an equivalent dose of 20 µM for 4 h followed by light 

irradiation with 0 or 90 J/cm2 (λmax = 650 nm, 100 mW/cm2, 0 or 15 mins). The cells were washed 

three times with PBS, fixed with 4% paraformaldehyde, incubated with AlexaFluor 488-CRT 

(Enzo Life Sciences, USA) with 1: 100 dilution for 2 h, stained with DAPI, and observed by CLSM. 

Treated cells were incubated for 4 h, collected, incubated with AlexaFluor 488-CRT antibody for 

2 h, and then stained with PI for analysis by flow cytometry. 

Abscopal Effect: A bilateral melanoma model was established by subcutaneously inoculating 

1.5×106 and 7.5×105 B16F10 cells onto the right and left flanks of C57BL/6 mice for respective 

primary and secondary tumors. When the primary tumors reached 75-100 mm3 in volume, mice 

were injected intratumorally with nMOFs at a dose of 0.2µmol TBP or PBS. 4 h after injection, 

mice were anaesthetized with 2% (v/v) isoflurane and the primary tumors were irradiated with a 

LED lamp (λmax = 650 nm, 100 mW/cm2) for 30 mins. Anti-PD-L1 antibody was given every three 

days by intraperitoneal injection at a dose of 75µg/mouse. The tumor sizes were measured daily 

with a caliper where tumor volume equals (width2 × length)/2. Mice were sacrificed once the total 
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tumor burden attached to 2000 mm3 in volume. Each mouse was weighed daily to evaluate toxicity. 

Survival percentage of each group was analyzed using the log-rank Kaplan-Meier method. 

ELISpot assay: Tumor-specific immune responses to IFN-γ was measured ex vitro by ELISpot 

assay (Mouse IFN gamma ELISPOT Ready-SET-Go!®; Cat. No. 88-7384-88; eBioscience). 

Millipore Multiscreen HTS-IP plates was coated overnight at 4°C with anti-Mouse IFN-γ capture 

antibody. Single-cell suspensions of splenocytes were obtained from 4T1 tumor-carrying mice and 

seeded onto the antibody-coated plate at a concentration of 2×105 cells/well. Cells were incubated 

with or without SVYDFFVWL stimulation (10 mg/ml; in purity >95%; Genscript, USA) for 42 h 

at 37 °C and then discarded. The plate was then incubated with biotin-conjugated anti-IFN-γ 

detection antibody at room temperature (r.t.) for 2 h, followed by incubation with Avidin-HRP for 

2 h at r.t. 3-amino-9-ethylcarbazole substrate solution (Sigma, Cat. AEC101) was added for 

cytokine spot detection. Spots were imaged and quantified with a CTL ImmunoSpot Analyzer 

(Cellular Technology Ltd, USA).  

Lymphocytes profiling: Tumors were harvested, treated with 1 mg/mL collagenase I (Gibco™, 

USA) for 1 h, and ground by the rubber end of a syringe. Cells were filtered through nylon mesh 

filters with size of 40 µm and washed with PBS. tumor-draining lymph nodes were collected and 

directly ground through the cell strainers. The single-cell suspension was incubated with anti-

CD16/32 (clone 93) to reduce nonspecific binding to FcRs. Cells were further stained with the 

following fluorochrome-conjugated antibodies: CD45 (30-F11), TCR(H57-597), CD4 (GK1.5), 

CD8 (53-6.7), and PI (all from eBioscience). Antibodies were used with the dilution of 1: 200. 

LSR Fortessa (BD Biosciences) was used for cell acquisition and data analysis was carried out 

with FlowJo software (Tree Star, Ashland, OR).  
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Figure 6-25 Representative gating strategies for CD45+ cells, CD4+ T cells, CD8+ T cells, 
macrophages, dendritic cells, and neutrophils. Adapted with permission from Chem, 2019, 5, 
1892-1913. Copyright 2019 Elsevier Inc.  
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