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ABSTRACT 

As one of the major challenges worldwide, cancer has been a detrimental health issue for 

the mainstream public incurring disfunction of surrounding organs or death. Because of the 

severity of the disease, numerous therapeutic approaches have been proposed this century. And as 

a part of the treatment, radiation therapy is deemed one of the most powerful and commonly 

accessible tools. It is non-invasive and can be utilized for almost all types of malignant cancer cell 

lines and is also reported for treating benign cancers or other diseases such as Kimura and Keloid 

scars. However, current nanoplatforms for radiation therapy still default the need for tumor 

eradication, and there are potentially remaining drawbacks that adversely hinder the progress of 

radiation therapy. One major limitation of conventional radiation therapy is the total dose of 

radiation that must be taken to fulfill the therapeutic efficacies, and it is always intolerable for most 

patients receiving high doses of radiation. To overcome this, we tactfully designed and assembled 

several nanoplatforms that can be applied as radiosensitizing reagents. We evidenced that with the 

help of those nanoplatforms, we can significantly reduce the dosage for radiation while 

approaching similar therapeutic efficacies in vitro and in vivo, causing minimal cytotoxicity 

toward surrounding normal tissues and organs. 



INDEX WORDS: radiation therapy, X-ray induced photodynamic therapy, photosensitizer, 

scintillating nanoparticles 

 

  



 

 

ADVANCED RADIOSENSITIZING NANOPLATFORMS FOR ENHANCED RADIATION 

THERAPY 

 

by 

 

FANGCHAO JIANG 

BS, Wuhan University, China, 2015 

MS, Columbia University, 2016 

 

 

 

 

 

A Dissertation Submitted to the Graduate Faculty of The University of Georgia in Partial 

Fulfillment of the Requirements for the Degree 

 

DOCTOR OF PHILOSOPHY 

 

ATHENS, GEORGIA 

2022 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2022 

FANGCHAO JIANG 

All Rights Reserved 

  



 

 

ADVANCED RADIOSENSITIZING NANOPLATFORMS FOR ENHANCED RADIATION 

THERAPY 

 

by 

 

FANGCHAO JIANG 

 

 

 

 

      Major Professor: Jin Xie 

      Committee:  Tina Salguero 

         Sergiy Minko 

          

          

 

 

 

 

 

 

 

 

 

 

Electronic Version Approved: 

 

Ron Walcott 

Vice Provost for Graduate Education and Dean of the Graduate School 

The University of Georgia 

December 2022 

 



 

iv 

 

 

ACKNOWLEDGEMENTS 

Being a graduate student at the University of Georgia under Dr. Jin Xie’s supervision is 

one of my most rewarding and memorable experiences. But not for this opportunity, I won’t be 

able to meet so many fantastic colleagues, friends, and experts and realize that my life is not merely 

a miniature of others but could be an impressive epic. I am not a nobody shackled by the rules of 

the established realm but somebody possessing the potential of breaking impossibility. Those 

people motivated me and made me realize that there are always new heights that I can achieve, 

and there are always novel ideas I should endeavor.        

 The most valuable experience I learned during this period is continually being cautious and 

fully prepared. That is not always easy, and I discovered that from endless failures. I still remember 

the first time I was preparing for my literature seminar. When my advisor asked me to give a 

rehearsal one week before the presentation, I optimistically thought I was fully prepared. However, 

it turned out to be an aftermath. Fortunately, I was able to remedy that within one week under my 

advisor and colleagues' guidance. And it was the first time I realized the importance of being fully 

prepared. Another rewarding merit I learned is always keeping critical thinking. And that is 

beneficial not only for my academic skills but my daily life as well.   

 The first and the foremost person I would love to thank you is my advisor, Dr. Jin Xie. 

Without his talented guides and incredible foresight, I won’t be able to achieve so many 

tremendous movements and stand here officially as a completed doctoral graduate. 

        



 

v 

 I would also acknowledge the help from Wendy and Bryan. Since I was a student majoring 

in materials chemistry, I barely had any background concerning cancer cell lines and mice studies. 

It was them who systematically taught me, facilitated my work, and helped me out.   

 I also would love to thank you for the help from all my other lab mates, including Benjamin 

Cline, Anil Kumar, Shiyi Zhou, Zhengwei Cao, Ian Delahunty, Wei Yang, Chaebin Lee, Xueyuan 

Yang, Shuyue Zhan, Jianwen Li, and Zhi Liu. Without them, I won’t be able to complete my work 

and dissertation. 

 I would love to thank you for the help from Eric Formo from the UGA electron microscope 

center, Julie Nelson from the UGA cytometry lab, and Daphne Norton from general chemistry lab. 

Their intelligence and deep thoughts significantly promoted the progress of my research. 

 In addition, I would love to thank you for the help from Dr. Zibo Li, Dr. Tina Salguero, 

and Dr. Sergiy Minko. Their broad knowledge, extensive experience, and sharp insight into 

nanomedicine and materials science inspired me all the time.      

 I am also grateful for all those friends and experts from the University of Georgia, Georgia 

Tech, and Columbia University, who were always around when I needed help in my life.    

 Special acknowledgment goes to Xing Li, who supported me and encouraged me to pursue 

better scientific works. And finally, my parents and all family members who fostered and helped 

me pursue a better life. 

  



 

vi 

 

 

TABLE OF CONTENTS 

Page 

ACKNOWLEDGEMENTS ........................................................................................................... iv 

LIST OF TABLES ....................................................................................................................... viii 

LIST OF FIGURES ....................................................................................................................... ix 

CHAPTER 

 1 INTRODUCTION AND LITERATURE REVIEW: RADIATION THERAPY AND 

X-RAY INDUCED PHOTODYNAMIC THERAPY ...................................................1 

   1.1 Introduction to radiation therapy .......................................................................1 

   1.2 Principal of X-ray induced photodynamic therapy ............................................3 

   1.3 Synthesis of nanoscintillators ............................................................................7 

   1.4 Surface modification and photosensitizer encapsulation ...................................8 

   1.5 X-PDT nanoplatforms and their applications ..................................................12 

   1.6 Singlet oxygen production for effective cancer cell killing .............................20 

 2 ULTRATHIN GOLD NANOWIRES TO ENHANCE RADIATION THERAPY ....25 

   2.1 Introduction  .....................................................................................................27 

   2.2 Materials and Methods .....................................................................................28 

   2.3 Results and discussion .....................................................................................34 

   2.4 Conclusion .......................................................................................................42 

 3 X-RAY INDUCED RADIATION THERAPY WITH CsI(Na)@MgO 

NANOPARTICLES AND 5-AMINOLEVULINIC ACID. ........................................43 



 

vii 

   3.1 Introduction  .....................................................................................................45 

   3.2 Materials and Methods .....................................................................................48 

   3.3 Results and discussion .....................................................................................57 

   3.4 Conclusion .......................................................................................................69 

 4 MULTIPLEXING PHOTOSENSITIZERS WITH DUAL-WAVELENGTH 

NANOSCINTILLATORS AMELIORATE CANCER VIA RADIODYNAMIC 

THERAPY ...................................................................................................................71 

   4.1 Introduction  .....................................................................................................73 

   4.2 Materials and Methods .....................................................................................75 

   4.3 Results and discussion .....................................................................................84 

   4.4 Conclusion .......................................................................................................92 

 5 CONCLUSION AND FUTURE PLAN ......................................................................94 

REFERENCES ..............................................................................................................................96 

APPENDICES 

 A Abbreviation list.........................................................................................................110 

 B Supplementary figures for chapter 3 ..........................................................................111 

  



 

viii 

 

 

LIST OF TABLES 

Page 

Table 1: Summary of X-PDT studies.............................................................................................18 

  



 

ix 

 

 

LIST OF FIGURES 

Page 

Figure 1.1: Schematic illustration for X-PDT and CR-PDT............................................................2 

Figure 1.2: Representative nanoparticles for X-PDT ......................................................................6 

Figure 1.3: In vitro and in vivo assessments of X-PDT. ................................................................11 

Figure 1.4: Calculated singlet oxygen generation under 60 Gy .....................................................23 

 

Figure 2.1: Schematic illustration of GNW-based radiosensitizing effects that enhance RT .......28 

Figure 2.2: Gold nanowires characterization .................................................................................34 

Figure 2.3: Physiochemical characteristics of gold nanowires and nanospheres ..........................35 

Figure 2.4: Cytotoxicity and radical production studies ................................................................37 

Figure 2.5: In vitro viability and reactive oxygen species (ROS) generation studies with X-ray 

irradiation ...........................................................................................................................39 

Figure 2.6: In vivo studies of gold nanowires and gold nanospheres ............................................40 

 

Figure 3.1: Synthesis and characterizations of CsI(Na) and CsI(Na)@MgO nanoparticles .........58 

Figure 3.2: Stability and X-ray luminescence of CsI(Na)@MgO@DSPE-Folate nanoparticles. .61 

Figure 3.3: In vitro X-PDT with CIS@M-F and 5-ALA, evaluated with 4T1 cells ......................64 

Figure 3.4: In vivo studies to evaluate the efficacy of X-PDT with CIS@M-F and 5-ALA. 

Experiments were performed in 4T1-tumor bearing balb/c mice ......................................66 

Figure 3.5: Safety and clearance of CIS@M-F..............................................................................68 



 

x 

 

Figure 4.1: Synthetic route and nanoparticle characterization  ......................................................85 

Figure 4.2: Stability and X-ray luminescence of CsI(CO3, Na)@ZnS@DSPE-Folate 

nanoparticles ......................................................................................................................87 

Figure 4.3: In vitro X-PDT with CIS@Z-F, 5-ALA, and Redaporfin, evaluated with CT26 cells 

in RPMI medium................................................................................................................90 

Figure 4.4: In vivo studies to evaluate the efficacy of X-PDT with CIS@Z-F, 5-ALA, and 

Redaporfin. Experiments were performed in CT26-tumor bearing balb/c mice ...............91 

 

 

 



 

1 

 

 

CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW: RADIATION THERAPY AND X-RAY 

INDUCED PHOTODYNAMIC THERAPY 

 

1.1 Introduction to radiation therapy 

Photodynamic therapy (PDT) is an emerging anti-cancer therapeutic modality. PDT 

involves three essential components, which are photosensitizer, oxygen, and light, often in the 

form of a laser or light-emitting diode (LED). Many photosensitizers are physiologically inert in 

the absence of irradiation and only produce toxic reactive oxygen species (ROS) upon irradiation. 

Hence, PDT promises high selectivity and low systemic toxicities relative to chemo- or radio-

therapy. However, PDT is intrinsically limited by a penetration barrier owing to shallow tissue 

penetration of light. Even with near-infrared (NIR) photosensitizers, the effective treatment depth 

of PDT is less than 1 cm of tissue. Due to this restriction, PDT has not yet gained general clinical 

acceptance. 

Various approaches to PDT have been tested in light of this problem [1, 2]. In particular, 

X-rays, which afford great tissue penetration capacity, have been used to indirectly activate 

photosensitizers, a method referred to as X-ray-induced photodynamic therapy (X-PDT) or 

radiotherapy-radiodynamic therapy [3, 4]. X-PDT requires a nanoparticle scintillator and a 

photosensitizer whose emission matches the excitation of the scintillator. Under irradiation, the 

scintillator nanoparticle down-converts X-ray photons to visible or NIR photons, which activate 

the photosensitizer.  
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An alternative strategy, Cherenkov radiation induced photodynamic therapy, or CR-PDT, 

employs Cherenkov radiation to activate photosensitizers [4-6]. Cherenkov radiation refers to 

luminescence generated when a charged particle, for instance an electron or a positron, traverses 

a medium with a velocity exceeding the speed of light in that medium. A number of radionuclides 

such as 18F, 64Cu, 68Ga, 89Zr, 90Y, 124I, and 198Au emit Cherenkov emission and have been 

investigated as light sources to activate photosensitizers [6-8]. Unlike X-PDT, where 

photosensitizers and scintillators are often integrated, the radionuclide can be administered 

separately from the photosensitizer in CR-PDT. For instance, it was demonstrated that 18F-2-

fluoro-2-deoxy-D-glucose (18F-FDG), a small molecule positron emission tomography (PET) 

tracer, can be administered separately from photosensitizers such as quantum dots and TiO2 

nanoparticles to activate PDT [9, 10].  

In this Chapter, we discuss the concept and underlying mechanisms of X-PDT and CR-

PDT. We highlight recent progress in these related paradigms, with an emphasis on nanomaterials 

and nanoparticle engineering. Indeed, nanomaterials underpin advances in X-PDT and CR-PDT, 

serving as either scintillators or photosensitizers in these systems. 

 

Figure 1.1 Schematic illustration for X-PDT and CR-PDT. Left: working mechanism for X-PDT. X-rays 

excite nanoscintillators, producing X-ray luminescence that in turn activates nearby photosensitizers to 
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produce cytotoxic ROS. Right: working mechanism for CR-PDT. Radioisotopes emit Cherenkov radiation 

that activates a photosensitizers and initiates PDT. [Reprinted with permission from Cline et al. (2019). 

Copyright 2015 John Wiley and Sons Publishers.] 

 

1.2 Principal of X-ray induced photodynamic therapy 

X-PDT often involves a composite nanoparticle containing a scintillator and a 

photosensitizer. Appropriate coating or conjugation chemistry strategies are required to combine 

or couple these two components, a concept first raised by Chen et al [11]. High-energy photons 

impinge the scintillator and thereby generate large quantities of electron−hole pairs in the 

scintillator’s crystal lattice. This is followed by energy transfer among electron−hole pairs and the 

relaxation of excited ions to their ground states, with a concomitant luminescence [12]. It is 

hypothesized that nearby photosensitizers are transduced with this emitted energy and excited to 

their triplet states. The excited photosensitizers react with molecular oxygen (3O2), producing 

singlet oxygen (1O2) (i.e.  the Type II reaction of PDT). Alternatively, the excited photosensitizer 

could directly react with surrounding water and biomolecules, generating ROS including hydrogen 

peroxide (H2O2), hydroxyl radicals (∙OH), and superoxide (O2
-) (i.e. the Type I PDT reaction). To-

date, data suggest that the Type II process is predominant in X-PDT [2, 13, 14].  

The efficiency of X-PDT, in particular the number of 1O2 produced during this multi-step 

process, depends on several variables. These include the concentration of the nanoparticle 

scintillator, the light yield of the scintillator material, the singlet oxygen quantum yield of the 

photosensitizer, and the efficiency of energy transfer. The following factors are often considered 

when designing an X-PDT nanoparticle. 
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First, the scintillator emission and photosensitizer excitation spectra should overlap to 

ensure efficient activation of the latter. Second, the two components must co-localize 

spatiotemporally for efficient energy transfer. This requirement is confounded in practice, wherein 

nanoparticles are exposed to a complex biological milieu containing lipids, nucleic acids, proteins, 

and interstitial fluids which may stifle luminescence [15]. This is why a composite nanoparticle 

containing both elements is often used. Third, the nanoparticle scintillators should reliably and 

intensely luminesce. In general, elements with more inner shell electrons (i.e. high-Z elements) 

capture high-energy photons more efficiently. Similarly, scintillator crystal structure modulates 

luminescence. For instance, pure cubic phase CsI particles exhibits weak X-ray luminescence 

relative to their thallium (Tl) doped counterparts [16, 17].  Despite the relevance of these 

properties, the impact of size on a scintillator’s luminescence remains understudied. Reducing 

particle size increases surface-to-volume ratio and possibly increases the number of scintillation 

activator sites which may contribute to radiative transmission. For instance, YAG:Eu3+ 

nanoparticles show X-ray luminescence that is four times stronger than the bulk material [4]. In 

contrast, size reduction also increases surface defects which diminish luminescence intensity. This 

is evidenced in Gd2O3:Eu3+ nanoparticles, which show attenuated or no luminescence under high-

energy beams [18, 19]. Some nanoscintillators may undergo phase transitions or melting during 

irradiation, which also lessen luminescence intensity [20, 21]. 

Like conventional PDT, X-PDT kills cancer cells by inducing apoptosis and necrosis [22-

24]. ROS produced during X-PDT extensively damage nucleic acids and cellular lipids. Due to the 

transiency of ROS, 1O2 in particular, damage is concentrated where photosensitizers are enriched. 

Hence, the spatial distribution of the scintillator-photosensitizer conjugates dictates the 

mechanistic specificity and efficacy of X-PDT. Our previous studies showed that relatively bulky 
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X-PDT nanoparticles (e.g. 400 nm in diameter) cause significant lipid peroxidation, probably due 

to their enrichment on the plasma membrane [25]. Lin et al. showed that nanoscale metal organic 

frameworks (nMOFs) bearing positive surface charges accumulate in mitochondria. Thus, X-PDT 

treatment caused depolarization of the mitochondrial membrane and apoptotic cell death [26]. 

Previous PDT and X-PDT studies note photosensitizer accumulation in and destruction of 

endosomes/lysosomes [23, 27]. While severe plasma membrane peroxidation may cause necrosis, 

damage to the mitochondria or endosomes/lysosomes often induces the intrinsic apoptosis 

pathway.  

But the efficacy of X-PDT is not entirely decided by photosensitizer activation. This is 

because X-ray photons are not all converted to visible photons during X-PDT. Quite the opposite, 

most of the energy deposited in the tumor bed remains in the form of ionizing irradiation. Hence, 

X-PDT is essentially and intrinsically a combination of radio- and photodynamic-therapy. X-PDT 

nanoparticles increase tissue cross-section for high-energy photons and possibly alters the 

distribution of radicals in favor of cellular damage, thus improving therapeutic ratios (i.e. 

therapeutic effect relative to toxicity to normal tissues). In this sense, X-PDT can be viewed as a 

radiosensitizing technology for enhancing the efficacy of beam irradiation. This is why clonogenic 

and comet assays, which are conventional methods to evaluate the efficacy of radiosensitizers, are 

widely used to evaluate the performance of X-PDT agents.  
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Figure 1.2 Representative nanoparticles for X-PDT. (a) Schematic illustration of the structure of M-

SAO@SiO2 nanoparticles, where a SAO core and is coated with mesoporous silica shell. MC540 was 

encapsulated in the silica pores. (b) Schematic illustration of the Hyp-GdEuC12 micellar particles 

constructed with amphiphilic LnC12 complex and the photosensitizer Hyp. (c) Schematic illustration of 

Hf12/Zr12 clusters, which are linked with H2DBP or H2DBA to generate nMOFs. (d) The structure of 

LiLuF4:Ce@SiO2@Ag3PO4@Pt(IV) nanoparticles (LAPNP) and their application for X-PDT. [Reprinted 

with permission from Chen et al. (2015), Kaščáková et al. (2015), Lu et al. (2018), and Wang et al. (2018). 

Copyright 2015 and 2018 American Chemical Society, Tsinghua University Press and Springer-Verlag 

Berlin Heidelberg, and Springer Nature.]  
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1.3 Synthesis of nanoscintillators 

Nanoscintillators are nanoparticle scintillators that can transduce X-rays to visible or NIR 

photons. Using nanoscale particles is instrumental to systemic tumor targeting. Nanoparticles’ 

large surface area also allows for loading a large amount of photosensitizer molecules. Over the 

years, nanoscintillators made of lanthanide fluorides [28-30], lanthanide oxides [31, 32], quantum 

dots [33-35], and MOFs [36, 37] etc. have been synthesized and tested for X-PDT [1, 4]. 

Depending on scintillator materials and surface properties, photosensitizers can be either 

conjugated or adsorbed onto nanoparticle surface or sometimes directly imbedded into 

nanoparticles.  

Both bottom-up or top-down approaches have been explored for the synthesis of 

nanoparticle scintillators. Wet chemistry methods such as thermal decomposition and 

hydrothermal reactions are typical bottom-up approaches where nanoparticles grow from single 

atoms and/or basic building blocks. During the reaction, precursors are first dissociated at high 

temperature and/or pressure, and atoms/ligands of interest are self-assembled in a concentration- 

and temperature-dependent manner. Surfactants are often employed to passivate particle surface. 

Parameters such as reaction time, temperature, precursor amounts, and surfactant to precursor ratio 

can be adjusted to fine tune nanoparticle size and morphology. Dopant amount can also be adjusted 

and in turn tune X-ray luminescence properties. However, not all scintillators can be made by wet 

chemistry, which has restrictions including boiling temperature of solvents, solubility of precursors 

in solvents, aggregation of nanoparticles.  

Top-down synthesis, such as attrition or milling strategies, are also widely used as a 

decomposition strategy to yield nanoparticles. These strategies start with bulk materials and break 

them down through etching and exfoliating building blocks. These methods are especially useful 
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for scintillators made of ceramics that are difficult to be made from bottom up approaches. Bulk 

materials often feature high crystallinity which is inherited by the resulting nanoscintillator. 

However, top-down approaches are in general associated with suboptimal size control. Multiple 

steps of size selection and post-synthesis modification may be required to produce nanoparticles 

of desires sizes. Moreover, defects are generated during size reduction, which negatively affect 

luminescence properties. Overall, top down and bottom up approaches have their pros and cons 

which need to be considered when preparing nanoscintillators.  

 

1.4 Surface modification and photosensitizer encapsulation  

Post-synthesis surface modification is essential for most X-PDT agents. Surface 

modification improves the colloidal stability and sometimes the biocompatibility of the 

nanoparticles. Concomitantly, it introduces functional groups (carboxyl, primary amine, and thiol, 

etc.) onto nanoparticles so that the particles can be coupled to a tumor targeting ligand. Surface 

modification can also be used to impart docking moieties to which photosensitizer molecules can 

be tethered to or adsorbed onto. Notably, many photosensitizer molecules are hydrophobic and 

require a vehicle to deliver them to tumor sites. 

While established coating methods exist, the exact strategy must be tailored to suit the 

scintillator materials and their surface properties. A polyethylene glycol (PEG) chain is often 

introduced to improve colloidal stability. Some scintillators can be directly functionalized with 

ligands or polymers containing carboxyl, thiol, and phosphate moieties. For instance, Ma et al. 

modified ZnS:Cu,Co nanoparticles with a heterodimer PEG possessing carboxyl and primary 

amine terminals [34]. While the carboxyl attaches to the particle surface, the amine can be used to 

couple the scintillator with targeting ligands such as the photosensitizer tetrabromorhodamine-123 
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(TBrRh123) via the EDC/NHS reaction [38]. Similarly, Liu et al. synthesized LaF3:Tb 

nanoparticles using the precipitation method and modified the surface with H2N–(CH2)10–

COOH(AA11). The nanoparticles were then covalently conjugated with a photosensitizer meso-

tetra(4-carboxyphenyl) porphine (MTCP) [39]. 

The surfaces of scintillator nanoparticles made in organic solvents are often coated with 

ligands containing a long alkyl chain. A layer of phospholipids or amphiphilic polymers may be 

imparted to make nanoparticles water soluble. Photosensitizers can either be loaded into the lipid 

layer through hydrophobic interactions or tethered onto the surface through covalent coupling. For 

instance, Kaščáková et al. reported a liponanoparticle containing GdEuC12 micelles and hypericin 

[40]. The particles were prepared through micro-emulsion by mixing an aqueous solution 

containing GdCl3 and EuCl3 and a solution containing a C12 ligand. The resulting GdEuC12 

micelle solution was then mixed with a stock solution of hypericin, and the photosensitizer 

hypericin was directly incorporated into the hydrophobic core.  

Another common strategy is coating nanoparticles with a layer of silica. This approach 

applies for nanoparticles made from both bottom-up and top-down methods. Silane derivatives 

such as (3-aminopropyl) triethoxysilane (APTES) and (3-mercaptopropyl) trimethoxysilane 

(MPTS) can be mixed with tetraethoxysilane (TEOS) as coating precursors to introduce functional 

groups such as primary amine and thiol onto the silica surface. The resulting nanoparticles can be 

PEGylated and/or coupled with photosensitizers as well as other functional molecules. For 

instance, Wang et al. coated LiLuF4:Ce nanoparticles with silica using TEOS, and further modified 

them with Ag3PO4 nanoparticles and a cisplatin prodrug by covalent binding [41, 42]. Ag3PO4 

nanoparticles were introduced as photosensitizers and attached strongly to surface amino groups. 

A cisplatin prodrug Pt(IV) was tethered to the surfaces of the Ag3PO4 nanoparticles, acting as 
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sacrificial electron acceptors and improving hydroxyl radical (·OH) generation. Alternatively, 

particle surfaces can be coated with a layer of mesoporous silica, into which photosensitizers can 

be loaded. For instance, we synthesized LiGa5O8:Cr using sol-gel reactions and ball-milled the 

material down to nanoscale particles. The resulting nanoparticles were coated with mesoporous 

silica, into which a photosensitizer 2,3-naphthalocyanine was loaded [43]. Sun et al. employed an 

ion-incorporated method where metals such as Zn, Mn, and Eu were loaded into mesoporous silica 

to form silicate nanoscintillators [44]. The surface of the silica was further coordinated with rose 

bengal and arginylglycylaspartic acid (RGD) peptide to achieve final mesoporous silicate 

nanoscintillators. 

While small molecule photosensitizers are most common, inorganic materials such as ZnO 

and TiO2 can also function as photosensitizers and have been explored to construct X-PDT agents. 

Yang et al. synthesized TiO2 nanoparticles via the sol-gel method and doped carbon atoms into the 

anatase lattice to narrow the nanoparticle band gap [45]. The resulting carbon-doped TiO2 

nanoparticles can be activated by X-rays to produce ROS and kill cancer cells. Zhang et al. 

similarly synthesized Ce3+-doped LiYF4 nanoparticles by thermal decomposition and coated them 

with silica [30]. MPTS was mixed with TESO during silica coating so that the resulting 

nanoparticles presented thiol groups on their surfaces. Zn2+ was first immobilized onto particle 

surfaces via interactions with thiol groups, and then grown into a ZnO shell by supersonic 

treatment. The particle surface was further modified with PEG to improve biological compatibility.  

Unlike conventional scintillators, nanoscale metal organic frameworks (nMOFs) are constructed 

from metal binding sites and coordinated organic ligands [36, 37, 46-48]. During synthesis, 

photosensitizer molecules can be directly embedded into nMOFs with high loading capacity and 

accuracy. For instance, Liu et al. reported a nMOF composed of hafnium (Hf4+) and tetrakis (4-
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carboxyphenyl) porphyrin (TCPP) [49], where TCPP serves as both a photosensitizer and a 

coordinating ligand. The nMOFs were further coated with poly(maleic anhydride-alt-1-

octadecene)-poly(ethylene glycol), an amphiphilic polymer. The same group also synthesized 

several other nMOF-based X-PDT agents using a similar strategy [26, 36, 47, 50-52]. 

 

1.5 X-PDT nanoplatforms and their applications 

As discussed, nanoscintillators made of lanthanide fluorides [28-30], lanthanide oxides 

[31, 32], quantum dots [33-35], and nanoscale metal-organic framework (nMOFs) [36, 37, 53-55] 

have been prepared and subsequently coupled with or adsorbed onto matching photosensitizers. 

The X-PDT mediated anti-cancer potency of these conjugates has been tested both in vitro and in 

vivo. 
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Figure 1.3 In vitro and in vivo assessments of X-PDT. (a) A good overlap between X-ray induced 

luminescence of a scintillator (SAO) and the absorbance of a photosensitizer MC540 is essential for 

successful X-PDT. (b) Dose-dependent radical generation can be evaluated in solutions using sensors such 

as 4-nitroso-N,N-dimethylaniline (RNO). (c,d) Clonogenic (c) and viability (d) assays are commonly used 

to evaluate X-PDT efficacy in vitro. (e) Animal studies are often performed to evaluate the efficacy and 

safety of X-PDT in vivo. [Reprinted with permission from Chen et al. (2015), Lan et al. (2017) and Sun et 

al. (2019). Copyright 2015, 2017 and 2019 American Chemical Society and WILEY‐VCH Verlag GmbH 

& Co. KGaA, Weinheim] 

 

1.5.1 Lanthanide fluorides and oxides 

Multiple lanthanide fluorides have been used as scintillators, and they were some of the 

first to be tested for X-PDT. For instance, LaF3:Tb exhibits strong X-ray luminescence at ~540 

nm. Liu et al. constructed LaF3:Tb-MTCP nanoparticles and showed that the conjugates under X-

ray irradiation can quench anthracenedipropionic acid, a chemical sensor responds to singlet 

oxygen [39]. This study represents one of the earliest proof-of-concept of X-PDT. In another 

instance, Tang et al. synthesized mesoporous LaF3:Tb nanoparticles using a hydrothermal reaction  

and loaded rose bengal into the pores of the particle surface [29]. Steady-state spectrum and 

fluorescence delay dynamic analysis confirmed that LaF3:Tb nanoparticles activated the 

photosensitizer through the fluorescence resonance energy transfer (FRET) process with an 

impressively high 1O2 production efficiency of 85%. 

Clement et al. showed that CeF3 nanoparticles, either uncoated or adsorbed with 

verteporfin, generated 1O2 under 8 keV of X-ray irradiation [56]. The 1O2 quantum yield was as 

high as 0.79 ± 0.05. According to their estimates, the 1O2 generated from the CeF3-verteporfin 

conjugates over 60 Gy administered via 6 MeV and 30 KeV beams were (1.2 ± 0.7) × 108 per cell 
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and (2.0 ± 0.1) × 109 per cell, respectively. According to Niedre et al, 5 × 107–2 × 109 1O2 per cell 

are sufficient to induce cell death [57]. These results suggest that CeF3-verteporfin conjugates may 

significantly enhance radiotherapy.  

More recently, Zhang et al. studied LiYF4:Ce nanoparticle-based X-PDT [30]. Specifically, 

LiYF4:Ce nanoparticles were coated with SiO2 and then ZnO in a core/shell/shell structure. The 

resulting nanoparticles form electron–hole pairs in the ZnO shell under irradiation, which in turn 

produce ROS such as hydroxyl radicals, as indicated by effective methylene blue quenching. When 

tested in HeLa tumor-bearing mice, the nanoparticles potently mediated X-PDT and cause almost 

complete tumor eradication.  

Wang et al. reported that LiLuF4:Ce nanoparticles can be coated with SiO2 and then 

covalently decorated with Ag3PO4 nanoparticles and a cisplatin prodrug Pt(IV) [41]. In vitro 

experiments confirmed efficient production of ·OH under both normoxic and hypoxic conditions. 

Balb/c nude mice were inoculated with HeLa cells, generating tumors into which nanoparticles 

injected prior to 4 Gy of X-ray irradiation. Compared to radiation alone, nanoparticles plus 

radiation more efficiently killed cancer cells and abrogated tumor growth. 

Similar to lanthanide fluorides, lanthanide oxides are commonly exploited as scintillators 

for X-PDT. For instance, Bulin et al. synthesized Tb2O3 nanoparticles via the sol-gel method and 

coated them with a polysiloxane layer [31]. The nanoparticles were then covalently coupled with 

porphyrin. Time-resolved laser spectroscopy coupled with 1O2 probes confirmed that the 

nanoparticle conjugates produce 1O2 under X-ray radiation.   

Scaffidi et al. conjugated Y2O3 nanoparticles with TAT, a cell-penetrating peptide, and 

psoralen, a photosensitizer [32]. Y2O3 nanoparticles emitted UV light after absorbing X-ray 

radiation, activating psoralen and causing the cross-linking of adenine and thymine residues in 



 

14 

DNA. When tested in vitro against PC-3 cells, Y2O3-psoralen conjugates under irradiation more 

efficiently killed cancer cells than psoralen-free Y2O3 nanoparticles. Vadim et al. synthesized 

Y2O3:Eu and Y3Al5O12:Eu particles using the Pechini method and self-propagating high-

temperature synthesis [58, 59]. These nanoparticles exhibited 610 nm X-ray luminescence and 

when physically mixed with photosensitizers such as silicon phthalocyanine, destroyed fibroblasts 

under X-ray irradiation in vitro with almost zero colonies survived.  

1.5.2 Ceramics 

Many promising ceramics have been employed as scintillators for X-PDT. For instance, 

we synthesized ~80 nm SrAl2O4:Eu nanoparticles by ball milling,  and we coated them with a layer 

of solid silica which protected the core from aqueous degradation [25, 60]. Subsequently, a 

mesoporous silica shell was imparted, into which MC540, a photosensitizer, was loaded. We 

confirmed that SrAl2O4:Eu nanoparticles can convert X-rays to visible photons, which thereby 

activate MC540 to produce cytotoxic 1O2. Studies in nude mice bearing H1299 human non-small 

cell lung carcinoma-derived and U87MG human glioblastoma-derived tumors both demonstrated 

the therapeutic efficacy of M-SAO@SiO2 nanoparticles. After X-PDT, the tumors of treated mice 

were impalpable after 16 days, whereas tumors in control mice grew to termination (> 1.7 cm in 

diameter).  

Rossi et al. synthesized hybrid core/shell SiC/SiOx (1.8 < x < 2) nanowires using chemical 

vapor deposition [61]. These nanowires were conjugated with a tetracarboxyphenyl porphyrin 

derivative using click-chemistry. When irradiated with 6 MV beams, the nanowires generated 1O2 

even at relatively low doses (e.g. 0.4–2 Gy). Clonogenic assays with A549 cells showed that X-

PDT via the SiC/SiOx nanowires reduced colony formation. Sun et al. developed a simple and high 

throughput method to synthesize metal-doped silicate nanoparticles, which are also good 
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scintillators [44]. By adjusting the choice of metal dopant (e.g Zn, Mn, Eu), the luminescence of 

the silicate nanoscintillators was able to be tuned between 450-900 nm. These nanoparticles were 

coupled with Rose Bengal and RGD, a tumor targeting ligand. When tested in a U87MG tumor 

model, silicate nanoparticles plus irradiation led to 98.1% tumor inhibition relative to radiation 

alone.  

We also studied LiGa5O8:Cr, which emits near-infrared X-ray luminescence [43]. Briefly, 

bulk LiGa5O8:Cr was first synthesized through a sol-gel a reaction, and ground to ~100 nm 

nanoparticles by ball milling. The nanoparticles were then coated with mesoporous silica and 

loaded with 2,3-naphthalocyanine, a photosensitizer whose excitation matches the emission of 

LiGa5O8:Cr. Unlike most scintillators whose luminescence is short-lived, LiGa5O8:Cr emits strong 

afterglow even hours after irradiation. This allows sustained production of radicals, which enhance 

treatment. The NIR luminescence also permits in vivo tracking of the LiGa5O8:Cr nanoparticles, 

making concomitant therapeutic monitoring possible. In a proof-of-concept study, LiGa5O8:Cr-

naphthalocyanine nanoparticles were coupled with cetuximab, an anti-EGFR antibody, and 

intravenously injected into an orthotopic lung cancer model established with H1299 cells. The 

nanoparticles selectively accumulated in tumors by targeting epidermal growth factor receptor, 

which was specifically monitored by tracking the afterglow of the nanoparticles. Compared to 

radiation alone, LiGa5O8:Cr-naphthalocyanine nanoparticles plus X-rays significantly retarded 

tumor growth. This is the first demonstration showing that systemically administered scintillators 

can mediate X-PDT to improve radiotherapy against deep-seated tumors.  

1.5.3 Quantum dots 

Quantum dots (QDs) are semiconductor nanoparticles. Owing to the quantum confinement 

effect, many QDs are good scintillators and exhibit superior light yield [62-65]. While QDs are 
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predominantly investigated as fluorescence tags, their potential in X-PDT has also been 

demonstrated.   

As early as 2007, Takahashi et al. tested the feasibility of using CdTe and CdSe QDs to 

mediate X-PDT [14]. They observed that 20-170 keV photons were efficiently attenuated (up to 

90%) when they traversed CdTe or CdSe nanoparticle solutions with concentrations varying 

between 0.01 and 100 wt%. The QDs produced ROS in a dose-dependent manner when coupled 

with dihydroethidium. Clonogenic assays with HeLa suggested that the nanoparticles function as 

radiosensitizers. Later, Lemon et al. prepared nanoparticle conjugates made of Pd-porphyrin and 

CdSe QDs and confirmed energy transfer and porphyrin activation under UV light irradiation both 

experimentally and theoretically [66]. Ma et al. studied ZnS:Cu,Co QDs for X-PDT [34]. These 

nanoparticles were conjugated with tetrabromorhodamine-123. Successful conjugation and energy 

transfer were supported by diminished nanoscintillator emission and concomitant increase of 

photosensitizer emission. ZnS:Cu, Co nanoscintillators exhibit afterglow, eliciting consistent 

photosensitizer activation and 1O2 production after X-ray irradiation has ended. The afterglow also 

permitted the visualization of cells under 2 Gy X-ray excitation, indicating its potential as a light 

source for tumor imaging.  

1.5.4 nMOFs 

The Lin group first reported the synthesis of nMOF-based X-PDT agents via a post-

synthetic metalation method. These were constructed with [Hf6O4(OH)4(HCO2)6] and a 

photosensitizer ligand, such as tricarboxylate derivatives of Ir[bpy(ppy)2]
+ or [Ru(bpy)3]

2+. The 

authors found that the nanoparticles efficiently mediate X-PDT against colon cancer cells [53]. 

Heavy metal Hf-based secondary building units can be excited by X-rays, indirectly activating the 

photosensitizer embedded in the matrix. The nMOFs feature an ultrathin 2-D structure (ca. 1.2 nm 
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in thickness and 500 nm in diameter) and benefit from enhanced diffusion of 1O2 generated within 

the particles. Solution-based study confirmed that 1O2 production depends on the dose of radiation 

administered, and Hf MOFs appeared to generate more 1O2 than their Zr counterparts. Studies with 

colon adenocarcinoma cells and tumor bearing animals demonstrated impressive treatment 

efficacy, establishing nMOFs as attractive X-PDT agents. 

The same group later reported a series of hafnium-based nMOFs, including those fabricated 

using 5,15-di(p-benzoato)porphyrin (DBP) and 5,10,15,20-tetra(p-benzoato)porphyrin (TBP) as 

the bridge ligands [47]. They injected nanoparticles intratumorally into TUBO and CT26 tumor-

bearing mice and gave the animals 2-Gy of radiation daily for 5 days. Tumors were completely 

eradicated after 30 days. Interestingly, the treatment also elicited an anti-tumor immune response. 

nMOFs encapsulated with an inhibitor of the immune checkpoint enzyme indoleamine 2,3-

dioxygenase (IDO) generated an impressive abscopal effect, causing regression of distant tumors.  

The Lin group also developed nMOFs which target a specific organelle, such as the 

mitochondria [26]. Specifically, they prepared a tris(2,2’-bipyridyl)ruthenium(II) [Ru(bpy)3
2+]-

based hafnium nMOFs with a diameter less than 100 nm. The nanoparticles carry positive charge 

on their surfaces due to the delocalized lipophilic cation Ru(bpy)3+, prompting their intra-

mitochondrial accumulation. In vitro studies with colon adenocarcinoma cells showed a significant 

drop in viability when treated with the nMOF plus X-ray combination. The REF10 value, which 

measures radiation enhancement at the dose which produces 10% survival, is 2.68, compared to 

1.50 when cells were treated with nMOFs lacking the Ru photosensitizer. Interestingly, 

mechanistic studies also confirmed mitochondrial membrane depolarization, cytochrome c release, 

and the induction of intrinsic apoptosis. Impressive in vivo results were obtained with a modest 

fractional dose (1 Gy per fraction and 6 fractions in total).  
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In summary, nanoparticles made of conventional scintillator materials have been 

synthesized and coupled with photosensitizers to enable X-PDT. Moreover, new nanomaterials 

based on nMOFs are constructed for X-PDT applications.  

 

Table 1. Summary of X-PDT studies 

Publication Year Dose Transducer Size /nm Photosensitizers Attachment 

strategy 

Exp. subject Ref. 

2006 N/A LaF3:Ce, LuF3:Ce, CaF2:Mn, 

CaF2:Eu, BaFBr:Eu, BaFBr:Mn, 

CaPO4:Mn 

ZnO, ZnS, TiO2 

N/A N/A N/A concept [11] 

2009 0.1-100 Gy LaF3:Ce, LuF3:Ce, CaF2:Mn, 

CaF2:Eu, BaFBr:Eu, BaFBr:Mn, 

CaPO4:Mn 

ZnO, ZnS, TiO2 

N/A photofrin, 

fullerenes, TiO2 

N/A in solution & in 

silico 

[15] 

2015 100/500 keV Gd2O3, Gd2O2S, Lu2O3, CdSe, InP 100 N/A N/A in solution & in 

silico 

[67] 

2008 250 kV, 0.44 Gy·min-1 LaF3:Tb 15 MTCP covalent binding in solution [68] 

2015 75 kV, 20 mA LaF3:Tb 39 rose bengal covalent binding in solution [29] 

2015 75 kV, 20 mA LaF3:Tb 

@SiO2 

40 rose bengal covalent binding in solution [69] 

2013 44 kV, 40 mA, 14.6 Gy Tb2O3 3 porphyrin covalent binding in solution [31] 

2015 400 mA, 1015 photons·s-1 GdEuC12 micelles 4.6 hypericin physical loading in solution [40] 

2016 40 kV, 15 mA [M6Li
8La

6]n complexes N/A self complex in solution [70] 

2021 50 kV, 80 μA NaLuF4:Dy3+,Gd3+ 11.1 rose bengal and 

merocyanine 540 

pore loading in solution [71] 

2007 1-10 Gy TiO2, ZnS:Ag, CeF3, CdTe and 

CdSe 

N/A self N/A HeLa cells (in 

vitro) 

[14] 

2011 120 kVp, 20 mA Gd2O2S:Tb 20 μm photofrin II co-location glioblastoma cells 

(in vitro) 

[72] 

2011 2 Gy Y2O3 12 psoralen physical 

attachment 

PC3 cells (in 

vitro) 

[32] 

2014 120 kV, 2 Gy ZnS:Cu,Co 4 TBrRh123 covalent binding PC3 cells (in 

vitro) 

[34] 

2015 6 MV, 2 Gy SiC/SiOx nanowires 20 H2TPACPP covalent binding A549 cells (in 

vitro) 

[61] 
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2020 320 kV, 4 Gy Gold nanoparticles in liposomes 

(Lipo-VP-Au) 

10, 5 verteporfin physical loading HCT116 cells and 

CCD841 CoN 

cells (in vitro) 

[73] 

2020 100 kV or 6 MV, 100-400 

cGy 

TiO2-MSN 70-110 PpIX Pore loading HT-29 cells (in 

vitro) 

[74] 

2020 130 kV, 5 mA, 4 Gy CaF2:Ln (Tb or Eu) 13.4 N/A N/A CT26 cells (in 

vitro) 

[75] 

2021 320 kV, 4 Gy 

 

PLGA–VP–PFOB (secondary 

electrons from tissue) 

100-140 verteporfin physical loading PANC-1 cells (in 

vitro) 

[76] 

2021 320 kV, 10 mA, 5 Gy AGuIX@Tb 11 5-(4-carboxyphenyl 

succinimide ester)-

10,15,20-triphenyl 

porphyrin (P1) 

covalent binding U-251 MG cells 

(in vitro) 

[77] 

2015 220 keV, 8 Gy LiYF4:Ce 40 ZnO coating animal (i.t.) [30] 

2016 5 Gy SrAl2O4:Eu@mSiO2 73.5 MC540 pore loading animal (i.t.) [25] 

2018 80 kV, 4 Gy LiLuF4:Ce 30 Ag3PO4-Pt(IV) coordination animal (i.t.) [41] 

2017 120 kV, 20 mA [Hf6O4(OH)4(HCO2)6] SBUs 500 Ir[bpy 

ppy)2]+ [Ru(bpy)3]2+ 

post-synthetic 

metalation 

animal (i.t.) [53] 

2018 5 × 0.5 Gy Hf6 SBUs, Hf12 SBUs 295.3, 91.3 Ir(DBB)[dF(CF3)ppy]

2
+ 

post-synthetic 

metalation 

animal (i.t.) [78] 

2015 50 kV, 70 μA, 0.5 Gy SrAl2O4:Eu 150 MC540 pore loading animal (i.t.) [60] 

2019 90 kV, 30 mA, 5 Gy pHLIP-Cu-Cy 200 Self covalent binding animal (i.t.) [79] 

2019 0.5 or 1 Gy·fraction-1 Hf-DBP nMOL 150 Self post-synthetic 

metalation 

animal (i.t.) [52] 

2020 8 Gy Y2O3:Eu@SiO2 160 N/A N/A animal (i.t.) [80] 

2020 4 Gy PLGA-gold nanocarrier 160 verteporfin covalent binding animal (i.t.) [81] 

2017 50 kV, 70 μA, 5 Gy LiGa5O8:Cr 100 NC pore loading animal (i.v.) [43] 

2018 50 kV, 60 µA, 0.18 Gy ZnGa2O4:Cr/W 15 ZnPcS4 pore loading animal (i.v.) [82] 

2018 250 kVp, 15 mA Hf-DBB-Ru 98 DBB-Ru coordination animal (i.v.) [26] 

2019 50 kV, 70 μA, 6 Gy Gd2(WO4)3:Tb 50 MC540 physical 

attachment 

animal (i.v.) [83] 

2019 50 kV, 70 μA, 1 Gy Zn2SiO4:Mn 30-120 rose bengal bioconjugation animal (i.v.) [44] 

2019 80 kV, 10 mA, 0.08 

Gy/min 

TiO2:C 300 TiO2 post-synthetic 

metalation 

animal (i.v.) [45] 

2019 1 Gy·fraction-1 W18@Hf12-DBB-Ir 114.8 DBB-Ir post-synthetic 

metalation 

animal (i.v.) [51] 

2020 2 Gy GNRs@mSiO2−EuBA 86, 51.2 Hematoporphyrin 

(HP) 

covalent binding animal (i.v.) [84] 

2020 2 Gy Polyoxomolybdate (POM) 

nanoclusters 

5.9 rose bengal pore loading animal (i.v.) [85] 
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2020 50 kV, 70 μA, 1 Gy gold clustoluminogens (AIE-Au) 68.2 rose bengal bioconjugation animal (i.v.) [86] 

2020 50 kV, 70 µA, 4 Gy Zn3Ga2GeO8:Cr3+, Yb3+, Er3+ 

(mZGGOs) 

100 silicon phthalocyanine 

(Si-Pc) 

pore loading animal (i.v.) [87] 

2020 6 Gy NaGdF4:Tb,Ce@NaGdF4 19 rose bengal bioconjugation animal (i.t.) [88] 

2018 0.5 Gy·fraction-1 DBP-Hf, TBP-Hf nMOFs 72 self post-synthetic 

metalation 

animal (i.t.& i.v.) [47] 

2018 1 Gy·fraction-1 Hf-DBB-Ru nMOFs 98 Ru(bpy)3
2+ post-synthetic 

metalation 

animal (i.t.& i.v.) [26] 

 

 

1.6 Singlet oxygen production for effective cancer cell killing 

To effectively kill nearby cancer cells, the amount of singlet oxygen generated needs to 

fulfill the estimated threshold called Niedre killing dose[15]. Here we utilized an established model 

elsewhere to calculate the scintillation yield of the nanoparticles.   

Equation: N1O2 = 3.2D* Mv * Φ1O2 

i. Where N1O2 is number of Singlet oxygen molecules generated per cell 

ii. D is the X-ray dose in Gy delivered 

iii. M (unitless) is the absorption of the nanoparticle cores relative to that of tissue and is 

strongly dependent on incident X-ray energy 

iv. v is the volume fraction of the cell occupied by the nanoparticle cores, also unitless 

v. Φ1O2 denotes the efficiency with which incident X-ray energy is converted into singlet 

oxygen (in units of molecules of singlet oxygen generated per MeV absorbed X rays) 

vi. The conversion factor 3.2 arises from the conversion between Gy and MeV 

Based on the Niedre killing dose, the number of singlet oxygens need to approach 5.6 × 

107 molecules per cell, and a typical concentration of singlet oxygen causing effective cytotoxic 

would be: 5 × 107–2 × 109 molecules per cell. 
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1.6.1 Cellular uptakes of nanoparticles 

To better understand the cancer cell killing effect, here we made several assumptions to 

simplify our calculations. 

i. Assume a spherical cell 10 μm diameter (density 1 g/ml).  

Total volume based on 4/3*Πr3 = 523.33 μm3 = 5.23*10-7 mm3 

ii. Here we pick up CsI nanoparticles for example. Assume we have 200 ug/ml with 50 ul = 

10 ug CsI solutions (ρCsI = 4.51 g/cm3) and only 1.0 ug (10%) goes into tumors. 

The volume of particles would be = 1.0/4.51* 103=221.72 μm3  

iii. # of nanoparticles per cell = 1/252*6.02*1023*10-9*10-6 = 2.38* 106  

iv. Assuming we have 106 cells for 4.186 mm3 tumor.  

Then for a tumor of 50 mm3   we have 11.93*106 cancer cells = 4188.79 μm3 

v. The volume fraction v would then be = 221.72/4188.79 = 5.29 % 

vi. Among the volume of cancer cells, we also have a volume ratio of 10 % for cell nucleus, 

which would then be: (1-5.29%) *10% = 9.471 % volume ratio. 

1.6.2 Radiation ratio of RT versus PDT 

ρCsI = 4.51 g/cm3 

ρt densities of the nanoparticle core and the surrounding tissue = 1.1 g/cm3 

μI, μCs and μt are mass energy absorption coefficients for the respective elements and for soft 

tissue 

i. For 16 MeV 

μI=2.98*10-2   μCs= 3.026*10-2      μt= 1.4*10-2 

M = ρCsI/ρt*(0.488μI+0.512uCs)/ μt = 4.1*(0.488*2.98+0.512*3.026)/1.42= 8.672 
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In view of the radiation ratio of PDT versus RT = M*5.29 %/9.471 % = 4.84 or approximately 5:1 

ratio 

ii. For 50 KV 

μI=6.573    μCs= 6.618    μt= 3.99*10-2 

M = ρCsI/ρt*(0.488μI+0.512uCs)/ μt = 4.1*(0.488*6.573+0.512*6.618)/0.0399= 678.299 

In view of the radiation ratio of PDT versus RT = M*5.29 %/9.471 % = 378.86 or approximately 

400:1 ratio. 

1.6.3 Limit of light yield: an energy transfer from NPs to PS 

Yield= S* C*P 

i. S= light yield of Scintillator   41 ph/KeV * 50 % photons for 380-420 nm = 2.1 * 104 

ph/MeV 

ii. C= energy transfer from particle to PS   (> 0.75 for FRET)   Supposed to be 0.7 for our 

case and need to be proofed by experiment 

iii. P= efficiency with which the excited photosensitizer generates singlet oxygen (usually > 

0.89, for PPIX we take 0.56) 

1.6.4 Singlet oxygen generation efficiency 

For perfect energy transition, one cell absorbs 1 MeV X-ray energies and can convert to 

3.23*105 photons/MeV (400 nm light 3.1 eV) Based on Luminescence spectrum of CsI:Na, 

assuming 50% photons locate at 380- 420 nm    

S yield = 1.62 *105 photons/MeV 

Suppose we have same concentration of PPIX in each cell with a singlet oxygen generation 

quantum yield of 0.56, ALA induce the concentration of PPIX to be 4 times higher, then for PPIX 

it can generate = Yield= S* C*P = 3.23*105 * 0.5* 4 *0.7 * 0.56 = 2.532 *105  
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i. For 50% energy conversion and 60 Gy 

50 KV      Equation: N1O2 = 3.2D* Mv * Φ1O2= 3.2*60*678.299*0.0529*1.62*105 = 4.38*108 

16 MV      Equation: N1O2 = 3.2D* Mv * Φ1O2= 3.2*60*8.672*0.0529*1.62*105 = 5.59*106 

  

ii. For CsI light yield and 60 Gy 

50 KV      Equation: N1O2 = 3.2D* Mv * Φ1O2= 3.2*60*678.299*0.0529*2.1*104 = 5.67*107 

16 MV      Equation: N1O2 = 3.2D* Mv * Φ1O2= 3.2*60*8.672*0.0529*2.1*104 = 7.25*105 

 

 

Figure 1.4 Calculated singlet oxygen generation under 60 Gy 

 

1.6.5 Discussion of X-PDT with respect to its RT and PDT component 

i. Under low X-ray power (50 KV): 

It seems a high number of energies (400:1) was absorbed and functionalized through PDT 

process. Previous calculations have shown that under 50 KV and 60 Gy X-ray dose, the PDT part 
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in X-PDT can reach the Niedre killing dose for an effective amount of singlet oxygen generation 

related to cell death. Besides, the RT itself might promote the treatment efficacy by breaking DNA 

double-strand and lead to cell death. Furthermore, it is worth mentioning that our nanoparticles 

have XEOL properties with its spectrum starting from ultraviolet part. The light localized around 

420 nm can be utilized for PDT while those ultraviolet light either from scintillator or unknown 

particles in the complex microenvironment, instead of motivating photosensitizers, can be 

potentially applied for direct DNA damage. Needless to say, thermal effect, scattering, and other 

radicals that could potentially occur during X-PDT. 

Thus, we think under low X-ray power, PDT part dominates. And with the addition of RT 

and a series of scattering, thermal effect, radicals, X-PDT eventually results in an observed 

synergistic efficacy superior to RT or PDT alone. 

 

ii. Under high X-ray power (16 MeV): 

The energy ratio regarding PDT and RT is approximately 5: 1. Previous calculations also 

indicate that under such a high power, the amount of singlet oxygen generated through PDT in this 

progress was only 1 % compared to the Niedre killing dose. 

Thus, under high X-ray power, the treatment works more like a RT progress with the 

decoration of PDT and a series synergistic effect derived from the complicated microenvironment. 
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CHAPTER 2 

Ultrathin gold nanowires to enhance radiation therapy1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1 Reprinted with permission from Fangchao Jiang*, Lin Bai*, Renjie Wang, Chaebin Lee, Hui 

Wang, Weizhong Zhang, Wen Jiang, Dandan Li, Bin Ji, Zibo Li, Shi Gao, Jin Xie, and Qingjie 

Ma. Accepted by Journal of Nanobiotechnology. 2020, 18, 131. * Authors contributed equally to 

this work* 
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ABSTRACT 

Radiation therapy (RT) is a main treatment option for cancer. Due to normal tissue toxicity, 

radiosensitizers are commonly used to enhance RT. In particular, high-Z nanoparticles, such as 

gold nanoparticles, have been investigated as radiosensitizers. So far, however, the studies have 

been focused on gold nanospheres (GNSs). In this study, we assessed the potential of ultra-thin 

gold nanowires (GNWs) as a radiosensitizer, which is the first time. Ultrathin gold nanowires 

(GNWs) and gold nanospheres (GNSs) were synthesized and further characterized by DSPE-

PEG(2000) Amine. Those materials were then dispersed in PBS for in vitro and in vivo studies. 

For in vitro studies, GNWs or GNSs solution was mixed with RPMI cell culture medium and 

incubated together with 4T1 cells. X-ray was applied as radiation source. Our studies showed that 

GNWs are superior to GNSs with regards to enhancing radical production under radiation. In vitro 

analysis found that GNWs could stick to the plasma membrane and elevate lipid peroxidation and 

intracellular oxidative stress under radiation. When tested in vivo, GNWs led to improved tumor 

suppression by RT relative to GNSs. GNWs may be gradually reduced to form GNSs and shorter 

gold nanowires, which benefits repeated radiation. Our studies suggest that GNWs are as a 

promising type of radiosensitizer, which can be safely injected into tumors to enhance 

radiotherapy. While the current study was conducted in breast cancer models, the approach can be 

extended to the treatment of other cancers.   

 

 

 



 

27 

2.1 Introduction 

External radiotherapy (RT) remains a mainstay cancer treatment method. Radiotherapy 

exploits ionizing radiation such as X-rays to damage DNA and lipids, eventually causing cancer 

cell death.[89, 90] However, the amount of radiation one can receive is limited by normal tissue 

exposure and the toxicity it may cause.[91] To improve tumor control at a given radiation dose, 

radiation modifiers are often used.[92] One promising type of radiosensitizer is heavy-metal or 

high-Z nanoparticles.[93] Possessing high atomic number elements and large mass energy 

coefficients, heavy-metal nanoparticles can enhance local photoelectric interactions and Auger 

effects, leading to elevated energy deposition and improved RT outcomes.[94-97] A common 

approach is to directly administer high-Z nanoparticles into tumors to boost RT efficacy. One 

example is hafnium oxide nanoparticles, which are being tested in the clinic for soft tissue sarcoma 

and head and neck cancer.[98-100] Another widely explored high-Z element is gold.[101, 102] A 

number of groups have reported on radiosensitizing effects of gold nanoparticles under both kV 

and MV beams.[103, 104] So far, most of the studies are performed with spherical gold 

nanoparticles,[104, 105] although gold nanorods[106-108] and nanospikes[107] have also been 

tested.  

Herein we investigate gold nanowires (GNWs) as a novel type of high-Z radiosensitizer 

(Scheme 1). Briefly, we synthesized GNWs through a reverse micelle reaction and coated them 

with a layer of positively charged phospholipid, (1,2-distearoyl-sn-glycero-3-phosphoethanol-

amine-N-[amino(polyethylene glycol)-2000]), or DSPE-PEG (2000) Amine. The resulting GNWs 

possess a small diameter and a length of 1-3 μm. We assessed whether GNWs could enhance 

radiotherapy in vitro and in vivo and compared the results with gold nanospheres (GNSs). Our 

results suggest that GNWs afford superior radiosensitizing effects to GNSs, with much of the 
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damage attributable to their ability to enhance lipid peroxidation. We also found that GNWs can 

be slowly reduced by glutathione to form smaller particles or truncated nanowires. This potentially 

provides a mechanism for sustained release of gold nanoparticles, benefiting RT that often 

involves multiple radiation sessions. To the best of our knowledge, GNWs have rarely been 

explored for bio-applications, and have never been investigated for radiation therapy. 

 

Figure 2.1 Schematic illustration of GNW-based radiosensitizing effects that enhance RT.    

2.2 Material and method 

Materials 

Gold chloride trihydrate (HAuCl4 · 3H2O, ≥99.9%, Sigma), tri-isopropylsilane (C9H22Si, 98%, 

Sigma), L-Glutathione reduced (C10H17N3O6S, ≥98.0%, Sigma), hexane (C6H14, ≥99%, Sigma), 

oleylamine (C18H35NH2, technical grade, 70%, Sigma), toluene (C7H8, anhydrous, 99.8%, Sigma), 

Methylene blue (C16H18ClN3S · xH2O, powder, ≥82%, Sigma) were purchased from Sigma-

Aldrich. The other chemicals include chloroform (CHCl3, ≥99.8%, Fisher Scientific), 3’-(p-

aminophenyl) fluorescein (APF, Life Technologies), Singlet Oxygen Sensor Green (SOSG, Life 
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Technologies), Superoxide dismutase assay kit (SOD, Cayman Chemical), Phosphate Buffer 

saline (PBS, pH 7.2), Milli-Q Water (H2O, 18.2 MΩ.cm@25℃), ATPlite 1step kit (ATP, 

PerkinElmer), TBARs assay kit (TBARs, Cayman Chemical).  

Synthesis of gold nanowires (GNWs) 

The gold nanowires were synthesized according to a published protocol with 

modifications.[109] Briefly, 22 mg HAuCl4∙3H2O was mixed with 0.738 mL of oleylamine and 

20 mL of hexane. The solution was vigorously stirred at room temperature until a homogeneous 

solution was formed. 1.03 mL of triisopropylsilane was then added into the solution and mild 

stirring was applied. The final solution was kept still at room temperature for 12 hours. Gold 

nanowires were collected by centrifugation at 6,000 rpm for 20 minutes and repeatedly wash with 

a toluene/ethanol 1:1 volume ratio mixture. The final product can be store in 10 mL of toluene or 

hexane. 

Synthesis of gold nanospheres (GNSs) 

Gold nanospheres were synthesized according to a published protocol.[110] Typically, 

0.2318 g HAuCl4∙3H2O was mixed with 2 mL hexane and 10 mL oleylamine in a 50 mL flask. 

The solution was kept at 80 °C under vigorous stirring and N2 gas was applied to evaporate extra 

hexane. After 5 minutes, the stirring was stopped and the solution kept still at 80 °C for 5 hours. 

Nanospheres can be collected by adding 10 mL ethanol and centrifuge at 7,000 rpm for 5 minutes. 

The final product was washed three times with ethanol, and finally stored in 10 mL hexane. 

Lipid coating of gold nanoparticles 

The as-synthesized GNWs or GNSs were coated with a layer of PEGylated phospholipid. 

Typically, 200 µL of GNWs or GNSs solution was diluted with 5 mL hexane. 160 µL of DSPE-

PEG(2000) Amine in chloroform (1 mg/mL) was then added into the solution. The solution was 
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stirred at room temperature for half an hour. Then the solvent was removed by rotorvap. Milli-Q 

Water or PBS was finally added to the vessel to redisperse the lipid coated gold nanoparticles. 

Characterizations of gold nanoparticles 

The hydrodynamic size and surface charge of the particles were characterized by DLS and 

Z-potential. The morphology and EDS element mapping of nanoparticles were assessed by both 

Scanning Electron Microscope (SEM, FEI Teneo) equipped with a EDAX EDS system and 

Transmission Electron Microscope (TEM, FEI Tecnai20, 200 kV). 

Cell culture 

4T1 breast cancer cells were used for in vitro and in vivo studies. Cells were grown in 

RPMI1640 medium supplemented with 10% FBS and 100 units/mL of penicillin (ATCC). The 

cells were maintained in a humidified, 5% carbon dioxide (CO2) atmosphere at 37 °C. 

Cell viability 

Cell viability was evaluated by ATP assay with 4T1 cells. Briefly, 4T1 cells with an initial 

density of 5,000 cells/well were seeded in a 96-well plate. After 24 h’s inoculation, the incubation 

medium was aspirated and replaced with RPMI solutions containing different concentrations of 

GNWs or GNSs. After another 24 h’s incubation, incubation medium was aspirated. 50 µL ATPlite 

1 step substrate solution was mixed with 50 µL RPMI medium and the mixture was added into 

each well. The plate was sealed and mixed for 10 minutes at room temperature before test. 

Luminescence signals were measured using a microreader (Biotek). Average luminescence 

intensity was computed and compared. For treatment with nanoparticles+X-ray, 4T1 cells with an 

initial density of 5,000 cells/well were incubated in 96-well plates. 24 hours after the inoculation, 

cell medium was replaced with 100 µL RPMI medium solutions containing GNWs or GNSs. 5Gy 

X-ray radiation was applied 24 hours after the incubation. 24 h after the irradiation, cell medium 
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was replaced with a mixture of 50 µL of ATPlite 1 step substrate solution and 50 µL RPMI. The 

plate was sealed and mixed for 10 minutes at room temperature before test. Luminescent signals 

were measured on a microreader (Biotek). Average luminescence intensity was computed and 

compared.  

Singlet oxygen quantification by SOSG assay 

SOSG assay was performed by following vendor’s protocol (ThermoFisher). Typically, 

100 µg SOSG was dissolved in 33 µL methanol to make a 5 mM stock solution. The solution was 

diluted with Milli-Q water to 5µM test solution before use. 4T1 cells were incubated in 96-well 

plates with an initial density of 5,000 cells/well. 50 µg/mL in 100 µL incubation medium was 

added after 24 h’s inoculation. After another 24 h’s of incubation, 5 Gy X-ray radiation was 

applied. Immediately after irradiation, cell medium was aspirated and replaced with 100 µL RPMI 

containing 5 µM SOSG. The plate was kept in the dark at room temperature. Fluorescence signals 

were measured on a microreader (Biotek). Excitation/emission wavelength were set at 504/525 

nm. Similar protocol was used for SOSG studies with nanoparticle solutions.  

SOD assay 

SOD activity was assessed by following the vendor’s protocol (Cayman Chemical). Assay 

buffer, sample buffer, radical detector, SOD standard, and Xanthine oxidase were from the vendor. 

4T1 cells were incubated in 96-well plates with an initial density of 5,000 cells/well. 100 µL 

medium containing 50 µg∙Au/mL GNWs or GNSs were incubated with the cells for 24 h. 5 Gy X-

ray radiation was applied. Immediately after irradiation, medium was aspired and cells rinsed with 

sample buffer. 200 µL diluted Radical Detector was mixed with 10 µL sample buffer solution and 

added to each well. Reaction was initiated with 20 µL Xanithine Oxidase solution and the 96-well 

plate was kept in dark at room temperature and shaken for 10 minutes before test. For standards, 
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the provided standard solution was diluted with sample buffer and 10 µL diluted sample buffer 

solution was mixed with 200 µL diluted Radical Detector and 20 µL diluted Xanthine Oxidase. 

Signals were measured on a microreader (Biotek). Absorbance at 450 nm was measured and 

compared to a standard curve. 

Hydroxyl radicals in solutions 

Hydroxyl radical generation was characterized by APF radical assay according to a 

vendor’s protocol (ThermoFisher). A 20 µL 5mM stock APF solution was diluted with PBS to 

make a 2 µM testing solution before test. 100 µL testing solution containing GNWs or GNSswas 

were exposed to 5 Gy X-ray radiation and kept in the dark for 30 min. The resulting solution was 

finally diluted with same amount of fresh PBS and the fluorescence (490/515 nm) was measured 

on a microreader (Biotek).  

Lipid peroxidation 

TBARs assay kit was used to detect malondialdehyde (MDA), a product of lipid 

peroxidation. 4T1 cells were incubated in 96-well plates with an initial density of 5,000 cells/well 

for 24 h. After that 100 µL medium containing 50 µg∙Au/mL GNWs or GNSs were incubated with 

the cells for another 24 h. After incubation with nanoparticles cells were irradiated with X-ray with 

dose of 5 Gy. Immediately after irradiation, the medium was aspirated and cells were rinsed with 

PBS buffer. Cells were homogenized on ice and the protein was collected and determined by BCA 

method.  In each sample, equal amount protein was mixed with TBARs reagents (50 µL sodium 

dodecyl sulfate (SDS) solution and 2 mL color reagent) and samples vials were then placed in 

boiling water for one hour. After the reaction, the vails were placed immediately in ice bath for 10 

minutes to stop the reaction. After 10 minutes, the vials were centrifuged for 15 minutes at 1,600 

g, 4 °C. 150 µL of the solution was then transferred into a new 96-well plate and data were 
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collected by reading the absorbance at 530 nm and emission at 550 nm with the help of a microplate 

reader (Biotek). 

In vivo study 

Animal studied were performed according to a protocol approved by the Institutional 

Animal Care and Use Committee (IACUC) of the University of Georgia. The animals were 

maintained under pathogen-free conditions. 4T-1 tumor model was generated by subcutaneously 

injecting 2×105 cells in 50 μL PBS into the right flank of 5-6 week old female BALB/c mice 

(Charles River). All the mice were randomly divided into 3 groups (n = 5). When the average 

tumor volume was about 100 mm3, 70 μL GNWs or GNSs in PBS (1.0 mg/mL) were 

intratumorally injected into the mice on Day 0. The injection was performed at five sites of the 

tumor to ensure good coverage.  Three doses of irradiation (3 Gy ×3) through an X-RAD 320 

system to tumors on Day 0 (1 h after injection), 1 and 2. PBS treated group with or without 

radiation was used as control. The tumor size and body weight were inspected every 3 days. The 

tumor was measured in two dimensions with a caliper, and the tumor volume was estimated as 

(length)×(width)2/2. After 28 days, animals were euthanized and the tumor were dissected into 

slices for H&E staining. 

Statistical analysis 

For in vitro study, all measurements were performed at least three times. Measured values 

were presented as mean ± SD. One tailed Student's t test was used for comparison among groups, 

with P values of 0.05 or less representing statistical significance. 
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2.3 Result and discussion 

Result 

We synthesized GNWs following a published protocol with modifications.[109] Briefly, we 

dissolved HAuCl4 along with oleylamine in hexane. The solution was vigorously stirred, and into 

the solution tri-isopropylsilane was added. After 12 h, we collected GNWs by centrifugation. 

Transmission electron microscopy (TEM) found that the as-synthesized GNWs had a diameter of 

~4 nm and a length of 1-3 μm (Figure 1a&b). GNWs tend to form bundles when deposited onto 

a substrate and the solvent was removed. This was visualized by both TEM and scanning 

transmission electron microscopy (STEM) (Figure 1b&c). Energy Dispersive Spectroscopy 

(EDS) elemental analysis confirmed that the nanowires were made of gold (Figure 1d). Dynamic 

light scattering (DLS) showed the hydrodynamic size of GNWs in hexane was 3.6 nm (Figure 

2a). This agrees well with individual nanowire diameter (Figure 1a&b).  

 

Figure 2.2 a,b) TEM image of GNWs. The long GNWs tend to form bundles when deposited onto 

a substrate. c) SEM image of GNWs, scale bar 2 μm. d) EDS spectrum of GNWs. Au is the main 

element in the nanostructure.  
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The as-synthesized GNWs were coated with a layer of oleylamine and the surface was 

hydrophobic. These GNWs can be dispersed in non-polar solvents like hexane and chloroform but 

cannot be dispersed in water. To render these GNWs dispersible in aqueous solutions, we coated 

GNWs with PEGylated phospholipid. This was achieved by mixing GNWs and DSPE-PEG (2000) 

Amine in chloroform and then removing the solvent on a rotary evaporator. The amphiphilic 

DSPE-PEG (2000) Amine was imparted onto GNWs through hydrophobic-hydrophobic 

interaction, with the PEG chains sticking outward to interact with water molecules. Adding water 

or phosphate-buffered saline (PBS) to the vessel readily redispersed the GNWs. The resulting, 

lipid coated GNWs was 45 nm in diameter (Figure 2b) with a positive surface charge of +31.1 

mV (Figure 2c). The resulting aqueous solution was stable with a wine-like hue that is similar to 

spherical gold nanoparticles (Figure 2d). For comparison, we also synthesized GNSs,[110] and 

coated the GNSs with DSPE-PEG(2000) Amine  (Figure 2d). The resulting GNSs have a core 

size of 14 nm (Figure 2e) and a similar positive surface charge of +37.1 mV (Figure 2f).  

 

Figure 2.3 a) DLS of GNWs in hexane. b) DLS of phospholipid coated GNWs in water. c) Zeta 

potential of phospholipid coated GNWs in water. d) Photos of GNWs and GNSs dispersed in 
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water. e) TEM image of GNSs, scale bar 50 nm. f) Zeta potential of phospholipid coated GNSs in 

water. 

We then analyzed the cytotoxicity of GNWs and GNSs using ATPlite viability assay in the 

absence of radiation. We incubated GNWs or GNSs with 4T1 cells at different concentrations (3.1-

500.0 μg/mL, gold concentration). After 24 h incubation, the cells were washed, incubated with 

an ATPlite solution for 10 min, and the luminescent signals were analyzed on a microplate reader. 

For both GNWs and GNSs, the toxicity was low when the concentration was below 50 μg·Au/mL 

(Figure 3a), where the cell viability remained above 80%. Interestingly, GNSs induced a 

significant cell viability drop when their concentration was above 100 µg/mL, while GNWs 

showing greater biocompatibility (Figure 3a). This toxicity of positively charged gold 

nanoparticles at high concentrations was observed by others.[111-113]  

We next examined the efficacy of GNWs as radiosensitizers. We first tested radical 

generation in PBS solutions of GNWs or GNSs (50 μg/mL Au/mL) with and without irradiation 

(5 Gy, the same below). This was assessed with aminophenyl fluorescein (APF), a florigenic 

sensor specific to hydroxyl radicals. APF radical assay showed that GNWs increased hydroxyl 

radical production by 20.8% (Figure 3b), relative to that of 2.7% for GNSs (Figure 3b). This is 

likely attributed to the relative large surface area of the thin nanowires.  
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Figure 2.4 a) Cytotoxicity of GNWs and GNSs in the absence of radiation, measured by ATP 

assay at 24 h. 4T1 cells were incubated with GNWs and GNSs at different concentrations (3.125–

500 μg∙Au/mL) for 24 h. PBS treated cells were studied as a control. b) Hydroxyl radical 

generation under RT in the presence of GNWs or GNSs (50 μg/mL), measured by APF radical 

assay.  

We then assessed the impact of GNWs+RT on intracellular radical levels. This was 

assessed with Singlet Oxygen Sensor Green (SOSG) assays in 4T1 cells, a breast cancer cell line. 

Our results showed that X-ray alone increased 1O2 level by 62.9% relative to the control (Figure 

4a). In the presence of GNSs and GNWs, the 1O2 levels were further elevated, showing an increase 

of 107.4 and 126.6%, respectively, relative to control cells. We also next assessed the impact of 

this radical enhancement to cellular oxidative stress (Figure 4b). GNWs plus radiation (5 Gy) 

drastically elevated cellular superoxide dismutase (SOD) activity to 0.244 U/mL, compared to 

0.119 U/mL for RT only. As a comparison, GNSs plus X-ray did not significantly increase the 

SOD level compared to the radiation only group (0.092 U/mL). The increase in oxidative stress 

was also confirmed by thiobarbituric acid reactive substances assay or TBRAS assay (Figure 4c), 

which measures the level of lipid oxidation. Specifically, untreated 4T1 cells showed a 
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malondialdehyde (MDA) level of 2.63 µM. This number barely changed when cells were 

incubated with GNWs or GNSs (2.83 and 2.65 µM, respectively). GNSs+RT led to a small 

increase of MDA level relative to RT alone (3.17 and 2.83 µM, respectively). Much greater lipid 

oxidation was observed when GNWs were used in combination with RT, in which case the MDA 

level was elevated to 6.81 μM.  

Subsequently, we assessed how GNWs would facilitate RT induced toxicity. This was 

evaluated in 4T1 cells using ATPlite assay (Figure 4d). Briefly, we incubated 4T1 cells with either 

GNWs or GNSs at 50 µg·Au/mL for 24 h. According to cytotoxicity studies in the absence of 

irradiation (Figure 3a), neither GNWs nor GNSs would not cause severe toxicity at this 

concentration. We then applied 5 Gy radiation to the cells, and conducted ATPlite assay 24 h later. 

We found enhanced toxicity for both nanomaterials (Figure 4d). Specifically, while RT alone had 

minimal impact of cell viability at 24 h, GNSs+RT and GNWs+RT reduced the viability to 59.6% 

and 63.5%, respectively, relative to the control.   
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Figure 2.5 a) SOSG assay, b) SOD assay, and c) TBARS assay with 4T1 cells after they were 

incubated with GNWs or GNSs (50 μg/mL) and then irradiated (5 Gy). d) Cytotoxicity of 

GNWs+RT and GNSs+RT (50 μg∙Au/mL, 5 Gy), assessed by ATP assay with 4T1 cells.   

 

Lastly, we examined GNWs+RT in vivo in 4T1 subcutaneous tumor models. Briefly, we 

inoculated 2×105 4T1 cells to the right flank of BALB/c mice. When tumor size reached ~ 100 

mm3, we intratumorally (i.t.) injected GNWs or GNSs (1 mg·Au/mL in 70 µL PBS) into the mice 

(n=5). We then delivered three doses of irradiation (3 Gy × 3) through an X-RAD 320 system to 

tumors on Day 0, 1 and 2, with the rest of the animal body lead-shielded. For controls, PBS was 

i.t. injected. GNWs+RT efficiently slowed down tumor growth, leading to a tumor inhibition rate 

(TIR) of 212.5% on Day 22 (Figure 5a). This was superior to GNSs+RT, which showed a TIR 
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value of 35.7% (P < 0.05, Figure 5a). We euthanized the animals on Day 22 and harvested tumors 

for H&E staining (Figure 5c). The staining results overall corroborate with the tumor growth, with 

the GNWs+RT group showing a significantly reduced cancer cell population in tumors. 

Meanwhile, in both treatment groups, we observed no sign of acute toxicity. No weight loss was 

observed during the whole experiment (Figure 5b).  

 

Figure 2.6 In vivo RT studies with GNWs or GNSs. a) Tumor growth curves. 4T1 bearing mice 

were i.t. injected with GNWs or GNSs (1 mg/mL in 70 µL PBS). PBS alone was studied as a 

control. *, P<0.05; **, P<0.01. b) Tumor growth curves. c) H&E staining of tumor tissues taken 

from treated animals.  

 

Discussion 

In this study, we investigated the potential of GNWs as a radiosensitizer, which, to the best 

of our knowledge, is the first time. Compared with GNSs, we observed increased production of 
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radicals under radiation in solutions. This is attributed to the relative large surface area of GNWs. 

While GNWs may be too long for direct cell uptake, our studies found that GNWs are superior to 

GNS with regard to enhancing cellular oxidative stress under radiation. This is likely attributable 

to cell-surface-bound GNWs that cause elevated lipid damage under radiation. This hypothesis 

was supported by TBARS assay results.  

In a separate study, we tested the stability of GNWs in solutions. We added into the 

incubation medium glutathione (1 mM), a thiol-containing reducing agent that is abundant in 

extracellular milieu. After the incubation, we examined the absorbance at 530 nm, which is the 

characteristic absorbance of GNSs. Our studies showed that 530-nm absorbance, which was 

characteristic of surface plasmon resonance peak, was increased over time. This indicates gradual 

degradation of GNWs, which results in the formation of shorter nanowires or GNSs. This 

hypothesis was supported by TEM analysis, finding GNWs with reduced lengths and increasing 

number of particles over incubation. Unlike small GNSs that may be quickly cleared from tumor 

areas after injection, GNWs, with their long length, may well retain in tumors after injection and 

serve as a reservoir for GNSs. Considering that repeated radiations are often adopted in clinical 

RT, the slow degradation of GNWs is considered an advantage.  

It is also possible to combine GNWs with small molecule therapeutics to further enhance 

RT. For instance, the di-layered lipid layer on GNWs can be inserted with small molecule 

radiosensitizers, such as 5-FU and paclitaxel. In that case, GNWs can also serve as a platform to 

release small molecule agents, which can synergize with gold-based radiosensitizing to achieve 

maximum therapy results. There have been extensive reports on gold nanostructures’ ability to 

absorb radio frequency[114, 115] or visible/near-infrared light[116, 117] and convert the energy 
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to heat. It is possible to exploit GNWs as a transducer to mediate radio frequency or photothermal 

therapy, along with RT. These possibilities will be evaluated in future studies.  

 

2.4 Conclusion 

Overall, our studies suggest the potential of GNWs as a novel type of radiosensitizer. 

Compared to GNSs, GNWs showed lower toxicity in the absence of radiation but higher efficiency 

to enhance radiotherapy. While the current study is performed in breast cancer models, the 

approach can be potentially extended to the treatment of other cancer types such as brain, prostate, 

and head and neck cancer.  
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CHAPTER 3 

X-RAY INDUCED RADIATION THERAPY WITH CsI(Na)@MgO NANOPARTICLES AND 

5-AMINOLEVULINIC ACID2 
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ABSTRACT 

X-ray induced photodynamic therapy (X-PDT) holds the potential to overcome the shallow 

tissue penetration issue associated with conventional photodynamic therapy (PDT). To this end, 

complex and sometimes toxic scintillator-photosensitizer nanoconjugates are often used, posing 

barriers for large-scale manufacturing and regulatory approval. Herein, we report a streamlined X-

PDT strategy based on CsI(Na)@MgO nanoparticles and 5-aminolevulinic acid (5-ALA). 5-ALA 

is a clinically approved photosensitizer, converted to protoporphyrin IX (PpIX) in cancer cells’ 

mitochondria. CsI(Na)@MgO nanoparticles produce strong ~410 nm X-ray luminescence, which 

matches the Soret band of PpIX. We hypothesize that the CsI(Na)@MgO-and-5-ALA combination 

can mediate X-PDT wherein mitochondria-targeted PDT synergizes with DNA-targeted 

irradiation for cancer cell killing. Because scintillator nanoparticles and photosensitizer are 

administered separately, the approach forgoes issues such as self-quenching or uncontrolled 

release of photosensitizers. When tested in vitro with 4T1 cells, the CsI(Na)@MgO and 5-ALA 

combination elevated radiation-induced reactive oxygen species (ROS), enhancing damages to 

mitochondria, DNA, and lipids, eventually reducing cell proliferation and clonogenicity. When 

tested in vivo in 4T1 models, X-PDT with the CsI(Na)@MgO and 5-ALA combination 

significantly improved tumor suppression and animal survival relative to radiation therapy (RT) 

alone. After treatment, the scintillator nanoparticles, made of low-toxic alkali and halide elements, 

were efficiently excreted, causing no detectable harm to the hosts. Overall, separately 

administering CsI(Na)@MgO nanoparticles and 5-ALA represents a safe and streamlined X-PDT 

approach with a potential in clinical translation.  
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3.1 Introduction 

PDT is an emerging cancer treatment modality.[1, 2] During PDT, a photosensitizer (PS, 

both singular and plural)[3-5] molecule is activated by light to produce ROS, most importantly 

singlet oxygen (1O2), which cause cancer cell death.[6-8] Light and PS need to be colocalized to 

mediate toxicity, rendering PDT innately selective. PDT can be delivered repeatedly without 

incurring resistance to therapy, and can be combined with both chemotherapies and 

immunotherapies for enhanced efficacy.[9-12] Despite these merits, PDT has not yet been 

accepted as a mainstream cancer treatment option. One major caveat is that light cannot deeply 

penetrate biological tissues, precluding PDT from treatment of large and/or multifocal, deep-seated 

tumors.[13] To address the issue, others and us have developed a modality known as X-ray induced 

radiation therapy (X-PDT).[14-17] X-PDT is often mediated with a scintillator-PS 

nanoconjugate,[18-20] in which the scintillator down-converts X-ray photons to visible photons 

that activate the PS.[21] Leveraging the excellent tissue penetration of X-rays, X-PDT offers a 

solution to the restricted tissue penetration problem.  

Multiple nanoplatforms have been tested for X-PDT.[22-31] For instance, Chen et al. 

demonstrated that LaF3:Tb, ZnS:Cu,Co, and copper-cysteamine nanoparticles can mediate X-

PDT.[24-26] Lin et al. synthesized a series of metal-organic frameworks and confirmed their 

ability to enhance cancer cell killing under radiation;[29-31] one formulation, RiMO-301, is being 

investigated in the clinic.[32] We have prepared SrAl2O4:Eu2+-MC540 and LiGa5O8:Cr3+-2,3-

naphthalocyanine nanoparticle conjugates[22, 23] and confirmed their radiosensitizing 

efficacy.[14, 22, 23] However, PS may experience self-quenching or pre-mature release in these 
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nanoconjugates, limiting activation efficacy. Some scintillator nanoparticles are made from top-

down approaches, which are associated with relatively large batch-to-batch variations. 

Furthermore, scintillators often contain toxic transition or lanthanide elements, and their long-term 

side effects remain to be fully investigated. Overall, these issues pose as barriers for large-scale 

manufacturing and regulatory approval of the technologies.  

Herein we explore a streamlined X-PDT strategy based on CsI(Na)@MgO nanoparticles and 

5-aminolevulinic acid (5-ALA). Cesium iodides such as CsI(Na) are established scintillation 

materials with high light outputs (e.g. 42,000 photons/MeV for CsI(Na)).[33] The emission of 

CsI(Na) perfectly matches the absorbance of PpIX, a biosynthetic product of 5-ALA.[34] Owing 

to the Warburg effect, cancer cells downregulate ferrochelatase, an enzyme that incorporates Fe2+ 

into PpIX in the final step of heme synthesis,[35] resulting in selective accumulation of PpIX in 

cancer cells’ mitochondria.[36] This tumor targeting ability has motivated the use of 5-ALA as 

either a PS[37-39] or an imaging agent[40] in the clinic. We postulate that, when irradiated, 

CsI(Na) nanoparticles can activate 5-ALA-induced PpIX, causing cancer cell death. Of note, 

clinical 5-ALA PDT employs red light to activate the 630-nm Q-band of PpIX, which has relatively 

low absorptivity. This compromise is necessary because shorter wavelength photons would be 

largely scattered by the skin or absorbed by pigments such as melanins. In the current approach, 

the light source, i.e. CsI(Na) nanoparticles, are delivered into cancer cells and illuminate therein, 

minimizing light attenuation. The ~410 nm luminescence from CsI(Na) activates the Soret band 

of PpIX, which absorbs at least one order of magnitude more strongly than the 630-nm Q-band, 

potentially improving efficacy. Cesium iodide is highly water soluble, so we coat CsI(Na) 

nanoparticles with a layer of MgO to prevent fast degradation. We also impart DSPE-PEG-Folate 

to nanoparticle surface to render them with good colloidal stability and tumor targeting ability.  
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The current X-PDT strategy affords several benefits. First, there is no need to load PS onto 

CsI(Na)@MgO nanoparticles, forgoing issues such as self-quenching among PS molecules and 

uncontrolled release of them. CsI(Na)@MgO nanoparticles are synthesized through wet chemistry 

with excellent reproducibility and scalability. Second, CsI(Na) nanoparticles comprise no 

transition and lanthanide elements. After treatment, the nanoparticles are degraded to low-toxic 

alkali and halogen ions, which are safely excreted from the hosts. Third, the PDT component 

specifically targets mitochondria, which are 5-10 times more susceptible to PDT than plasma 

membrane and endosomes/lysosomes[41, 42] that are common targets of previous X-PDT 

nanoplatforms. We expect the mitochondria-targeted component to synergize with the DNA-target 

RT, improving cancer cell killing (Scheme 1).  We evaluated the efficacy of the approach first in 

vitro with 4T1 cells and then in vivo in 4T1 mouse models.  

 

Scheme 1. CsI(Na)@MgO@DSPE-Folate nanoparticles (CIS@M-F) and 5-ALA are separately 

administered but colocalized in cancer cells to enable X-PDT. CIS@M-F are internalized by 
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cancer cells through receptor-mediated endocytosis. 5-ALA is converted to PpIX, which 

accumulates in cancer cells’ mitochondria. When irradiated, CIS@M-F produce X-ray 

luminescence that activates PpIX, causing mitochondria damage. Meanwhile, CIS@M-F also 

afford high-Z effects that enhance RT-induced DNA damage. The two components synergize to 

reduce cancer cell proliferation and tumorigenicity.  

 

3.2 Materials and Methods 

Materials 

Cs2CO3 (99%, Sigma, Cat#441902), I2 (≥99.8%, Sigma, Cat#207772), NaI (≥99.5%, Sigma, 

Cat#383112), magnesium acetylacetonate dihydrate, (Mg(acac)2, 98%, Sigma, Cat#129577), 1-

Octadecene (C18H36, technical grade, 90%, Sigma, Cat#0806), oleic acid (C18H34O2, technical 

grade, 90%, Sigma, Cat#364525), oleylamine (C18H35NH2, technical grade, 70%, Sigma, 

Cat#07805), 1,2-tetradecanediol (technical grade, 90%, Sigma, Cat#260290), 1,2-hexadecanediol 

(technical grade, 90%, Sigma, Cat#213748), hexane (C6H14, ≥99%, Sigma, Cat#139386), ethanol 

(anhydrous, Sigma, Cat#443611), benzyl ether (98%, Sigma, Cat#108014), chloroform (CHCl3, 

≥99.8%, Fisher Scientific), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine 

rhodamine B sulfonyl) (ammonium salt) (16:0 Liss Rhod PE)  (Avanti, Cat#810158), 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000] (sodium 

salt) (DSPE-PEG(2000) Carboxylic Acid) (Avanti, Cat#880135), 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[folate(polyethylene glycol)-2000] (ammonium salt) DSPE-PEG(2000) 

Folate (Avanti, Cat#880124), methylene blue (C16H18ClN3S · xH2O, powder, ≥82%, Sigma), 

phosphate buffer saline (PBS, pH 7.2), Milli-Q Water (H2O, 18.2 MΩ.cm@25℃). 
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Synthesis of CsI(Na) nanoparticles  

0.203 g Cs2CO3 was mixed with 10 mL 1-octadecene and 1 mL oleic acid in a 100 mL 

flask. The solution was heated to 150 ℃ and maintained at this temperature for 30 mins with 

magnetic stirring. Next, 1 mL oleylamine, 0.02954 g 1,2-hexadecanediol, and 0.01 g NaI were 

added into the mixture. After reacting for 10 minutes, the solution was cooled to room temperature, 

and 0.3165 g I2 were added. The flask was then sealed and stirred for another 3 hours. CsI 

nanoparticles were collected by centrifugation and washed with a 1:1 hexane and ethanol mixture 

3 times.  

Synthesis of CsI(Na)@MgO nanoparticles 

In a typical reaction, 20 mg CsI(Na) nanoparticles in 5 mL hexane was mixed with 0.02 g 

Mg(acac)2, 0.053 g 1,2-tetradecanediol, and 20 mL benzyl ether in a 100 mL three-neck flask. The 

solution was heated to 120 ℃ under Argon protection and maintained at this temperature for 20 

min. The solution was further heated to 310 ℃ before the addition of 1 mL pre-heated oleic acid. 

The reaction continued for 10 min before being cooled to room temperature. The product was 

collected by centrifugation and washed with a 1:1 hexane and ethanol mixture 3 times.  

Synthesis of CIS@M-F 

20 mg CsI(Na)@MgO nanoparticles were dispersed in 2 mL chloroform. Into the solution, 

75 µL of DSPE-PEG(2000)-COOH in chloroform (10 mg mL-1) and 25 µL DSPE-PEG(2000)-

Folate in chloroform (10 mg mL-1) were added. The mixture was stirred at room temperature 

overnight, and the solvent was removed by rotary evaporation. The nanoparticles were dispersed 

in PBS and passed through a desalting column before use.   
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Synthesis of CIS@M-F or CIS@M-C with rhodamine B labelling 

20 mg CsI(Na)@MgO nanoparticles were dispersed in 2 mL chloroform. Into the solution, 

50 µL of DSPE-PEG(2000)-COOH in chloroform (10 mg mL-1) and 25 µL DSPE-PEG(2000)-

Folate in chloroform (10 mg mL-1) together with 25 µL of 16:0 Liss Rhod PE in chloroform (10 

mg mL-1) were added. The mixture was stirred at room temperature overnight, and the solvent was 

removed by rotary evaporation. The nanoparticles were dispersed in PBS and passed through a 

desalting column before use.   

Nanoparticle characterizations 

Nanoparticle crystallinity was assessed using the Bruker D8-Advance X-ray diffraction 

(XRD) diffractometer with Cu Kα radiation (λ = 1.5418 Å) at a scanning rate of 10° min-1. The 

hydrodynamic sizes and surface charges of the particles were characterized on a Malvern Zetasizer 

Nano ZS system. Nanoparticle size, morphology, and elemental analysis was characterized using 

a Scanning Electron Microscope (FE-SEM Thermo Fisher Teneo) which was equipped with an 

EDX system and Transmission Electron Microscope (FEI Tecnai20 and FEI Tecnai G2 F30 Hi-

Res TEM). Nanoparticle composition was analyzed by Inductively Coupled Plasma Atomic 

Emission Spectroscopy using an Xseries II ICP/MS system (Thermo Electron Corporation). An 

iodide-selective electrode was used to conduct release experiments in PBS solutions of 

nanoparticles at room temperature (Mettler Toledo perfectION™). 

Radical production 

100 μL PBS control, 100 μg mL-1 CIS@M-F, 0.04 M PpIX, and 100 μg mL-1 CIS@M-F 

plus 0.04 M PpIX solutions were prepared, distributed into a 96-well plate, and irradiated with 5 
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Gy X-ray (X-RAD 320). 80 µL 1 µм methylene blue was added to each well immediately 

following radiation, and the plate was shaken and kept in darkness at room temperature for 5 mins 

before testing. A UV-vis spectrometer was then used to record absorbances (664 nm).    

Cell culturing 

4T1 breast cancer cells were used for in vitro and in vivo studies. Cells were grown in 

RPMI1640 medium which was supplemented with 10% FBS and 100 units mL-1 of penicillin 

(ATCC). Cells were maintained in a humidified, 5% carbon dioxide (CO2) atmosphere at 37 °C. 

ATP viability assay to test nanoparticle and 5-ALA toxicity 

 The ATP viability assay was performed according to the manufacturer’s protocol 

(PerkinElmer, ATPlite 1step Luminescence Assay Cat#6016736).[61] 4T1 cells were seeded at 

5000 cells/well in a white 96-well plate. After 24 hours of incubation, CIS@M-F and 5-ALA 

(18.75, 37.5, 75, 150, 300, 600 μg mL-1 for CIS@M-F；19.5, 78.1, 312.5, 1250 μg mL-1 for 5-

ALA) were added to each well for another 24 hours of incubation. The ATP kit solution was then 

added to each well, and a 96-well microplate reader was used to measure total luminescence. Cell 

viability was calculated as a percentage of the luminescence of the untreated control. 

ATP viability assay to test X-PDT efficacy 

The ATP viability assay was performed according to the manufacturer’s protocol 

(PerkinElmer, ATPlite 1step Luminescence Assay Cat#6016736). 4T1 cells were seeded at 5000 

cells/well in a white 96-well plate and incubated for 24 hours before the addition of 20 µg 5-ALA 

to each well. Cells were incubated for 1 hour before the addition of 10 μg CIS@M-F. Cells were 
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then incubated for 2 hours before being irradiated (5 Gy). The plate was returned to the incubator 

and maintained in darkness for 24 hours before the ATP luminescence test.  

Intracellular PpIX analysis 

PpIX extraction was performed according to a published protocol.[62] Cells were seeded 

in a 96-well plate at 5000 cells/well. After 24 hours of incubation, cells were trypsinized, harvested 

by centrifugation, and redispersed in 5% HCl at 37 ℃ for an hour. Following incubation in acid, 

the supernatant was collected and fluorescence signals (ex/em: 406/604 nm) were recorded.  

APF assay 

ROS (reactive oxygen species) were measured with the APF assay (InvitrogenTM 

Cat#A36003).[63] 4T1 cells were seeded in 96-well plates at 5000 cells/well. After 24 hours, 

nanoparticles in 100 µL RPMI medium or medium only were added to each well and incubated 

for 2 hours before being irradiated (5 Gy by X-Rad 320). Thereafter, the plate was incubated with 

100 µL APF solution (2 µм) for 30 mins at room temperature in the dark. Lastly, the medium was 

diluted with an equal volume of fresh PBS, and fluorescence signals (ex/em: 490/515 nm) were 

analyzed on a microplate reader (Biotek). 

SOSG (singlet oxygen) assay 

The SOSG assay was conducted following the vendor’s protocol (InvitrogenTM 

Cat#S36002).[64] 4T1 cells were seeded in 96-well plates at 5000 cells/well. Following 24 hours 

of incubation, the medium was aspirated and 20 µL SOSG solution (5 µм) with 100 μg mL-1 

CIS@M-F in 100 µL medium were added to each well. After 1 hour, 20 µL 5-ALA (1 mg mL-1) 
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was added. 5 Gy radiation was delivered following another 2 hours of incubation. Fluorescence 

signals (ex/em: 504/525 nm) were recorded on a microplate reader (Biotek).  

Cell uptake studies 

Cell uptake of CIS@M-C and CIS@M-F nanoparticles were analyzed on a CytoFLEX 

flow cytometer. 4T1 cells were seeded at 0.5 × 106 cells/well into 6-well plates. Then, 

nanoparticles were incubated with cells at a final nanoparticle concentration of 100 µg mL-1. Both 

CIS@M-F and CIS@M-C were labeled with Rhodamine B following a published protocol.[65] 

Following either 2 or 6 hours of incubation, cells were harvested for flow cytometer analysis, and 

the MFI was recorded.  

SOD activity 

SOD activity was assessed following the vendor’s protocol (Cayman Chemical 

Cat#706002). 4T1 cells were seeded into 6-well plates at 1 million cells/well. After 24 hours, 2 

mL RPMI medium containing 100 μg mL-1 CIS@M-F and 200 mL-1 5-ALA were added to each 

well. 5 Gy X-ray irradiation was delivered after 4 hours. Immediately following irradiation cells 

were washed with PBS three times and collected with a rubber scraper. Cell pellets were subjected 

to differential centrifugation at 4℃ and 12000 rpm for 20 mins to separate the mitochondrial and 

cytosolic fractions. Both the supernatant and mitochondrion were collected, aliquoted, sonicated 

and transferred into a 96-well plate. Test kit solution was added to each well, and the 96-well plate 

was shaken for 10 mins in the dark at room temperature before measurement. Absorbance (450 

nm) was measured on a microplate reader (Biotek). 
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Lipid peroxidation 

The Image-iT Lipid Peroxidation Kit (InvitrogenTM Cat#C10445) was used to assess lipid 

peroxidation. 4T1 cells were seeded into 96-well plates at 5000 cells/well. Following 24 hours of 

incubation, 200 μg mL-1 5-ALA or 100 μg mL-1 CIS@M-F were added to each well. Following 4 

hours of incubation, the plate was irradiated (5 Gy). The Image-iT Lipid Peroxidation dye was 

added to each well, and the plate was incubated at 37 ℃ and 5% CO2 for 30 mins. Green (ex/em: 

488/510 nm) fluorescence intensity was used to quantitate lipid peroxidation.  

Caspase-3 activity 

4T1 cells were incubated with CIS@M-F (100 µg mL-1) and 5-ALA (200 μg mL-1) for 2 

hours prior to receiving 5 Gy X-ray irradiation. Control treatments included CIS@M-F, 5-ALA, 

or PBS. Following 24 hours of incubation, cells were stained with the FAM-FLICA® Caspase-3/7 

kit (Immunochemistry, Cat# 94) following the manufacturer’s protocol. The caspase-3 activity 

was evaluated by measuring fluorescence signals (ex/em: 488/530 nm) on a microplate reader 

(Synergy Mx, BioTeK). 

Mitochondrial membrane potential (ΔΨm) 

Mitochondrial potential was assessed using the TMRE staining kit following the vendor’s 

protocol (Abcam Cat#ab113852). 4T1 cells were incubated with CIS@M-F (100 µg mL-1) for 2 

hours followed by 5-ALA (200 μg mL-1) for 3 hours before receiving 5 Gy irradiation. Control 

treatments included CIS@M-F, 5-ALA, or PBS with or without irradiation. The medium was 

aspirated after 24 hours, and cells were incubated in TMRE staining solution for 15 min. 

Fluorescence signals (ex/em: 549/575 nm) were measured on a microplate reader.  
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γH2AX assay 

DNA damage was evaluated using anti-rH2AX (Alexa 647 labeled) antibodies (Millipore 

Sigma, Cat# 07-164-AF647). Briefly, 4T1 cells were seeded onto a 4-well imaging chamber at a 

density of 10,000 cells/well and incubated for 24 hours. After washing, the cells were incubated 

with CIS@M-F (100 µg mL-1) for 2 hours followed by 5-ALA (200 μg mL-1) for 3 hours before 

receiving 5 Gy irradiation. Control treatments included CIS@M-F, 5-ALA, or PBS with or without 

irradiation. After 1 hr, cells were collected, fixed, permeabilized, and stained with anti-rH2AX 

antibodies following the vendor’s protocol. Fluorescent images were acquired on a Zeiss LSM 710 

confocal microscope. ImageJ was used to count the number of foci per cell. 

Clonogenic assay 

Clonogenic assays were performed using a modified protocol.[66] 4T1 cells were pre-

seeded into 6-well plates. After 24 hours, cells were incubated with CIS@M-F (100 µg mL-1) for 

2 hours followed by 5-ALA (200 μg mL-1) for 3 hours before receiving 0, 1, 3, 5, 7, and 9 Gy of 

radiation. Treated cells were trypsinized, replanted in petri dishes (100 *15 mm), and incubated at 

37 ℃ with 5% CO2. After 14 days, cells were rinsed carefully with PBS, fixed in 2-3 mL of 6.0% 

glutaraldehyde solutions, and treated with 1 mL of 0.5% crystal violet. After 10 mins, cells were 

rinsed with D.I. water and dried before colony counting. Colonies containing at least 50 stained 

cells were included in survival fraction (SF) calculations. 

In vivo therapy studies  

Animal studies were performed according to a protocol (A2020 06-004-R1) approved by 

the Institutional Animal Care and Use Committee (IACUC) of the University of Georgia. The 
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animals were maintained under pathogen-free conditions. 4T1 tumors were established by 

subcutaneously injecting 2 × 105 cells in 50 μL PBS into the right flanks of 5-6-week old female 

BALB/c mice (Charles River). When tumor volume reached 50 mm3, the animals were randomly 

divided into 6 groups (n = 5) and received the following treatments (Day 1): PBS plus ionizing 

radiation (PBS + IR), 5-ALA with irradiation (5-ALA + IR), CIS@M-F plus irradiation (CIS@M-

F + IR), PBS only (PBS), CIS@M-F plus 5-ALA, no irradiation (CIS@M-F + 5-ALA), or 

CIS@M-F plus 5-ALA plus irradiation (CIS@M-F + 5-ALA + IR). 5-ALA (50 mg kg-1 in PBS) 

was administered intraperitoneally. CIS@M-F in PBS (1.25 mg kg-1) were intratumorally injected 

2 hours after the 5-ALA injection. A 320 KV cabinet irradiator (X-RAD 320, Precision X-ray, 

Inc.) was used to irradiate (3 Gy) tumors 1 hour after CIS@M-F administration, while the rest of 

the animal body was protected with lead. Animals underwent two additional treatment sessions on 

Days 3 and 5. Tumor size and body weight were inspected every 3 days. Tumor dimensions were 

measured with a caliper. Tumor volume was estimated by calculating (length)×(width)2/2. 

Animals were euthanized after 22 days. Tumors were dissected and sliced for H&E and Ki67 

staining. Organs including the heart, spleen, liver, brain, intestine, kidney, and lung were also 

harvested for H&E staining. 

Biodistribution studies 

5-6 week-old female BALB/c mice (Charles River) were intravenously injected with 

CIS@M-F (50 μL, 1.25 mg kg-1) or PBS (control) via the tail vein. All mice were sacrificed after 

two weeks. Blood was collected through cardiac puncture for complete blood count (CBC), BUN, 

and ALT measurements. Major organs, including the heart, spleen, liver, brain, intestine, kidney, 

and lung were harvested. Half of the tissues were weighted, homogenized, and digested in hot 

nitric acid. Supernatants were subjected to ICP-MS analysis to measure tissue concentrations of 
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cesium and iodine in tissues (μg/grams of tissue). The remaining tissues were fixed and sliced for 

H&E staining.  

Safety Statement 

No unexpected or unusually high safety hazards were encountered 

Statistical analysis 

All quantitative data were shown as mean ± SD. Statistical analysis was conducted using student’s 

t or ANOVA test. *p < 0.05, **p < 0.01, ***p < 0.001. 

 

3.3 Results and discussion 

Synthesis and characterizations of CsI(Na) nanoparticles  

We dissolved oleic acid and cesium carbonate in 1-octadecene and heated the solution to 

150 ℃ (Figure 1a). We then added oleylamine, 1,2-hexadecanediol, and NaI into the mixture, 

followed by the addition of I2. After reaction, we collected the products by centrifugation and 

redispersed them in hexane. The yield is ~90%. As-synthesized CsI(Na) nanoparticles were cubic 

(Figure 1b) with an average size of 55.2 ± 15.1 nm. Energy-dispersive X-ray spectroscopy (EDX) 

confirmed that the Cs-I molar ratio was ~ 1:1 (Figure S1a). Inductively coupled plasma mass 

spectrometry (ICP-MS) found that the Na dopant was ~1%. Selected area electron diffraction 

(SAED) revealed a diffraction pattern that matches bulk CsI (Figure S1b).[151] X-ray diffraction 

(XRD) also confirmed that the nanoparticles were CsI in composition and belonged to the Pm3m 

space group (No. 221, JCPDS#06-0311, Figure 1c).  
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CsI(Na) is hygroscopic. To prevent fast degradation, we imparted a layer of MgO onto 

CsI(Na) nanoparticles via seed-mediated growth.[152] We chose MgO because it is low-toxic, 

stable at neutral pH, and biodegradable.[153-157] The resulting CsI(Na)@MgO nanoparticles 

were spherical and possessed a ~25.0-nm-thick shell (Figure 1d&e, and Figure S1c). EDX 

confirmed the presence of Mg in the resulting nanoparticles, and that the Cs-I ratio remained at 

~1:1 (Figure S1d). XRD identified characteristic CsI peaks but no MgO peaks (Figure 1c), 

indicating that the coating is amorphous. We also studied the X-ray luminescence of 

CsI(Na)@MgO nanoparticles. Both CsI(Na) and CsI(Na)@MgO nanoparticles displayed an 

intense luminescence peak at ~410 nm (Figure 1f), which agrees with the bulk material.[16] The 

luminescence peak overlapped well with the Soret band of PpIX (Figure 1f), suggesting the 

potential for activating the PS with luminescence from CsI(Na).  
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Figure 3.1 Synthesis and characterizations of CsI(Na) and CsI(Na)@MgO nanoparticles. a) 

Schematic illustration of CsI(Na)@MgO synthesis and surface modification. b) SEM of CsI(Na) 

nanoparticles. Scale bar, 100 nm. The average nanoparticle size was 55 ± 15 nm, determined by 

ImageJ. c) XRD spectra of CsI(Na)@MgO, CsI(Na), and CsI (no Na dopant) nanoparticles, as well 

as a CsI standard (PDF#06-0311 from the JCPDS database). d) TEM image of a single 

CsI(Na)@MgO nanoparticle. e) EDX elemental analysis of a single CsI(Na)@MgO nanoparticle. 

Scale bar, 100 nm. f) X-ray luminescence spectra of CsI(Na) (dashed red) and CsI(Na)@MgO 

(solid red) nanoparticles, along with the absorption spectrum of PpIX (blue). Abs., absorbance. 

L.I., luminescence intensity.  

 

Evaluate X-PDT with CIS@M-F and 5-ALA in solutions 

We coated CsI(Na)@MgO nanoparticles with DSPE-PEG-COOH and DSPE-PEG-Folate 

(molar ratio 3:1) through thin-film hydration. The resulting CsI(Na)@MgO@DSPE-Folate 

nanoparticles, hereafter referred to as CIS@M-F, are readily dispersed in aqueous solutions. 

Dynamic light scattering (DLS) showed that the average hydrodynamic size of CIS@M-F was 

190.2 ± 30.1 nm (Figure 2a). For comparison, CsI(Na)@MgO nanoparticles without a 

phospholipid coating were 175.2 ± 37.5 nm (in hexane, Figure 2a). Z-potential analysis found that 

CIS@M-F were slightly negatively charged (-22.5 mV, Figure S2a), which is attributed to the 

surface carboxyl groups.   

We studied the degradation of CIS@M-F in PBS, tracing iodine released from the 

nanoparticles by ICP-MS. For comparison, we also tested uncoated CsI(Na) nanoparticles (which 

can be temporally dispersed in PBS). Uncoated CsI(Na) nanoparticles rapidly degraded, releasing 

>90% of their iodine within 30 min (Figure 2b). CIS@M-F showed significantly improved water 
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stability. While a small amount of iodine was released at the beginning of incubation, virtually no 

iodine was leaked after one hour. After 24 hours, CIS@M-F remained a stable colloidal solution, 

while CsI(Na) solutions turned completely transparent due to degradation (Figure S2b).  

To test whether CIS@M-F can activate PpIX under X-ray irradiation, we prepared 

solutions containing CIS@M-F, PpIX, and methylene blue (MB), and irradiated the solutions by 

X-rays (5 Gy). We observed a significant drop of 664 nm absorbance (Figure 2c), suggesting MB 

being quenched by newly generated ROS. As a comparison, solutions containing CIS@M-F or 

PpIX only showed moderate MB quenching under the same condition. We next examined 1O2 

production using singlet oxygen sensor green (SOSG) as a fluorogenic sensor. SOSG intensity was 

increased by more than 4-fold in solutions containing both CIS@M-F and PpIX (Figure 2d), 

suggesting PpIX activation. As a comparison, solutions containing CIS@M-F or PpIX alone 

showed a minor SOSG intensity increase when irradiated. To validate that PpIX can be activated 

through X-PDT, we placed solutions containing CIS@M-F and PpIX under 3-cm-thick tissues and 

irradiated from atop (Figure S2c). We observed comparable levels of SOSG fluorescence upon X-

ray radiation (Figure 2d). On the contrary, LED light failed to activate PpIX under this condition. 

Overall, our solution studies support that X-PDT can be activated under irradiation if both PpIX 

and CIS@M-F are present.  
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Figure 3.2 Stability and X-ray luminescence of CsI(Na)@MgO@DSPE-Folate nanoparticles 

(CIS@M-F). a) DLS analysis of CsI(Na), CsI(Na)@MgO, and CIS@M-F nanoparticles. The 

hydrodynamic sizes are 58.7 ± 8.0 nm and 175.2 ± 37.5 nm, respectively, for CsI(Na) and 

CsI(Na)@MgO nanoparticles (in hexane). CIS@M-F can be stably dispersed in water, with a 

hydrodynamic size of 190.0 ± 30.0 nm. b) Iodine release from CsI(Na) and CIS@M-F 

nanoparticles in PBS (pH 7.4). c) ROS production under ionizing irradiation (IR, 5 Gy), measured 

with solutions containing CIS@M-F with or without PpIX, using methylene blue (MB) as an 

indicator. A decreased absorbance at 664 nm suggests an elevated ROS level. The experiments 

were repeated in quintuplicates. ***, p < 0.001; ns, p > 0.05. d) 1O2 generation under ionizing 

irradiation (IR, 5 Gy), measured with solutions containing CIS@M-F with or without PpIX, using 

SOSG (ex/em: 504/525 nm) as an indicator. Solutions were placed under 3-cm-thick pork. For 

comparison, LED light instead of X-rays was applied. The experiments were repeated in 

triplicates. ***, p < 0.001; ns, p > 0.05. 
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Evaluate X-PDT in vitro in cells treated with CIS@M-F and 5-ALA 

We first studied CIS@M-F uptake by 4T1 cells, in which folate receptor is upregulated. 

To this end, we labeled CIS@M-F with rhodamine-B. For comparison, we also prepared 

rhodamine-B-labeled CsI(Na)@MgO nanoparticles coated with DSPE-PEG-COOH only (referred 

to as CIS@M-C). Flow cytometry found significantly increased median fluorescence intensity 

(MFI) of rhodamine-B in cells treated with CIS@M-F relative to those treated with CIS@M-C 

(Figure 3a). Extending incubation time from 2 to 6 hours increased uptake but the change was not 

marked (Figure 3a). These results indicate that CIS@M-F were quickly internalized by cancer 

cells through receptor-mediated endocytosis.  

We then investigated the impacts of X-PDT on cells. Briefly, 4T1 cells were incubated 

with CIS@M-F (100 μg mL-1) and 5-ALA (200 μg mL-1) for 3 hours, and then treated with ionizing 

radiation (IR, 320 kV, 5 Gy). We chose this drug-radiation interval because the 5-ALA-to-PpIX 

conversion peaked at ~3 hours (Figure S3a&b). Note that CIS@M-F and 5-ALA are not toxic to 

cells at the above therapeutic doses when there is no radiation (Figure S3c&d).  

We first examined intracellular ROS level changes. Relative to un-irradiated cells, cells 

treated with IR alone showed an increased level of hydroxyl radical, measured with aminophenyl 

fluorescein or APF, a fluorogenic sensor of ·OH (Figure 3b); this is mainly attributed to radiolysis 

of water. Treatment with 5-ALA prior to IR slightly elevated ·OH relative to IR alone but the 

increase was insignificant (p=0.3865). Pre-treatment with CIS@M-F or a combination of CIS@M-

F and 5-ALA moderately increased ·OH levels. The increase is attributed to high-Z element 

effects, which was observed with other nanoparticles.[51] Meanwhile, SOSG fluorescence 

intensity was not increased in cells treated with IR alone but more than doubled when cells were 
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pre-treated with the CIS@M-F and 5-ALA combination (Figure 3c). The result is consistent with 

observations made from solutions, supporting that X-PDT is activated in cells pre-treated with 

CIS@M-F and 5-ALA prior to IR.  

Next, we evaluated the activities of superoxide dismutase (SOD) and manganese-

dependent superoxide dismutase (MnSOD) in cells treated with CIS@M-F, 5-ALA, or their 

combination, with or without radiation. We observed significantly increased SOD and MnSOD 

activities in cells treated with CIS@M-F+5-ALA+IR (Figure 3d&e), indicating cell response to 

elevated ROS. In particular, MnSOD activity was more than 3 times higher than cells treated with 

CIS@M-F+5-ALA or IR alone (Figure 3e), which is attributed to the fact that PpIX activation in 

focused on mitochondria. Mitochondria-targeted activation was supported by the observation that 

mitochondria membrane potential (ΔΨm) significantly dropped in cells treated with CIS@M-F+5-

ALA+IR (Figure 3f). Note that destructed mitochondria may promote secondary ROS that further 

oxidative stress.[52] 

Elevated ROS may cause oxidative damage to a broad range of biomolecules such as 

DNA, lipids, and proteins. γH2AX staining revealed a significant increase of positively stained 

foci per cell in cells treated with CIS@M-F+5-ALA+IR relative to IR alone (Figure 3g and 

Figure S3e). Consistent with APF results, CIS@M-F+IR moderately increased double-strand 

breaks which is attributed to nanoparticle high-Z effects (Figure 3g). C11-BODIPY staining 

found a significant increase of 510-nm fluorescence in cells treated with CIS@M-F+5-ALA+IR 

(Figure 3h), suggesting elevated lipid peroxidation. Extensive oxidative damages, including 

damage to the mitochondria, triggered apoptosis, which was evidenced with increased caspase-3 

activity (Figure 3i). ATP bioluminescence viability assay also confirmed reduced cell viability 

when cells were treated with the CIS@M-F+5-ALA+IR (Figure 3j).  
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Lastly, we evaluated how X-PDT affects cancer cell clonogenicity. We treated 4T1 cells 

with the same amounts of CIS@M-F (100 μg mL-1) and 5-ALA (200 μg mL-1) as the other in vitro 

experiments but varied the radiation doses (0-9 Gy). After 14 days, the survival fraction (S) relative 

to un-treated controls was calculated and fit into a linear-quadratic equation, S = e-(aD+bD^2), where 

D is the radiation dose and a and b are fitting coefficients (Figure 3k and Figure S4a). CIS@M-

F+5-ALA+IR reduced the number of colonies formed at all radiation doses. D10, dose required to 

achieve 10% clonogenic survival, was 4.45 (Figure 3i and Figure S4b). This corresponds to a dose 

modifying factor (DMF) of 1.54. As a comparison, D10 values were 5.15 and 6.69 for CIS@M-

F+IR and 5-ALA+IR, respectively, corresponding to DMFs of 1.33 and 1.02, respectively (Figure 

3i). Overall, our in vitro results support that under irradiation, the CIS@M-F-and-5-ALA 

combination enables X-PDT, promoting reduction in cell proliferation and reproduction relative 

to IR alone.  

 

Figure 3.3 In vitro X-PDT with CIS@M-F and 5-ALA, evaluated with 4T1 cells. a) Cell uptake, 

investigated with Rhodamine B labeled CIS@M-F or CIS@M-C (CsI(Na)@MgO nanoparticles 
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coated with DSPE-PEG-COOH only) nanoparticles using flow cytometry. MFI, median 

fluorescence intensity. Increased cell uptake was observed with CIS@M-F compared to CIS@M-

C at both 100 and 200 µg/mL. b-e) Impact of CIS@M-F and 5-ALA on cellular oxidative stress. 

4T1 cells were incubated with CIS@M-F (100 μg mL-1), 5-ALA (200 μg mL-1), or their 

combination, followed by IR (5 Gy). All experiments were repeated in quintuplicates. b) Cellular 

hydroxyl radical levels, measured with APF (ex/em: 490/515 nm). c) Cellular 1O2 levels, measured 

with SOSG (ex/em: 504/525 nm). Cytosol SOD d) and mitochondrial MnSOD e) activities, 

measured with Superoxide Dismutase Assay Kit. f) Mitochondrial membrane potentials (Ψm), 

measured with TMRE assay. g) Double-strand DNA beaks, measured with anti-rH2AX staining. 

Positively stained foci per cells were quantified by ImageJ. h) Lipid peroxidation, measured with 

C11-BIDOPY (ex/em: 488/510 nm) assay. i) Cell viability, measured with ATP bioluminescence 

assay at 24 h. j) Tumorigenicity, measured with clonogenic assay at a range of radiation doses (0-

9 Gy; n=3). k) Summary of linear-quadratic (S = e-(aD+bD^2)) fitting results, based on clonogenic 

assay results from j. D10, dose required to achieve 10% survival. DMF, does modifying factor, 

based on D10 values. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, p > 0.05. 

 

Evaluate X-PDT with CIS@M-F and 5-ALA in vivo 

We inoculated 4T1 cells into the right flanks of 5-6-week female nude mice. When tumor 

volume reached 50 mm3, we intraperitoneally (i.p.) administered 50 mg kg-1 5-ALA (Day 1). The 

same or a similar dose is commonly used in small animal studies and induces PpIX accumulation 

in tumors after 3 hours.[34, 53, 54] We intratumorally (i.t.) injected CIS@M-F (1.25 mg kg-1) after 

1 hour and delivered 3 Gy of radiation to the tumor area after 3 hours (CIS@M-F+5-ALA+IR, 

n=5). The rest of the animal body was protected with lead. Two more treatment sessions were 
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applied on Days 3 and 5 (Figure 4a). Control treatments included PBS only, CIS@M-F+5-ALA, 

CIS@M-F+IR, 5-ALA+IR, and IR alone (n=5). Without treatment, 40% of the animals reached a 

humane endpoint within 16 days (Figure 4a&b). IR alone was moderately therapeutic, inhibiting 

tumor growth by 26.2% on Day 16 (Figure 4a). Animals in the 5-ALA+IR and CIS@M-F+IR 

groups exhibited tumor inhibition rates at 45.5% and 53.9%, respectively; the differences however 

were insignificant relative to IR alone (p = 0.5363 and 0.8056, respectively). By contrast, animals 

in the CIS@M-F+5-ALA+IR group led to a tumor inhibition of 164.3% compared to IR alone 

(Figure 4b, p = 0.0019). All mice in the CIS@M-F+5-ALA+IR group remained alive after three 

weeks (Figure 4c). Histopathology found reduced cell density and decreased levels of positive-

Ki67 staining in tumors from the CIS@M-F+5-ALA+IR group (Figure 4d). Meanwhile, there was 

no acute toxicity nor body weight drops throughout the experiment (Figure 4e). H&E staining 

found no signs of toxicity to normal tissues (Figure 5a).  

 

Figure 3.4 In vivo studies to evaluate the efficacy of X-PDT with CIS@M-F and 5-ALA. 

Experiments were performed in 4T1-tumor bearing balb/c mice. a) Scheme of experimental 
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design. On Day 1, animals received one of the following regimens, including PBS plus ionizing 

radiation (PBS+IR), 5-ALA with IR (5-ALA+IR), CIS@M-F plus IR (CIS@M-F+IR), PBS only 

(PBS), CIS@M-F plus 5-ALA without IR (CIS@M-F+5-ALA), and CIS@M-F plus 5-ALA plus 

irradiation (CIS@M-F+5-ALA+IR). 5-ALA (50 mg kg-1 in PBS) was i.p. administered, while 

CIS@M-F in PBS (1.25 mg kg-1) were intratumorally administered 2 hours after the 5-ALA 

injection. IR (3 Gy) was applied to tumors 1 hour after CIS@M-F administration. Two more 

sessions of treatment were given on Days 3 and 5. Animals were euthanized after 3 weeks or when 

a humane endpoint was reached. b) Tumor growth curves. *, p < 0.05; ***, p < 0.001. c) Kaplan 

Meier survival curves. d) Post-mortem staining of tumor tissues, with H&E (upper) and Ki67 

(lower). Scale bar, 100 µm. e) Animal body weight curves.  

 

To better understand the side effects and clearance of CIS@M-F, in a separate study, we 

intravenously injected CIS@M-F into healthy balb/c mice and collected blood and tissues on Day 

14 for complete blood counts (CBCs), serum biochemistry, and histopathology analyses (Figure 

5b). All CBC indices and liver and kidney function markers including alanine transaminase (ALT) 

and urea nitrogen (BUN) were within normal ranges[55] (Figure 5c). H&E staining found no 

abnormalities in all tissues (Figure S5). Post-mortem ICP-MS studies revealed that the Cs and I 

levels in all tissues fell to baseline or close-to-baseline levels after two weeks (Figure 5d). Overall, 

our in vivo studies confirm that X-PDT by CIS@M-F+5-ALA can significantly enhance tumor 

suppression without causing additional toxicities.  
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Figure 3.5 Safety and clearance of CIS@M-F. a) H&E staining of tissues harvested from animals 

treated with regimens detailed in Figure 4. Scale bar, 100 μm. b) Scheme of experimental plans. 

In a separate experiment, CIS@M-F (1.25 mg/kg) or carrier only (PBS) was i.v. administered into 

healthy balb/c mice (n=5). Animals were euthanized after two weeks for CBC and serum biochem 

analyses. In addition, remaining cesium and iodine in tissues were analyzed by ICP-MS. c) 

Summary of CBC and serum biochem results, along with reported normal ranges of the indices. 

RBC, red blood cells; Hgb, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; 

MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; 

RDW, red cell distribution width; PLT, platelets; MPV, mean platelet volume; WBC, white blood 

cells; NEUT, neutrophils; LYM, lymphocytes; MONO, monocytes; EOS, eosinophils; BASO, 

basophils; BUN, blood urea nitrogen; ALT, alanine transaminase. d) Iodine (left) and cesium 

(right) remaining in organ tissues on Day 14. Contents of both elements fell well below 10 ng/g. 
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3.4 Conclusions 

While CsI(Na) is an established scintillator material, CsI(Na) nanoparticles have seldom 

been explored. Employing CsI(Na) nanoparticles for X-PDT has not been reported. Herein we 

successfully synthesized CsI(Na) nanoparticles and, for water protection, coated them with MgO. 

We showed that X-ray luminescence from CsI(Na) nanoparticles can activate PpIX in 5-ALA-

treated cells, enhancing mitochondria, DNA, and lipid damages thereby sensitizing cancer cells to 

RT. This strategy is distinct from conventional X-PDT approaches in that the scintillator (CIS@M-

F) and PS (5-ALA) are administered separately rather than as a conjugate. CsI(Na)@MgO 

nanoparticles are synthesized by wet chemistry that is highly scalable. The approach is less 

affected by issues such as batch-to-batch variations, complex nanostructures, and suboptimal 

control in PS loading and release. Other benefits include high tumor selectivity (PpIX selectively 

accumulates in cancer cells and its activation takes place only when both CsI(Na) NPs and X-rays 

are present) and high efficiency (the PDT component focuses on mitochondria, which are sensitive 

to phototoxicities). Some have reported on the radio-sensitizing effects of 5-ALA.[56-58] In our 

in vitro and in vivo studies, however, we did not observe therapeutic benefits when 5-ALA was 

applied alone. This might be attributed to differences in radiation doses and animal models.   

For proof-of-concept, we intratumorally injected CsI(Na) nanoparticles in therapy studies, 

which is common among X-PDT studies,[22, 26, 27, 59]. The injection route is viable for treating 

cancer types such as breast, prostate, and skin cancers.[22, 31, 60] It is possible to systemically 

administer CsI(Na) nanoparticles, whereby they accumulate in tumors through passive or active 

targeting. Tumor-targeting ligands other than folic acid may be imparted to the nanoparticle 

surface depending on targeted indications.  
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As afore-mentioned, one major advantage of the current approach is the low toxicity of 

both the PS and the scintillator. 5-ALA is FDA-approved and has been used in clinical PDT and 

image-guided brain surgery. CsI(Na) nanoparticles degrade into alkali and halogen ions that are 

safely excreted after treatment. The demonstrated biocompatibility and potential scalability of the 

nanoplatform ideally position this technology for further developments and clinical translation.  
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CHAPTER 4 

MULTIPLEXING PHOTOSENSITIZERS WITH DUAL-WAVELENGTH 

NANOSCINTILLATORS AMELIORATE CANCER VIA RADIODYNAMIC THERAPY3 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
3 Fangchao Jiang, Zhengwei Cao, Wei Yang, Shuyue Zhan, Jianwen Li, Zhi Liu, Yong Teng, Zibo 

Li, Jin Xie. To be submitted to Advanced Materials 
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ABSTRACT 

Compared to conventional photodynamic therapy (PDT), X-ray induced photodynamic 

therapy (X-PDT) or radiodynamic therapy can potentially target deep-seated tumors. Because of 

this, there are ascending trends in exploring novel nanoconjugates for X-PDT. However, most 

nanoconjugates proposed require tedious processing and disqualify the need for a promising 

therapeutic efficacy for clinical transition. Because of that, we took advantage of our previous 

CsI(Na)@MgO nanoparticles and rationally designed a dual-wavelength CsI(CO3, Na)@ZnS 

nanoparticle for cancer treatment. This co-doping nanoparticle can give off luminescence around 

410 nm and 500 nm under irradiation, and we believe that it can be utilized to target nearby 

photosensitizers for elevated organelles damage. Inspired by this nanoparticle, we chose 5-ALA 

and Redaporfin as our two photosensitizers that are both clinically FDA approved. Because each 

photosensitizer can selectively absorb a specific wavelength of light and preferably accumulate in 

different organelles, this combination would favor the activation of reactive oxygen species and 

damage nearby mitochondria and the endoplasmic reticulum. For proof-of-concept, we chose 

CT26 colon cancer cell lines here and tested this concept in vitro and in vivo. In vitro studies with 

CT26 cells and our nanoplatform manifested the successful activation of multiplexing 

photosensitizers followed by apoptosis and immunogenic cell death. In vivo studies with CT26-

bearing balb/c mice further consolidated our hypothesis, and tumors from treatment groups were 

eradicated without observed future recurrence. In short, external X-rays can trigger our 

nanoparticles and give off both ultraviolet and blue-green light for separate photosensitizer 

activation. The activation can then induce the mitochondria-oriented apoptosis and endoplasmic 
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reticulum-oriented immunogenic cell death process. Together with cell nucleus damage after 

irradiation, this approach can ameliorate cancer and stimulate the immune system against long-

term cancer development. 

 

4.1 Introduction 

Thanks to the high selectivity and minimal side effect of photodynamic therapy, PDT is 

acknowledged as one of the provident cancer treatment modalities. However, most of the 

photosensitizers for PDT can only be efficiently activated by ultraviolet, visible, or near infrared 

light, and one concern people have is the limited penetration ability of those light sources. Even 

the near infrared light, which supposes to show strong penetrative capability, can hardly pass 

through more than 1 cm of tissue for deep-seated photosensitizer activation. Inspired by this, we 

and some other groups came up with the concept called X-ray induced photodynamic therapy or 

radiodynamic therapy[2, 131, 167-169]. For instance, we previously utilized SAO, LGO:Cr, and 

CsI(Na)@MgO for X-PDT and fulfilled the goal of tumor growth inhibition[43, 60, 170]. Those 

nanoplatforms were quite effective while still cannot get clinical acceptance due to the suboptimal 

therapeutic efficacy and potential tumor reoccurrence afterward. To circumvent these, we picked 

multiplexing photosensitizers to target different intracellular organelles for enhanced therapeutic 

efficacy. We choose 5-ALA as a prodrug of PpIX, which can accumulate in CT26 cancer cells’ 

mitochondria and induce mitochondria damage-related apoptosis[171]. We also select Redaporfin, 

an FDA approved potent photosensitizer that can cause a direct antineoplastic effect by targeting 

the endoplasmic reticulum[172]. Its attack can further recall the immune-dependent destruction 

and achieve long-term tumor inhibition and recurrence. Owing to the characteristics of each 
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photosensitizer, both photosensitizers can be intravenously or intraperitoneally injected and home 

to cancer sites by themselves. And this avoids the tedious manufacturing process for a conjugated 

nanoplatform potentially possessing several drawbacks[170]. We further choose CsI(CO3, Na) co-

doping nanoparticles as our energy transducer because this particle can absorb X-ray photons and 

give off both ultraviolet and blue-green light for separate photosensitizer activations. So far, 

CsI(Na) nanoparticles have been reported by our group as an X-PDT reagent, and there are no 

records concerning co-doped CsI nanoparticles as for X-PDT. Furthermore, we utilized ZnS as our 

coating material because of its remarkable stability and biocompatibility. The core@shell CsI(CO3, 

Na)@ZnS nanoparticles are then modified with folate ligands to improve their intracellular uptakes 

and tumor homing capability.  

We believe the current nanoplatform has multiple fabulous merits compared to previous 

nanoplatforms. First, this nanoplatform involves multiplexing photosensitizers that can attack 

separate intracellular components for cell death. Secondly, both photosensitizers are FDA 

approved and are both safe as well as accessible via intravenous injection. Thirdly, we have a one-

pot synthesis of a co-doped nanoscintillator that is bio-friendly and can down convert X-ray 

photons to ultraviolet and blue-green photons for nearby photosensitizer activations. Lastly, in 

vitro and in vivo studies with CT26 cancer cells and balb/c mice perfectly substantiated our 

hypothesis. And we noticed that mitochondria-mediated apoptosis synergized with immunogenic 

death and cell nucleus damage, all of which resulted in tumor eradication and recurrence. 
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4.2 Materials and Methods 

Materials 

Cs2CO3 (99%, Sigma, Cat#441902), I2 (≥99.8%, Sigma, Cat#207772), NaI (≥99.5%, Sigma, 

Cat#383112), thioacetamide (≥99%, Sigma, Cat#163678), zinc acetate (99.99%, Sigma, 

Cat#383317), 1-Octadecene (C18H36, technical grade, 90%, Sigma, Cat#0806), oleic acid 

(C18H34O2, technical grade, 90%, Sigma, Cat#364525), oleylamine (C18H35NH2, technical grade, 

70%, Sigma, Cat#07805), 1,2-hexadecanediol (technical grade, 90%, Sigma, Cat#213748), hexane 

(C6H14, ≥99%, Sigma, Cat#139386), ethanol (anhydrous, Sigma, Cat#443611), chloroform 

(CHCl3, ≥99.8%, Fisher Scientific), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-

(lissamine rhodamine B sulfonyl) (ammonium salt) (16:0 Liss Rhod PE)  (Avanti, Cat#810158), 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000] 

(sodium salt) (DSPE-PEG(2000) Carboxylic Acid) (Avanti, Cat#880135), 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[folate(polyethylene glycol)-2000] (ammonium salt) DSPE-

PEG(2000) Folate (Avanti, Cat#880124), phosphate buffer saline (PBS, pH 7.2), Milli-Q Water 

(H2O, 18.2 MΩ.cm@25℃). 

Synthesis of CsI(CO3, Na) nanoparticles  

0.203 g Cs2CO3 was mixed with 10 mL 1-octadecene and 1 mL oleic acid in a 100 mL 

flask. The solution was heated to 150 ℃ and maintained at this temperature for 30 mins with 

magnetic stirring. Next, 1 mL oleylamine, 0.02954 g 1,2-hexadecanediol, 0.020 g Cs2CO3, and 

0.01 g NaI were added into the mixture. After reacting for 10 minutes, the solution was cooled to 

room temperature, and 0.2030 g I2 were added. The flask was then quickly transferred to a water 
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bath and kept stirring for another 3 hours. CsI(CO3, Na) nanoparticles were collected by 

centrifugation and washed with a mixture of 10 mL hexane and 0.5 mL ethanol for 3 times.  

Synthesis of CsI(CO3, Na)@ZnS nanoparticles 

In a typical reaction, 10 mg CsI(CO3, Na) nanoparticles were prepared in 10 mL ODE. The 

solution was sonicated and vigorously stirred following with the addition of 9 mg Zn acetate and 

0.1 mL OAm. After that, the solution was gradually heated up to 100 ℃ under Argon protection 

and maintained at this temperature for 20 min. Thioacetamide (6-10 mg) was then introduced into 

the system as the S source. The reaction continued for 20 min before transferring to a water bath 

for cooling. The product was collected by centrifugation under 10000 rpm*10 mins and washed 

with a mixture of 6 mL hexane and 3 mL ethanol 3 times.  

Synthesis of CIZS@M-F 

20 mg CsI(CO3, Na)@ZnS nanoparticles were dispersed in 2 mL chloroform. Into the 

solution, 75 µL of DSPE-PEG(2000)-COOH in chloroform (10 mg mL-1) and 25 µL DSPE-

PEG(2000)-Folate in chloroform (10 mg mL-1) were added. The mixture was stirred at room 

temperature overnight, and the solvent was removed by rotary evaporation. The nanoparticles were 

dispersed in PBS and passed through a desalting column before use.   

Synthesis of CIZS@M-F or CIZS@M-C with rhodamine B labelling 

20 mg CsI(CO3, Na)@ZnS nanoparticles were dispersed in 2 mL chloroform. Into the 

solution, 50 µL of DSPE-PEG(2000)-COOH in chloroform (10 mg mL-1) and 25 µL DSPE-

PEG(2000)-Folate in chloroform (10 mg mL-1) together with 25 µL of 16:0 Liss Rhod PE in 

chloroform (10 mg mL-1) were added. The mixture was stirred at room temperature overnight, and 
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the solvent was removed by rotary evaporation. The nanoparticles were dispersed in PBS and 

passed through a desalting column before use.   

Nanoparticle characterizations 

Nanoparticle crystallinity was assessed using the Bruker D8-Advance X-ray diffraction 

(XRD) diffractometer with Cu Kα radiation (λ = 1.5418 Å) at a scanning rate of 10° min-1. The 

hydrodynamic sizes and surface charges of the particles were characterized on a Malvern Zetasizer 

Nano ZS system. Nanoparticle size, morphology, and elemental analysis was characterized using 

a Scanning Electron Microscope (FE-SEM Thermo Fisher Teneo) which was equipped with an 

EDX system and Transmission Electron Microscope (FEI Tecnai20 and FEI Tecnai G2 F30 Hi-

Res TEM). Nanoparticle composition was analyzed by Inductively Coupled Plasma Atomic 

Emission Spectroscopy using an Xseries II ICP/MS system (Thermo Electron Corporation). An 

iodide-selective electrode was used to conduct release experiments in PBS solutions of 

nanoparticles at room temperature (Mettler Toledo perfectION™). 

Radical production in solution 

ROS (reactive oxygen species) were measured with the APF assay (InvitrogenTM 

Cat#A36003) and SOSG kit (InvitrogenTM Cat#S36002) in solution firstly.[147, 148] NPs were 

mixed with PpIX (1 mg/mL) or Redaporfin (10 μg/mL ) solutions for ROS test. The solutions were 

further mixed with APF (5μM) and SOSG (5μM) kit to prepare the final solutions. 5 Gy X-ray 

irradiation was applied and fluorescence signals before and after irradiation were compared via a 

microplate reader (Biotek).  
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Cell culturing 

CT26 colon cancer cells were used for in vitro and in vivo studies. Cells were grown in 

RPMI1640 medium which was supplemented with 10% FBS and 100 units mL-1 of penicillin 

(ATCC). Cells were maintained in a humidified, 5% carbon dioxide (CO2) atmosphere at 37 °C. 

ATP viability assay to test X-PDT efficacy 

The ATP viability assay was performed according to the manufacturer’s protocol 

(PerkinElmer, ATPlite 1step Luminescence Assay Cat#6016736). CT26 cells were seeded at 5000 

cells/well in a white 96-well plate and incubated for 24 hours. After that cells were then incubated 

together with 5-ALA (1 mg/mL) or redaporfin (10 μg/mL) in RPMI medium. Two hours later, NPs 

(100 μg/mL) were added into each well, and cells were further irradiated with 5 Gy X-ray 

irradiation. After 24 hours, ATP1lite assay was utilized for quantification of cell viabilities.  

In vitro intracellular PpIX analysis 

PpIX extraction was performed according to a published protocol.[146] CT26 Cells were 

seeded in a 6-well plate at 10000 cells/well. When cells confluency reaches 80%, 5-ALA (20 μL, 

5 mg/mL) was added into each well, and cells were incubated together with 5-ALA for different 

time points. After that cells were trypsinized, harvested by centrifugation, and redispersed in 5% 

HCl at 37 ℃ for an hour. Following incubation in acid, the supernatant was collected and 

fluorescence signals (ex/em: 406/604 nm) were recorded.  
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In vivo intracellular PpIX analysis with Newton imaging system 

5-ALA (50 mg kg-1 in PBS) was intraperitoneally injected into CT26 bearing balb/c mice 

2 hours before imaging. The luminescence signals based on the excitation of 640 nm light were 

recorded and quantified. 

ROS generation in vitro 

The ROS generation was conducted following the vendor’s protocol. CT26 cells were 

seeded in 96-well plates at 5000 cells/well. Following 24 hours of incubation, the medium was 

aspirated CT26 cells were incubated together with 5-ALA (1 mg/mL) or Redaporfin (10 μg/mL) 

in RPMI medium. Two hours later, NPs (100 μg/mL) were added into each well, and cells were 

further mixed with H2DCFDA (5μM) and SOSG (5μM) kit to prepare the final solutions. 5 Gy X-

ray irradiation was applied and fluorescence signals (ex/em: 504/525 nm) before and after 

irradiation were recorded and compared.  

Cell uptake studies 

Cell uptake of CIZS@M-C and CIZS@M-F nanoparticles were analyzed on a CytoFLEX 

flow cytometer. CT26 cells were seeded at 0.5 × 106 cells/well into 6-well plates. Then, 

nanoparticles were incubated with cells at a final nanoparticle concentration of 100 µg mL-1. Both 

CIZS@M-F and CIZS@M-C were labeled with Rhodamine B following a published 

protocol.[149] Following either 2 or 6 hours of incubation, cells were harvested for flow cytometer 

analysis, and the MFI was recorded.  
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SOD activity 

SOD activity was assessed following the vendor’s protocol (Cayman Chemical 

Cat#706002). CT26 cells were seeded into 6-well plates at 1 million cells/well. After 24 hours, 

CT26 cells were incubated with NPs (100 µg mL-1), 5-ALA (1 mg/mL) or Redaporfin (10 μg/mL) 

for 2 hours prior to receiving 5 Gy irradiation. After irradiation, the cells were further incubated 

for 12 hours and were then harvested and followed with SOD assay (Cayman) for MnSOD and 

Cytostol SOD tests. Absorbance (450 nm) was measured on a microplate reader (Biotek). 

Lipid peroxidation 

The Image-iT Lipid Peroxidation Kit (InvitrogenTM Cat#C10445) was used to assess lipid 

peroxidation. CT26 cells were subcultured in a 96-well plate at the density of 5000 cells per well, 

CT26 cells were incubated together with 5-ALA (1 mg/mL) or redaporfin (10 μg/mL) in RPMI 

medium. Two hours later, NPs (100 μg/mL) were added into each well, and cells were irradiated 

with 5 Gy X-ray after an hour of incubation. The irradiated cells were further cultured for 6 hours 

before lipid peroxidation analysis. After incubation, the treated cells were incubated with 10 μM 

of lipid peroxidation sensor (Life technologies) for 30 min in complete growth medium at 37 °C. 

The cells were washed once with PBS and then the fluorescence intensity of the reduced state (red, 

ex/em: 581/591 nm) and oxidized state (green, ex/em: 488/510 nm) were analyzed. The data were 

represented as red/green fluorescence intensity ratios 

Caspase-3 activity 

CT26 cells were incubated with NPs(100 µg mL-1), 5-ALA (1 mg/mL) or Redaporfin (10 

μg/mL) for 2 hours prior to receiving 5 Gy X-ray irradiation. Control treatments included NPs, 5-
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ALA, or PBS. Following 24 hours of incubation, cells were stained with the FAM-FLICA® 

Caspase-3/7 kit (Immunochemistry, Cat# 94) following the manufacturer’s protocol. The caspase-

3 activity was evaluated by measuring fluorescence signals (ex/em: 488/530 nm) on a microplate 

reader (Synergy Mx, BioTeK). 

Mitochondrial membrane potential (ΔΨm) 

The change of mitochondrial membrane potential was measured by a JC-1 mitochondrial 

membrane potential detection kit (Biotium, Cat No.: 30001). The JC-1 working solution was 

prepared by adding 10 μL of the concentrated dye to 1 mL of FBS-free RPMI medium. CT26 cells 

were subcultured in a 96-well plate at the density of 5000 cells per well, CT26 cells were incubated 

together with 5-ALA (1 mg/mL) or redaporfin (10 μg/mL) in RPMI medium. Two hours later, NPs 

(100 μg/mL) were added into each well, and cells were irradiated with 5 Gy X-ray after an hour 

of incubation. The irradiated cells were further cultured for 6 hours before mitochondria potential 

analysis. After incubation, the treated cells were incubated with JC-1 working solution for 15 mins 

at 37 °C. And the data were represented as red(585/590)/green(510/527) fluorescence intensity 

ratios using 96-well microplate reader. 

Extracellular ATP assay 

CT26 Cells were seeded into 6-well plates at the density of 1×104 cells per well and 

incubated overnight. When the cells confluency reach 80%, CT26 cells were incubated together 

with 5-ALA (1 mg/mL) or redaporfin (10 μg/mL) in RPMI medium. Two hours later, NPs (100 

μg/mL) were added into each well, and cells were irradiated with 5 Gy X-ray after an hour of 

incubation. Cell supernatant was then collected from different time point (1, 2, 4, 24 hours) and 

tested in ATP 1step Luminescence Assay System, 100 mL ATP Assay Kit (PerkinElmer, US) 
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following the manufacture’s protocol. A 10-fold serial dilution series of ATP in culture medium 

(1 μM to 1 pM) were created to build up a standard curve and calculate the absolute amount of 

ATP in the supernatant. The luminescence was measured by a microplate reader (Synergy Mx, 

BioTeK). 

HMGB1 (High mobility group box 1 protein) assay 

CT26 Cells were seeded into 6-well plates at the density of 1×104 cells per well and 

incubated overnight. When the cells confluency reach 80%, CT26 cells were incubated together 

with 5-ALA (1 mg/mL) or redaporfin (10 μg/mL) in RPMI medium. Two hours later, NPs (100 

μg/mL) were added into each well, and cells were irradiated with 5 Gy X-ray after an hour of 

incubation. The cells were further incubated for 24 hours and the HMGB1 levels were analyzed 

following the manufacture’s protocol. The HMGB1 levels were quantified by a microplate reader 

(Synergy Mx, BioTeK) with 450 nm absorption.  

In vivo therapy studies  

Animal studies were performed according to a protocol (A2020 06-004-R1) approved by 

the Institutional Animal Care and Use Committee (IACUC) of the University of Georgia. The 

animals were maintained under pathogen-free conditions. CT26 tumors were established by 

subcutaneously injecting 2 × 105 cells in 50 μL PBS into the right flanks of 5-6-week old female 

BALB/c mice (Charles River). When tumor volume reached 50 mm3, the animals were randomly 

divided into 6 groups (n = 5) and received the following treatments (Day 1): PBS only, PBS plus 

ionizing radiation (PBS + IR), CIZS@M-F plus irradiation (CIZS@M-F + IR), CIZS@M-F plus 

5-ALA plus irradiation (CIZS@M-F + 5-ALA + IR), CIZS@M-F plus Redaporfin plus irradiation 

(CIZS@M-F + Redaporfin + IR), CIZS@M-F plus Redaporfin plus 5-ALA plus irradiation 
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(CIZS@M-F + 5-ALA + Redaporfin + IR). 5-ALA (50 mg kg-1 in PBS) and Redaporfin (20 mg 

kg-1 in PBS) was administered intraperitoneally. CIZS@M-F in PBS (1.25 mg kg-1) were 

intratumorally injected 2 hours after the intraperitoneal injection. A 320 KV cabinet irradiator (X-

RAD 320, Precision X-ray, Inc.) was used to irradiate (5 Gy) tumors 1 hour after CIZS@M-F 

administration, while the rest of the animal body was protected with lead. Animals underwent two 

additional treatment sessions on Days 3 and 5. Tumor size and body weight were inspected every 

3 days. Tumor dimensions were measured with a caliper. Tumor volume was estimated by 

calculating (length)×(width)2/2. Animals were euthanized after 22 days. Tumors were dissected 

and sliced for H&E and Ki67 staining. Organs including the heart, spleen, liver, brain, intestine, 

kidney, and lung were also harvested for H&E staining. 

Biodistribution studies 

5-6 week-old female BALB/c mice (Charles River) were intravenously injected with 

CIZS@M-F (50 μL, 1.25 mg kg-1) or PBS (control) via the tail vein. All mice were sacrificed after 

two weeks. Blood was collected through cardiac puncture for complete blood count (CBC), BUN, 

and ALT measurements. Major organs, including the heart, spleen, liver, brain, intestine, kidney, 

and lung were harvested. Half of the tissues were weighted, homogenized, and digested in hot 

nitric acid. Supernatants were subjected to ICP-MS analysis to measure tissue concentrations of 

cesium and iodine in tissues (μg/grams of tissue). The remaining tissues were fixed and sliced for 

H&E staining.  

Safety Statement 

No unexpected or unusually high safety hazards were encountered 

Statistical analysis 
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All quantitative data were shown as mean ± SD. Statistical analysis was conducted using student’s 

t or ANOVA test. *p < 0.05, **p < 0.01, ***p < 0.001. 

 

4.3 Results and discussion 

Synthesis and characterizations of CsI(CO3, Na) nanoparticles  

We started the reaction from a mixture of oleic acid and cesium carbonate in 1-octadecene. 

The mixture was then heated to 150 ℃ under argon gas and stayed there for 30 mins (Figure 1a). 

We then added oleylamine, 1,2-hexadecanediol, NaI and extra amount of CsCO3 into the mixture 

as for doping. Limited amount of I2 was then introduced 10 mins later. After reaction, we collected 

the products by centrifugation and redispersed them in hexane. According to TEM, the synthesized 

CsI(CO3, Na) nanoparticles were cubic (Figure 1b) with an average size of 60.2 ± 5.2 nm. X-ray 

diffraction (XRD) confirmed that the nanoparticles were similar to undoped CsI and belonged to 

the Pm3m space group (No. 221, JCPDS#06-0311, Figure 1c).  

Due to the high solubility of CsI(CO3, Na) nanoparticles in an aqueous environment. We 

further imparted a layer of ZnS via seed-mediated growth to slow down its fast degradation. ZnS 

is a low-toxic, stable, and biodegradable material extensively utilized in bioimaging.[173] The 

resulting CsI(CO3, Na)@ZnS nanoparticles were spherical in a layer of ZnS shell (Figure 1e). XPS 

analysis confirmed the existence of Cs, I, Zn, and S elements (Figure 1d). EDX also confirmed the 

presence of ZnS coating in the resulting nanoparticles (Figure 1f). XRD again identified 

characteristic peaks from CsI nanocrystals, and we did not observe apparent signals from ZnS 

coating due to the overwhelming signals from CsI (Figure 1c). We then studied the X-ray 



 

85 

luminescence of CsI(CO3, Na) nanoparticles. Fortunately, those nanoparticles displayed intense 

luminescence peaks at ~410 nm and ~510 nm with an intensity ratio of 2:3 (Figure 1g). The 

luminescence peaks overlapped well with the Soret band of PpIX and the absorption spectrum of 

Redaporfin (Figure 1g), suggesting the potential of utilizing our nanoparticles for multiplexing 

photosensitizers’ activation. 

 

 

Figure 4.1 a) Synthetic route of CsI(CO3, Na)@ZnS nanoparticles and its PEGylation. b) TEM 

image of CsI(CO3, Na) nanoparticles. c) XRD of CsI(CO3, Na) and CsI(CO3, Na)@ZnS 

nanoparticles. d) XPS of CsI(CO3, Na)@ZnS nanoparticles e) TEM image of CsI(CO3, Na)@ZnS 

nanoparticles. f) EDS spectrum of CsI(CO3, Na)@ZnS nanoparticles. g) X-ray induced 

luminescence from CsI(CO3, Na) and CsI(CO3) nanoparticles overlaps with absorption spectrum 

of PpIX and Redaporfin. 
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Stability and in solution evaluations of CsI(CO3, Na)@ZnS nanoparticles  

We further coated CsI(CO3, Na)@ZnS nanoparticles with DSPE-PEG-COOH and DSPE-

PEG-Folate (molar ratio 3:1) through thin-film hydration. The finalized CsI(CO3, 

Na)@ZnS@DSPE-PEG-Folate nanoparticles are readily dispersed in aqueous solutions. Dynamic 

light scattering (DLS) showed that the average hydrodynamic size of our PEGylated nanoparticles 

was 132.1 ± 26.4 nm (Figure 2a). Besides, CsI(CO3, Na)@ZnS nanoparticles without a 

phospholipid coating were 104.2 ± 12.9 nm (in hexane, Figure 2a), and CsI(CO3, Na) nanoparticles 

were 87.6 ± 19.5 nm (in hexane, Figure 2a) respectively. Z-potential analysis found that CsI(CO3, 

Na)@ZnS@DSPE-PEG-Folate were negatively charged (-62.17 mV, Figure 2b), and CsI(CO3, 

Na)@DSPE-PEG-Folate nanoparticles were -59.01 mV.   

We then studied the degradation of our finalized nanoparticles in PBS. The release profile 

was recorded under the guidance of an iodine electrode. Compared to uncoated CsI(Na) 

nanoparticles which release more than 90% iodine within 3 hours, our nanoparticles can be rather 

stable in PBS with only ~30% release after 24 hours (Figure 2c).  

To further confirm the X-ray luminescence properties and its related energy conversion 

ability, nanoparticles were mixed with SOSG (5μM) or APF (5μM) in solution and irradiated with 

5 Gy X-ray. Before irradiation, PpIX (1 mg/mL) or Redaporfin (10 μg/mL) was also introduced to 

provide a circumstance with multiplexing photosensitizers. After irradiation, we observed a 

significant luminescence increment from all those treatment groups (Figure 2d), which indicated 

the successful production of singlet oxygen after energy conversion. In addition, hydroxyl radicals 
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were also generated after irradiation and that was evidenced by increased APF luminescence from 

our treated groups (Figure 2e). 

 

Figure 4.2 Stability and X-ray luminescence of CsI(CO3, Na)@ZnS@DSPE-Folate nanoparticles 

(CIS@Z-F). a) DLS analysis of CsI(CO3, Na), CsI(CO3, Na)@ZnS, and CIS@Z-F nanoparticles. 

b) Zeta-potential analysis of CsI(CO3, Na) @DSPE-PEG-F and CsI(CO3, Na)@ZnS@DSPE-

PEG-F. c) Iodine release from CsI(Na) and CIS@Z-F nanoparticles in PBS (pH 7.4). d) Singlet 

oxygen production under ionizing irradiation (IR, 5 Gy), measured with solutions containing 

CIS@Z-F with or without PpIX and Redaporfin, using SOSG (ex/em: 504/525 nm) as an indicator. 

The experiments were repeated in quintuplicates. ***, p < 0.001; ns, p > 0.05. e) Hydroxyl radical 

generations under ionizing irradiation (IR, 5 Gy), measured with solutions containing CIS@Z-F 
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with or without PpIX and Redaporfin, using APF (ex/em: 490/515 nm) as an indicator. The 

experiments were repeated in triplicates. ***, p < 0.001; ns, p > 0.05. 

Evaluate X-PDT in vitro in CT26 cells treated with CIS@Z-F, 5-ALA, and Redaporfin 

We first studied radical generations by incubating CT26 cells with CIS@Z-F nanoparticles, 

5-ALA (1 mg/mL), or redaporfin (10 μg/mL) in RPMI medium. Compared to PBS only, 

nanoparticles themselves can stimulate the formation of singlet oxygens which is assumably due 

to the natural existence of PpIX in cancer cells’ mitochondria (Figure 3a). The levels of singlet 

oxygens were further elevated when we exogenously introduced 5-ALA or Redaporfin. The 

highest singlet oxygen levels from the treatment group with both 5-ALA and Redaporfin 

manifested our hypothesis and proved the energy transfer process via nanoscale scintillators. 

Similar results were observed with H2DCFDA kit which was utilized for total ROS level 

quantification (Figure 3b). And that again proved that our nanoparticles can be excited by external 

X-ray irradiation and give off luminescence to stimulate nearby photosensitizers for a radical 

generation. Those generated radicals can finally lead to the cell death, which was evidenced by 

our viability study with ATP kit after irradiation (Figure 3c).  

Because 5-ALA must be taken in and converted to PpIX for executing its functionality, we 

next investigated its conversion efficiency in vitro and in vivo. Briefly, we incubated 5-ALA 

together with CT26 cells in 6 well plates and extracted intracellular PpIX from different time points 

(Figure 3d). Intense luminescence 3 hours later after incubation indicated the significant 5-ALA 

transfer efficiency and the successful PpIX accumulation in vitro. We next intraperitoneally 

injected 5-ALA into CT26 tumor-bearing balb/c mice. After 2 hours, the control group showed no 

luminescence from the tumor area while the treatment group showed significant luminescence 
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upon 640 nm excitation (Figure 3e). This find out is same as the previous reference and it indicated 

3 hours can be a good time point for PpIX conversion[171]. Thus, we chose this time point for all 

our following studies.  

Next, we evaluated cytosolic superoxide dismutase (SOD) and manganese-dependent 

superoxide dismutase (MnSOD) activities in cells after treatment. Significant increments of SOD 

and MnSOD activities were observed from the group treated with NPs + 5-ALA + Redaporfin+ 

IR (Figure 3f), indicating elevated ROS and corresponding cell response. Mitochondria membrane 

potential (ΔΨm) changes were then investigated and their changes after irradiation indicated the 

mitochondria-targeted activation (Figure 3g). The mitochondria damage from the treatment group 

then activated the apoptosis pathway and this was also evidenced by increased caspase-3 activities 

after irradiation (Figure 3h). The elevated ROS stress can also hamper the structure of DNA, 

proteins, or lipids. And the reduced red/green signals with our lipid peroxidation kit indicated the 

successful generation as well as accumulation of lipid peroxides after treatment (Figure 3i).  

Besides 5-ALA oriented mitochondria damage and apoptosis, we also tested if the 

Redaporfin can induce the endoplasmic reticulum damage and trigger following immunogenic cell 

death. We initially tested the extracellular ATP concentration after our treatment and observed 

significant ATP accumulation. Compared to the control + IR group, the extracellular ATP 

concentration from NPs+ 5-ALA + Redaporfin + IR group was increased by 2.42 times after 2 

hours (Figure 3j). We further investigated HMGB1 expression after the same treatment. And 

compared to the control alone, HMGB1 expression from NPs+ 5-ALA + Redaporfin + IR group 

was promoted by 2.24 times (Figure 3k). Both extracellular ATP and HMGB1 expressions were 

biomarkers for immunogenic cell death and our results indicated our nanoplatform can not only 

induce mitochondria damage but also endoplasmic reticulum damage. 
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Figure 4.3 In vitro X-PDT with CIS@Z-F, 5-ALA, and Redaporfin, evaluated with CT26 cells. a-

b) Impact of CIS@Z-F, 5-ALA, and Redaporfin on cellular oxidative stress. CT26 cells were 

incubated with CIS@Z-F (100 μg mL-1), Redaporfin (10 μg mL-1), and 5-ALA (1 mg mL-1), or 

their combination, followed by IR (5 Gy). All experiments were repeated in quintuplicates. c) Cell 

viability, measured with ATP bioluminescence assay at 24 h. d) In vitro PpIX accumulation, 

measured by microplate reader (ex/em: 406/604 nm). e) In vivo PpIX accumulation on CT26-

bearing balb/c mice, measured by 640 nm excitation with Newtown imaging system. f) Cytosol 

SOD and mitochondrial MnSOD activities, measured with Superoxide Dismutase Assay Kit. g) 

Mitochondrial membrane potentials (Ψm), measured with JC-1 assay. h) Caspase-3 activity, 

measured by microplate reader (ex/em: 488/530 nm). i) Lipid peroxidation, measured with C11-

BIDOPY (ex/em: 488/510 nm) assay. j) Extracellular ATP concentrations, measured with ATP 

bioluminescence assay from different time points after 5 Gy X-ray irradiation.  k) HMGB1 levels 

24 hours after 5 Gy X-ray irradiation. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, p > 0.05. 
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Evaluate X-PDT with CIS@Z-F and 5-ALA, and Redaporfin in vivo 

We inoculated CT26 cells into the right flanks of 5-6-week female balc/c mice. When 

tumor volume reached 50 mm3, we intraperitoneally (i.p.) administered 5-ALA (50 mg/kg) or 

Redaporfin (20 mg/kg). Two hours later, NPs (1.25 mg/Kg) or the same amount of PBS was 

intratumorally administrated. After another hour, we delivered 5 Gy of irradiation to the tumor site 

(Day 1), and the same progress was repeated on Day 3 and Day 5 (Figure 4a). Without treatment, 

animals from the control group reached an average tumor size of 797.78 mm3 after 21 days. On 

the contrary, the average tumor sizes reached 388.77 mm3 and 309.37 mm3 for PBS + IR and NPs 

+ IR groups, respectively. Fortunately, almost all mice from the three treatment groups have their 

tumors eradicated after 21 days, and that indicated our dual wavelength nanoparticles can be 

utilized as a remarkable tool against intracellular photosensitizer activation. 
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Figure 4.4 In vivo studies to evaluate the efficacy of X-PDT with CIS@Z-F, 5-ALA, and 

Redaporfin. Experiments were performed in CT26-tumor bearing balb/c mice. a) Scheme of 

experimental design. On Day 1, animals received one of the following regimens, including PBS 

only, PBS plus ionizing radiation (PBS+IR), nanoparticles with IR (NPs+IR), nanoparticles plus 

5-ALA plus IR (NPs+5-ALA+IR), nanoparticles plus Redaporfin plus irradiation 

(NPs+Redaporfin+IR), and nanoparticles plus 5-ALA plus Redaporfin plus irradiation (NPs+5-

ALA+Redaporfin+IR). 5-ALA (50 mg kg-1 in PBS) and Redaporfin (20 mg kg-1 in PBS) were i.p. 

administered, while nanoparticles in PBS (1.25 mg kg-1) were intratumorally administered 2 hour 

after photosensitizer injections. IR (5 Gy) was applied to tumors 1 hour after nanoparticle 

administration. Two more sessions of treatment were given on Days 3 and 5. Animals were 

euthanized after 3 weeks or when a humane endpoint was reached. b) Tumor growth curves. ***, 

p < 0.001. c) Animal body weight curves. 

 

4.4 Conclusion 

Inspired by our previous CsI(Na) nanoparticles, here we successfully synthesized dual 

wavelength biodegradable CsI(CO3, Na) nanoparticles via the wet method. The nanoparticles can 

produce both ~410 nm ultraviolet light and ~ 510 nm green light upon X-ray irradiation. We then 

chose a biocompatible material ZnS and successfully synthesized the core@shell CsI(CO3, 

Na)@ZnS nanoparticles to slow down the inner hygroscopic nanoparticles from degradation. The 

nanoparticles were further modified via PEGylation with DSPE-PEG-Folate to enhance their 

cellular uptakes. In vitro studies with CT26 cells indicated the feasibility of our approach and the 

nanoparticles can be excited by an external X-ray source and stimulate nearby photosensitizers 
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such as PpIX and Redaporfin. Aiding by those nanoparticles, photosensitizers were activated, and 

we observed elevated ROS stress in vitro. We also observed the following apoptosis and 

immunogenic death pathways after our treatment. Because both 5-ALA and Redaporfin have been 

approved by FDA for photodynamic therapy, our novel approach can surpass the imprisoned light 

penetration issue and significantly decrease the radiation dose needed for obtaining similar 

therapeutic efficacies. In the future, there will be more immunogenic cell death related assays 

conducted. And we will also explore the potential possibilities of DNA damage and radiation-

compromised cell proliferative capabilities. 

For proof-of-concept, we intratumorally injected our nanoparticles in vivo and noticed 

tumor eradication after our treatment. This approach can be further extended to other Folate-

receptor positive cancer cell lines and even metastatic cell lines. In the future, safety studies will 

be tested to verify the biocompatibility of our nanoplatform. Dendritic cells related immunogenic 

cell death will also be confirmed in vitro and in vivo.  
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CHAPTER 5 

CONCLUSION AND FUTURE PLAN 

 

Radiosensitizing reagents have attracted a lot of attention due to their therapeutic efficacy 

and their synergistic effect for curtailing radiation dosage. With this in mind, numerous novel 

nanoplatforms have been developed and utilized for radiation therapy. However, finding a 

resolution to eradicate the tumor site while generating minimal cytotoxicity is not always easy. 

Here we reported ultrathin gold nanowires as one promising radiosensitizer for radiation therapy. 

Our gold nanowires with a high surface ratio can be favorably taken by cancer cell lines. Besides, 

the nanoparticles only contain low toxic and stable gold metals and could leave the body after 

irradiation by themselves. Our studies with 4T1 breast cancer cells and balb/c mice envisioned 

their superior therapeutic performance compared to conventional gold nanospheres, providing a 

new insight for clinical transition.  

Moreover, we developed two nanoplatforms based on CsI(Na) nanoscale scintillators and 

the photosensitizer 5-ALA. This is a milestone in the era of radiodynamic therapy and we 

successfully averted the scintillator-photosensitizer nanoconjugate and followed tedious 

manufacturing process. For instance, in chapter 3 we substantiated that photosensitizers 

underneath 3 cm pork can still be activated by our nanoparticles and generate singlet oxygens. 

This concept was further confirmed by our in vivo studies with 4T1 bearing balb/c mice. Besides 

this, in chapter 4 we optimized our nanoplatform and confirmed the killing effect can be expanded 

to other organelles such as the endoplasmic reticulum, and other cancer cell lines such as CT26 
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colon cells. In the future, we will explore the efficacy of nanoplatforms against metastatic cell lines 

and explore whether the immune response is actively involved during our radiodynamic therapy. 
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APPENDICES 

A supporting information for Chapter 3  

Abbreviation list 

ALT  Alanine Aminotransferase  

ATP  Adenosine Triphosphate  

BUN  Urea Nitrogen  

CBC Complete blood counts 

DLS  Dynamic Light Scattering  

DMEM  Dulbecco's Modified Eagle's 

Medium  

EDS  Energy Dispersive Spectroscopy  

ESI  Electrospray Ionization  

FBS  Fetal Bovine Serum  

ICP-MS  Inductively Coupled Plasma Mass 

Spectrometry  

MRI  Magnetic Resonance Imaging  

MTT  3-(4,5-Dimethylthiazolyl-2)-2,5-

diphenyltetrazolium bromide  

NPs  Nanoparticles  

PBS  Phosphate-Buffered Saline  

REF  Radiation Enhancement Factor  

ROS  Reactive Oxygen Species  
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RPMI 1640  Roswell Park Memorial Institute 

Medium 1640  

RT  Radiation  

SEM  Scanning Electron Microscopy  

SOD  Superoxide Dismutase  

SOSG  Singlet Oxygen Sensor Green  

STEM  

 

XPS 

Scanning Transmission Electron 

Microscopy  

X-ray photoelectron spectroscopy 

 

 

 

 

 

 

Figure S1. a) Elemental analysis of CsI(Na) nanoparticles by EDX. b) Selected area electron 

diffraction (SAED) of a single CsI(Na) nanoparticle under HRTEM.  d) SEM image of 

CsI(Na)@MgO nanoparticles. Scale bars, 1 μm. e) EDX elemental analysis of CsI(Na)@MgO 

nanoparticles.  
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Figure S2. a) Z-potentials CIS@M-C and CIS@M-F nanoparticles, measured in D.I. water. b) 

Photos of CsI(Na) and CIS@M-F nanoparticles, taken after 24 hours of incubation in water. c) 

Setup of experiment to evaluate X-PDT activation. Solutions containing CIS@M-F, PpIX, and 

SOSG was irradiated with X-rays or LED light, with or without 3-cm pork placed between 

solutions and radiation sources. Experimental results are detailed in Figure 2d.  
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Figure S3. a) 5-ALA was converted to PpIX in cells, measured by measuring PpIX fluorescence. 

The signals were plateaued after ~ 3h. b) Characteristic PpIX absorbance was increased when cells 

were incubated with 5-ALA. The increase was 5-ALA-concentration dependent. c) Cell viability, 

measured with ATP bioluminescence assay at 24 h of incubation. 4T1 cells were incubated with 

5-ALA up to 1250 μg/mL. d) Viability of 4T1 cells when incubated with CIS@M-F in the absence 

of ionizing radiation (IR), measured with ATP bioluminescence assay. e) Double-strand breaks, 

measured with rH2AX staining. 4T1 cells were treated with CIS@M-F+5-ALA+IR, CIS@M-

F+IR, 5-ALA+IR, IR, and PBS. Positively stained foci per cells were quantified by ImageJ and 

the results were summarized in Figure 3g. Scale bar, 50 μm. Red, rH2AX; blue, DAPI.  
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Figure S4.  a) Representative images of clonogenic assay results from different treatment groups. 

b) Summary of data fitting based on linear-quadratic equation. S = exp-(aD+bD2), where S is the 
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cell survival fraction, D is the radiation dose, and a&b are fitting coefficients. Radiation 

enhancement factors based on survival fraction relative to PBS (IR alone) at 2 Gy (REF2) and 5 

Gy (REF5) as well as D10 (dose required to achieve 10% clonogenic survival) (DMF10) were 

calculated and compared.   

 

 

 

 

 

 

 

Figure S5. H&E staining of major organ tissues. Mice were i.v. injected with CIS@M-F (1.25 

mg/kg) or carrier only (PBS) and euthanized after two weeks (n=5). Scale bars, 100 µm. 

 

 

 


