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ABSTRACT 

Cancer is a major health problem worldwide. It is estimated that about 20 % 

people are diagnosed by cancer, and about 10% people die from cancer. Among the 

cancer patient, about 50% people receive radiation therapy (RT). Despite of advanced RT 

techniques, the maximum dose is still limited by the radiation tolerance of surrounding 

normal tissues. Radiosensitizers are often used along with RT to overcome the dose 

limitation. With emerging of nanotechnology, high-Z nanoparticles (HZNPs) have 

attracted attention as a radiosensitizer due to their strong photoelectric effect. Until now, 

many HZNPs have been proposed, but the most HZNPs nanoparticles are limited to 

clinical translation due to suboptimal pharmacokinetics, low cellular accumulation, and 

heavy metal toxicity. Here, high-Z metal loaded carbon dots (M@Cdots) are explored as 

a novel type of radiosensitizer. The carbon dots (Cdots) are only about 3nm, and they are 

chemically and biologically inert. Therefore, other than enhanced radiation therapy 

efficacy, minimal systematic toxicity can be expected.  
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CHAPTER 1 

LITERATURE REVIEW: RADIATION THERAPY AND HIGH-Z NANOPARTICLES 

 

1.1 Introduction to radiation therapy 

Cancer is a major health problem worldwide and it is the second leading cause of 

death in the united states. About 20 % of people develop cancer, and almost 10% people 

die from the disease.[1] Differ to other diseases, cancer is not limited to specific organ. 

Instead, it can occur from all organs and cells with various reasons.[2-4] In the past 

decades, many research have focused on finding treatment modalities to defeat cancers, 

and the 5-year survival rate has been improved in many cancer types.[5-7]  

One of the most common cancer treatment modalities is radiation therapy (RT). 

The history of RT was started from the discovery of X-ray in 1895, by a German 

physicist Wilhelm Conrad Roentgen.[8] After one year, Emil Herman Grubbe used X-

rays to treat breast cancer which showed a promising result.[9] In 1898, Marie and Pierre 

Curie discovered radium as a source of radiation followed by characterizing physiologic 

effects of radium rays and isolating radioactive radium salts from the mineral pitchblende 

in 1902.[10, 11] The discovery of radium and its characteristics triggered investigations 

of radioactivity in cancer treatment application.[12] In early period of time, the most 

frequently treated cancer using X-ray and radium was skin cancer because of low tissue 

penetration.[8] Over the time, new devices which can emit higher energy X-ray were 

developed, and cancer in deeper tissue can be treated. [13, 14] 
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Currently, RT is an important component of cancer treatment with about 50% of 

the patients with cancer either as a neoadjuvant or adjuvant treatment.[15, 16] In this 

chapter, I would like to overview on the principle of conventional radiation therapy. 

Then, the mechanisms of high-Z nanoparticles in radiation therapy is introduced followed 

by summary of recent researches on different high-Z nanoparticles. Finally, this chapter 

concludes with current challenges of high-Z nanoparticles in radiation therapy and 

introduction of following chapters. 

1.2 Principal of radiation therapy 

Radiation therapy kills cancer cells in targeted area using biological effects of 

ionizing radiation which has enough energy to remove electrons from an atom resulting 

the atom in charged or ionized during the interaction.[17]  Ionizing radiation includes 

high-energy photon radiation such as X-ray and gamma ray, and particle radiation such as 

alpha and beta particles, proton, and neutron beams.[18] 

There are two ways to deliver radiation to tumor. Internal beam radiation therapy 

or brachytherapy deliver radioactive sources inside the body close to the tumor site or 

into the tumor in the form of wires, seeds, or rods.[19] The radioactive sources such as 

iodine-129, cesium-131, and iridium-192 emit radiation in form of alpha, beta, and 

gamma rays with a limited distance of penetration as they decay.[20-23] The 

brachytherapy brings benefit of delivering high dose of radiation to the local tumor tissue 

with minimum dose exposure to the surrounding normal tissues.[24] However, the use of 

high energy radioactive sources that pose a radiation safety hazard to patients or people 

who work with is concerned about. On the other hand, external beam radiation therapy 

(EBRT) directs radiation beams to the targeted tumor from outside the body using a 
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linear accelerator, and the radiation intensity can be tuned depending on the depth of the 

target location.[25, 26]  

When the radiation reach to cancer cells, they damage the cancer cells either by 

direct or indirect action.[27, 28] In the case of direct action, ionizing radiation directly 

interact with biomolecules such as DNA, resulting in termination of cell division and 

proliferation. In contrast, indirect damage is induced by secondary species such as 

secondary electrons or reactive oxygen species which are mainly derived as a radiolysis 

product of water.[29-31] Briefly, when the X-ray interacts with water molecule, positive 

water molecule and an electron are created. The electron joins to another water molecule 

forming negative water molecule and hydroxyl radical. The negative water molecule 

becomes a hydroxyl ion and a hydrogen radical. The hydroxyl radical often combines to 

form hydrogen peroxide, and the hydrogen radical combines to oxygen producing 

hydroperoxyl radical. The previous studies have shown that 70% of DNA damage is 

caused by reactive oxygen species and 30% of DNA damage is due to the secondary 

electrons and direct fragmentation of the DNA.[32, 33] 

Figure 2. Principle of radiation therapy. Direct damage and indirect damage. 
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The DNA damage can be categorized in to three types: base damage, single strand 

breaks (SSBs), and double strand breaks (DSBs). [34-36] The cells may repair base 

damage and SSBs, and the cells continue the cell function and proliferation. In contrast, 

DSBs cannot be repaired, and it can cause more significant damage to the cells resulting 

in non-proliferation and cell death. [37] Therefore, sufficient dose of radiation is essential 

to damage the cancer cells. Moreover, the most solid tumors are more radio resistance, 

and higher dose of radiation is required to achieve the satisfied result. However, when the 

dose is increased, the surrounding healthy tissues are exposed to significant amount of 

radiation, and the increasing amount of radiation can be a double edge sword since the 

ionizing radiation itself is toxic. The high dose of radiation results in severe normal tissue 

damage which can lead life threatening. Therefore, the dose should be limited by the 

tolerance of normal tissues. [38, 39] 

To reduce damage to the normal tissues while increasing the dose delivery to the 

target, multiple parameters including maximum dose tolerance of tissue, total radiation 

dose, fraction size, volume of exposed tissue should be considered to plan the radiation 

therapy. The development of imaging technique such as MRI and CT allows precise 

delineation of tumor shape and volume and leads to development of 3D conformal 

radiotherapy (3DCRT).[40, 41] 3DCRT deliver lower-energy radiation from multiple 

angles leading the overlap of the beams and high dose accumulation to the targeted 

tissue. Although this technique can reduce dose accumulation to the normal tissues, larger 

volume of normal tissues is exposed to the radiation.[37] To minimize dose exposure to 

the normal tissues, intensity modulated radiation therapy (IMRT) was introduced which 

uses larger number of smaller radiation beams compare to 3DCRT. By controlling the 
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strength of the radiation beams at each location, higher radiation doses can be delivered 

to the tumor with less side effects allowing escalation of maximum radiation dose.[42] 

However, since the surrounding normal tissues on the path where the radiation penetrates, 

the maximum dose of radiation is still limited depending on the radiation tolerance of 

tissues and, sometimes, results in unsatisfactory treatment outcome.[43, 44] 

To overcome the dose limitation, radiosensitizers are often used along with radiation 

therapy.[45] Radiosensitizers make tumor cells more sensitive to radiation, and, therefore, they 

can be significantly damaged with lower dose of radiation. The conventional radiosensitizers are 

small molecule chemotherapeutics such as gemcitabine, platinum analogs, fluoropyrimidines. 

They enhance the radiosensitivity of tumor cells by dysregulating cell cycle or forming 

interstrand DNA crosslinks which limit recovering of DNA damage caused by radiation.[46, 47] 

However, these small molecule radiosensitizers often cause side effects due to off targeting 

accumulation.[48-50] Therefore, radiosensitizers which can be delivered to target site and 

minimize toxicity are desired.  

1.3 Principle of radiation therapy with high-Z nanoparticles 

Nano-radiosensitizers or radiation dose enhancers are small synthetic particles, 

smaller than 100nm.[51] Compare to the conventional small molecule radiosensitizers, 

the Nano-radiosensitizers are easy to be manipulated in terms of size, shape, and 

functionalization.[51, 52] Nano-radiosensitizers can increase the dose delivered to the 

target tissue when they are made with elements that have large photo-absorption cross 

sections, or they can be used as a vesicle to carry the small molecule drugs so that the 

therapeutic agents are delivered to targeting area minimizing off target accumulation. 
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Therefore, sometimes, enhanced therapy outcome can be carried out by synergistic effect 

of increased radiosensitivity and enhanced energy deposition. [53] 

High-Z nanoparticles (HZNPs) are considered as a type of Nano-radiosensitizers. 

The radiosensitizing effect of HZNPs was introduced when patients received treatment 

for mandibular and head and neck cancer with metal implants more than 30 years 

ago.[54-56] The radiosensitization effect by HZNPs is based on their strong capabilities 

for absorbing ionizing radiation leading to local dose enhancement and emitting 

secondary electrons which can promote reactive oxygen species generation. It is mainly 

by Compton scattering or photoelectric effect.[37, 57] 

Compton scattering is an inelastic scattering of a photon by an electron. (Fig. 

1.2a) It is caused when the incident photon interacts with outer shell electrons resulting in 

changing direction of incident photon and transferring the energy to the electrons.[58, 59] 

The probability of Compton effect is inversely proportional to photon energy and 

proportional to the number of electrons per grams of the material which means that most 

elements have similar probability.[58, 60, 61] Therefore, Compton effect is not 

influenced by atomic number although it still has a major role in radiation effect by 

increasing energy deposition at the local site. 

Photoelectric effect, in the other hand, occur when the incident photon hits an 

electron on the internal orbit.[58] Once the photon energy is transferred to the electron, 

the electron is emitted from the orbit leaving an empty space, and the vacancy is filled by 

an electron from outer orbital.[58] While the electron is moving from outer to inner 

orbital, it release energy in forms of radiation. This secondary radiation can be absorbed 

by another electron on the outer shell causing another electron releasing which is called 
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Auger electron.[58] This Auger electron can be toxic to the cell because it has very high 

linear energy transfer (LET).[62] Unlike to the Compton effect, the probability of the 

photoelectric effects is directly proportional to the cube of atomic number (Z3) and 

inversely proportional to the incident photon energy (E3).[63, 64] Therefore, the HZNPs 

with higher atomic number element will produce more photoelectrons, secondary 

radiation, and Auger electrons resulting in stronger dose enhancement and focal 

ionization effect to the targeting sites.[63, 64] 

 

Figure 3. mechemism of does accumulation enhancement and secondary electron 

production by high-Z nanoparticles. 

1.4 Chemical and biological effect of High-Z nanoparticles in radiation therapy 

As we saw on the previous section, when the incident radiation hit HZNPs, a large 

number of secondary electrons are produced. These secondary electrons can either 

damage DNA through a dissociative electron attachment, or they can interact with water 

molecule to increase the reactive oxygen species production (ROS) such as hydroxyl 

radical (OH*), singlet oxygen (1O2), super oxide (O2
-), and hydrogen peroxide 
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(H2O2).[65] The ROS are highly reactive, and they induce oxidative stress and DNA 

damage which can cause cell death. (Fig. 1.3) 

DNA damage and repair 

Ionizing radiation (IR) induces DNA damage either by direct or indirect 

interactions. Once the DNA is damaged, DNA damage response (DDR) system is 

activated to repair the DNA injuries.[66] However, DNA double strand break (DSB) are 

difficult to repair resulting in cell death. With the increased number of secondary electron 

and ROS, HZNPs can induce more DNA damage to the cell. 

When the DNA damage is induced, phosphorylated histone γ-H2AX and DNA 

repair protein 53BP1 are activated to repair DSBs.[67, 68] Moreover, it has been shown 

that the amount of γ-H2AX foci is directly proportional to the number of DBSs.[67] 

Therefore, by measuring the amount of γ-H2AX and 53BP1, the DNA damage or 

response to radiation exposure can be evaluated. In most studies, γ-H2AX foci is revealed 

by immunostaining and detected through fluorescence microscopy after 0.5-1 h 

irradiation.[69-71] After irradiation, the γ-H2AX foci number decreases as the DNA is 

repaired.[72] Therefore, by monitoring the kinetic for DNA damage and repairing over 

the time after irradiation, more detailed information on DBSs can be obtained. The 

theoretical kinetic model N(t) = A(1 − e−Bt) (𝐶𝑒−𝐷t + (1 − 𝐶) 𝑒−𝐸t) is based on the foci 

phosphorylation and de-phosphorylation processes where A is normalization factor, B 

drives the dynamic of the ionizing radiation induced foci (IRIF), C is the weight of 

simpler damage, D is decay rate of C, E is decay rate of (1-C).[73] Overall, this formula 

explains number of foci at a time after radiation exposure. 

Tumorigenesis 
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When the cells are irradiated by ionizing radiation, they slowly lose their ability to 

proliferate due to DNA damage. Therefore, by testing the reproductive ability of single 

cell after treatment, the effectiveness of treatment can be evaluated. 

The gold standard to monitor radiation treatment effect in vitro is clonogenic 

assay which was developed by Puck and Markus in 1956.[74] The clonogenic assay can 

evaluate and compare the reproductive viability and colony forming ability between 

control and different cytotoxic agents including chemotherapeutics, radiosensitizers, or 

nanoparticles under different radiation doses.[75] The data is presented in the survival 

curves plotted with the survival fraction (SF), the number of colonies formed at dose (D) 

divide by that of dose 0, against the radiation dose (D).[76] This experimental data is 

again fitted into a linear quadratic (LQ) model, 𝑆𝐹 =  𝑒(−𝛼𝐷−𝛽𝐷2), where SF is survival 

fraction, α is linear parameter, β is quadratic parameters in the model, and D is the 

radiation dose.[76] To quantify the does enhancement effect by the HZNPs, dose 

modifying ratio (DMRx%) is often calculated by the formula, 𝐷𝑀𝑅𝑥% =  
𝐷𝑥%,   𝑐𝑜𝑡𝑟𝑜𝑙

𝐷𝑥%,   𝐻𝑍𝑁𝑃𝑠
 .[76] 

This equation explains the ratio of the dose to produce the same survival level (x%). 

Usually, 10% survival level is used to calculate DMR since it has smaller uncertainties 

compare to the higher survival level.[76, 77] In many studies, survival fraction at a dose 

of 2Gy is evaluated since the initial slope of the survival curve is more relevant to the 

clinical result and 2 Gy is typical fractional dose in radiation therapy.[76, 78, 79] 

Therefore, sometimes, the does enhancement factor (DEF) evaluate by the ratio of doses 

which lead to the same levels of cell survival as the control sample at 2Gy.  
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Figure 3. Scheme of impact of HZNPs to the cell. The incident radiation interacts with 

HZNPs and produce secondary electrons by photoelectric effect. These secondary 

electrons interact with water or oxygen molecules to produce ROS such as hydrogen 

peroxide, superoxide, singlet oxygen, and hydroxyl radicals leading DNA damage. 

Meanwhile, the oxidative stress on the cells also enhanced due to enhanced dose 

accumulation by HZNPs. The oxidative stress leads cell membrane and mitochondrial 

damage resulting in cell death.  

1.5 Current research on high-Z nanoparticles 

Until now, many studies have reported radiosensitizing effect with HZNPs using 

different high-Z elements including, Silver (Z=47), Gadolinium (Z=64), hafnium (Z=72), 

gold (Z=79), bismuth (Z=83).[53, 80-84]  
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Gold nanoparticles (AuNPs) have been studied for radiation therapy because gold 

has strong photoelectric absorption coefficient with the atomic number of 79 and good 

biocompatibility which can minimize toxicity.[85] In the previous studies, the size, 

morphology, and surface functional group affect to the radiation therapy  effect.[86, 87] 

Liang et al. explored how the size of AuNPs affect to radiation therapy outcome. On this 

study, PEG coated AuNPs, range of size 4.8 nm – 46.6 nm, was tested in vitro and in 

vivo, and 12.1 and 27.3 nm AuNPs showed outstanding therapeutic effects compare to 

other size of particles. [87] Although the AuNPs showed promising result and good 

biocompatibility, changing properties of AuNPs by size could be a drawback in radiation 

therapy application. In the radiation therapy, the nanoparticle size smaller than 6 nm is 

ideal because of fast renal clearance, good tumor accumulation, and favorable interaction 

with radiation.[88, 89] However, it was shown that the AuNPs become chemically active 

when the size is smaller causing toxicity. Tsoli et al. found that IC50 of 1.4 nm AuNPs is 

0.24 μM which is 180 times lower than the IC50 of cisplatin.[90]  

Silver (Z=47) is another good candidate for HZNPs. In many studies, AgNPs 

showed promising result as a radiosensitizers and dose enhancer in radiation therapy.[91, 

92] Zhao et al. functionalized AgNPs with PEG and an aptamer As1411 targeting glioma 

cancer. They reported that the systemic delivered particles can be effectively accumulated 

at the tumor site, and the mean survival time of C6 glioma bearing mice can be 

significantly increased in combination with irradiation.[92] Moreover, AgNPs have been 

reported for antimicrobial activity and anticancer therapeutic effect suggesting synergistic 

effect between chemotherapeutic effect and radiosensitizing effect. Abdellatif et al 

proposed that silver citrate nanoparticles (AgNPs-CIT) can inhibit TNFα expression by 
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deactivation of the NF-κB signaling event in stimulated breast cancer cells. [93] 

However, compare to gold, silver has less biocompatibility, and this may cause 

toxicity.[94-97] 

Gadolinium (Gd) has atomic number of 64, and gadolinium chelates have been 

used as T1 contrast agent in magnetic resonance imaging. Therefore, Gd based 

nanoparticles have been proposed for MRI guided radiotherapy.[98-100] Liu et al. 

suggested that pH-Low Insertion Peptide (pHLIP) conjugated gadolinium nanoparticles 

(pHLIP-GdNPs) can successfully target acidic tumor environment increasing 78-fold 

cellular uptake compare to GdNPs, and promotes the radiation therapeutic effect resulting 

in enhancement of vitro radiosensitivity by 44%.[99] Verry et al. used 3.0 ± 1 nm 

gadolinium based activate guided irradiation by x-ray nanoparticles (AGuIX NPs) for 

tumor imaging and clinical 6 MV radiotherapy in 9L-ESRF-bearing rats. The animals 

were treated with different concentration of NPs followed by two fractions of 10 Gy at 

day 10 and day 17 after tumor implantation, and the tumor volume was measured by 

MRI. With the study, the mean survival time was increase 134% and 84% compare to 

control and radiation groups respectively. [100] 

 Hafnium also have high atomic number, Z = 72, and hafnium oxide nanoparticles 

have been being tested in clinic for various cancer types including head and neck 

squamous cell carcinoma, Lung metastases, Liver metastases, and pancreatic 

cancer. [101, 102] Recently, hafnium oxide nanoparticle, NBTXR3, has been done in 

phase 2 and phase 3 clinical trial for soft tissue sarcoma. In this study, NBTXR3, volume 

equivalent to 10% of baseline tumour volume, was directly injected into the tumor and 

exposed to 25 fractions of 2Gy over 5 weeks. The group treated by NBTXR3 with 
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radiation improved radiotherapy efficacy with 2-fold higher pathological complete 

response and 7% less adverse events compare to radiation only group. [102] Other types 

hafnium nanoparticles have been proposed for pre-clinical studies. [83, 84]  Gong et al. 

functionalized Hf-nMOFs with Fe3+ to produce HfBPY-Fe to enhance radiotherapeutic 

effects by Fe3+-based Fenton reaction and Hf4+-induced X-ray energy conversion in 

tumors. [83]  

 Bismuth based nanoparticles (BiNPs) are suitable cancer diagnostic and X-ray 

radiosensitive therapeutic agents due to the high atomic number of bismuth (Bi, Z=83) 

and X-ray attenuation coefficient. [53, 103] Azizi et al. proposed bovine serum albumin 

(BSA) mediated bismuth sulfide nanoparticles functionalized with biotin and 

methotrexate (Bi2S3@BSA–Bio–MTX) to combine the chemotherapy and radiotherapy 

for targeting breast cancer. [53] Sometimes, the bismuth and other metals are co-doped to 

the particle for dual imaging as well as amplified therapeutic effect. Detappe et al. 

synthesized 5nm SiBiGdNPs using top-down method for dual-modality (MR and CT) 

contrast enhancement and radiation dose enhancement on non-small cell lung cancer 

model. [103] In this study, the particle was delivered by single intravenous injection (420 

mg/kg), and the mice were treated with a single fraction of 10 Gy resulting in significant 

improvement in both tumor growth delay and survival time. 

Limitation of conventional HZNPs and overview of the following chapters 

As we discussed, there are many HZNPs such as gold, gadolinium, hafnium, 

platinum, and silver nanoparticles have been investigated in nonclinical or preclinical 

studies, and some HZNPs such as hafnium oxide nanoparticles and silica-based 
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gadolinium chelated nanoparticles have recently entered clinical trials. However, there 

are still obstacles in HZNPs exist which limit their potential application in clinical use. 

Despite of development of nanotechnology, the major issues of HZNPs is still 

toxicity caused by the heavy metal. Even though nanostructured formula can reduce the 

heavy metal toxicity, it cannot eliminate completely. For instance, Gd-chelates, which are 

bound to the surface of silica nanoparticles in AGuIX, may cause nephrogenic systemic 

fibrosis in patients with compromised renal functions and/or increased Gd deposition in 

the brain. 28, 29 Although the particles are made with inert materials such as gold and 

hafnium, they have long circulation time and takes weeks to month to be cleared out 

causing potential inflammation and long-term toxicity. 30, 31 Moreover, most 

conventional nanoparticles have size about 20-200 nm in diameter which cannot be 

penetrate the center of tumor, instead, they are stuck in the interstitial space causing 

inhomogeneous intratumoral distribution of nanoparticles. Also, these large size particles 

often accumulate in the liver, spleen, and capillary in normal lung tissues leading to the 

off-target damage and reducing therapeutic effect. 32-34 

Therefore, the ideal radiosensitizers which have marginal systemic toxicity, 

higher enhancement, and negligible radiation dose toxicity is still desired. To overcome 

the limitation, we proposed a 3nm high -Z element loaded carbon dots (M@Cdots, 

M=high-Z element). The next three chapters discussed about the properties of M@Cdots 

as a potential safe radiosensitizers. On the chapter 2, synthesis methods of M@Cdots 

using various carbon precursors and metals are discussed followed by their physical 

properties including size, surface charge, stability, and in vitro toxicity. On chapter 3, 

gadolinium loaded carbon dots (Gd@Cdots) are investigated to evaluate enhanced 
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radiation therapeutic effect. The HZNPs have unique optical properties depending on 

metal and carbon precursors, and they are useful to investigate in vivo particle 

distribution, clearance profile, and toxicity. (chapter 4) 
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CHAPTER 2 

METAL LOADED CARBON NANOPARTICLE SYNTHESIS AND 

CHARACTERIZATION 1
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ABSTRACT 

 

High-Z element nanoparticles (HZNPs) have shown the promising properties as a 

potential radiosensitizers. However, the conventional HZNPs have been limited in the 

clinical application due to slow clearance and accumulation in non-targeting tissues 

which can cause long term side effects. Carbon nanoparticles or carbon dots (Cdots) are 

3-10 nm zero-dimensional carbon-based materials. Chemical and biological innerness of 

Cdots is already well known, and Cdots have been studies for biomedical applications 

such as diagnosis or imaging. Although many synthesis methods were explored for 

carbon dots, not many studies have been done on High-Z metal loaded carbon dots 

(M@Cdots). In this chapter, we investigated synthesis of high-Z loaded carbon dots 

(M@Cdots) through a hydrothermal reaction. Gadolinium or bismuth were loaded into 

carbon dots made with various carbon precursors including p-phenylenediamine, citric 

acid, and aminobenzoic acid which have different functional groups. Then, the physical 

properties and reactive oxygen species (ROS) production were explored and compared.  
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2.1 Introduction 

High-Z elements can increase energy deposition of X-rays and enhance the 

efficacy of radiation therapy (RT). After the emergence of nanotechnology, many studies 

have explored High-Z element nanoparticles (HZNPs) and revealed promising properties 

as a potential radiosensitizers. Until now, various high-Z elements including gold, silver, 

bismuth, gadolinium, hafnium, and iodide were explored to synthesize HZNP 

radiosensitizers. However, toxicity caused by slow clearance and accumulation in non-

targeting tissues is still concerned and limits in the clinical application. 

Carbon nanoparticles or carbon dots (CDs) are 3-10 nm zero-dimensional carbon-

based materials doped with various heteroatoms including N, S, P, and B.[1] They are 

built with multi-layers of graphite sheet forming a spherical shape.[2] Compare to other 

carbon nanomaterials such as carbon nanotubes, the surface functionalized CDs has great 

solubility and stability in aqueous solution.[3, 4] Moreover, many studies have been done 

on the biocompatibility and chemical inertness of CDs showing that CDs are not toxic, 

and these results attract more attention to CDs for biomedical applications.[5-8] Also, the 

ultrasmall size (~ 3 nm) of CDs is comparable to a small protein like insulin, and it helps 

CDs are protected by protein opsonization and reticuloendothelial system uptake.[9] 

According to the previous study, the nanoparticles smaller than 10 nm can be cleared out 

by renal clearance.[10, 11] Therefore, the CDs can possibly be cleared out by renal 

clearance within short period time minimizing long-term side effect. Furthermore, the 

CDs can be prepared from various inexpensive resources  such as citrates and 

carbohydrates.[12-16] 
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These unique properties of CDs may bring benefits when toxic heavy metals are 

intercalated. Since the carbon is biologically inert, the metals are prevented from 

releasing even in harsh biological condition such as acidic and high ionic strength 

environment.[17-19] Also, since the particles are removed by renal clearance within short 

time, the toxicity caused by heavy metal accumulation can be prevented.[17,19] 

Moreover, the synergistic radio-sensitizing effect is expected by high-Z elements and 

carbon surface which delocalizes π electrons.[20-22] The secondary electrons, produced 

by photoelectric and auger effects, are trapped by carbon and transferred to oxygen 

molecules or surface functional groups on the CDs. This promotes production of reactive 

oxygen species (ROS) resulting in higher radiation therapy efficacy.  

The synthesis methods for CDs are categorized into two different approaches such 

as top-down and bottom-up methods.[23, 24] The top-down methods start from large-

sized carbon precursors such as graphite, carbon black, and graphene oxide and break 

them into small particles by arc discharge, laser ablation, and electrochemical oxidation 

methods.[25-28] However, these methods often resulted in low yield or large impurities 

which are difficult to remove. In contrast, bottom-up approaches synthesize the particles 

from molecular precursors using combustion, template, pyrolytic, chemical oxidation, 

microwave, and hydrothermal/solvothermal methods.[29-33] The advantage of the 

bottom-up approach is fabrication of surface functional groups. [23, 24, 34, 35] 

Depending on the carbon precursors the CDs can have different surface functional 

groups. Song et al. reported a carboxyl, carbonyl, and amine functionalized carbon dots 

from an aminosalicylic acid (ASA) using hydrothermal process for cell imaging and Fe3+ 

detection in living cells.[36] 



 

4 

 

Although many synthesis methods were explored for carbon dots, not many 

studies have been done on High-Z metal loaded carbon dots (M@Cdots). In 2014, Our 

group reported direct calcination method to synthesize gadolinium loaded carbon dots 

(Gd@Cdots).[17] In this study, gadolinium chelate, Gd‐DTPA, was dried on a crucible 

followed by calcination at 300 °C for 2 h in air to prepare Gd@Cdots. Although the 

particle showed good r1 relaxivity and strong photoluminescence, the particle size could 

not be controlled leading to large particle size distribution. In next study, we proposed a 

template calcination method.[37] In this study, mesoporous silica nanoparticles (MSNPs) 

were used as template, and carbon precursor (Gd-DTPA) and gadolinium salts 

(Gd(NO3)3*6H2O) was loaded to the pore by capillary effect and electro static effect. 

This method can control the particle size by controlling the pore size of the MSNPs. 

Three different particle sizes of Gd@Cdots (3, 7, and 11nm) were successfully prepared. 

However, this method includes multiple steps and strong acid or base to remove the silica 

frame. Moreover, the yield is low resulting in 10 mg from each batch. Therefore, a new 

synthesis method which is simple, safe, and efficient with narrow size distribution is still 

desired.  

In this chapter, we investigated synthesis of high-Z loaded carbon dots 

(M@Cdots) through a hydrothermal reaction. The gadolinium or bismuth loaded carbon 

dots were synthesized with various carbon precursors including p-phenylenediamine, 

citric acid, and aminobenzoic acid which have different functional groups. The physical 

properties and reactive oxygen species (ROS) production was explored and compared.  
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2.2 Material and method 

Material 

p-Phenylenediamine (pPD, Sigma Aldrich, Cat# 78429), Citric acid (CA, Sigma Aldrich, 

Cat# 251275), Amino benzoic acid (ABA, MP Biomedical, Cat# 102569), Gadolinium 

nitrate hexahydrate (Gd(NO3)3•6H2O, Sigma Aldrich, Cat# 211591), Bismuth nitrate 

pentahydrate (Bi(NP3)3 5H2O, Sigma Aldrich, Cat# 254150), Nitric acid (JT Baker, 

Cat# 9601-34), Ethanol (KOPTEC, Cat# 19J14D), Dialysis membrane (Spectrum, 

[MWCO]=100-500), Milli-Q H2O, 3-(4,5-Dimethylthiazolyl-2)-2,5-diphenyltetrazolium 

bromide (MTT) (Sigma Aldrich, Cat# M2128). 

Cell Culture 

H1299, Human non-small lung cancer cell, was cultured following to the protocol 

provided by ATCC. A complete growth medium was prepared by adding 50 mL fetal 

bovine serum (FBS; Atlanta Biologicals, Cat#S11150) and 5 mL penicillin (Corning Cat# 

30-002-CI) to 450 mL of RPMI 1640 medium (Corning, Cat# 10-104-CV). The cells 

were sub-cultured in every three days and stored in a Thermo Scientific Heracell 150i 

incubator at 37 °C. A day before the experiment, the cells were washed with PBS and 

collected by trypsinization (37 °C, 2 min) followed by neutralization with cell culture 

medium and centrifugation (1200 rpm, 5 min). The supernatant was removed, and cells 

were dispersed in new cell culture medium. Then, the cell density was counted using a 

hemocytometer (Hausser Scientific, Cat# 3200) to seed desired number of cells on the 

plate.  
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M@Cdots Synthesis (M= Gd or Bi) 

Gd@Cdots 

Gd@Cdots were synthesized by a hydrothermal. 1.33 mmol of Gd(NO3)36H2O and 1.48 

mmol  of carbon precursor (pPD, CA, or ABA) was dissolved in 60 mL of either ethanol 

or Milli-Q H2O, and the solution was transferred to a poly(tetrafluoroethylene)-lined 

autoclave. After heating to 180 oC in the oven for 12 h, the reaction was cooled down to 

room temperature naturally. The raw products were centrifugated followed by 

purification using dialysis membrane (MWCO 500) to remove carbon biproducts and free 

gadolinium ions (Gd3+).   

Bi@Cdots 

Bi@Cdots were synthesized by a hydrothermal. 1.33 mmol of Bi(NO3)3 5H2O was 

dissolved in 4mL 5% nitric acid. 1.48 mmol of carbon precursor (pPD, CA, or ABA) was 

prepared in 56 mL of Milli-Q H2O. Two solutions are transferred to a 

poly(tetrafluoroethylene)-lined autoclave, and the reaction was heated up to 180 oC for 

12h. After the reaction was cooled down to room temperature, the aggregates were 

removed by centrifugation, and bi-carbon products and free bismuth ions (Bi3+) were 

removed by dialysis (MWCO 500).  

Physicochemical Characterization of M@Cdots.  

Transmission electron microscopy (TEM) was carried out on a FEI TECNAI 20 

transmission electron microscope at 200 kV for Gd@Cdots. FEI TECNAI F30 

transmission electron microscope (TEM) 300 kV was used to take both TEM and 

Scanning transmission electron microscopy (STEM) images for Bi@Cdots. The zeta 
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potential and size distribution measurements were carried out on a Malvern Zetasizer 

Nano ZS system. Energy-dispersive X-ray spectroscopy (EDS) and element mapping 

were performed on a FEI Inspect F FEG-SEM equipped with EDZX EDS system to 

confirm Gd contents in the Cdots. Inductively coupled plasma mass spectrometry (ICP-

MS) was used to analyze the Gd concentration in the sample for further study.  

Optical Properties of M@Cdots 

Absorption and emission spectrum 

Gd@Cdots and Bi@Cdots were dispersed in Milli-Q H2O and transferred to 96 wall 

plates. The absorbance was scanned between 300 - 800 nm using a BioTek Synergy MX 

multi-mode microplate reader. The fluorescence spectra were obtained on a microplate 

reader (Synergy Mx, BioTeK) with different excitations. 

Physical Stability of M@Cdots (M = Gd3+ and Bi3+) 

Both Gd@Cdots and Bi@Cdots were incubated in PBS at pH 7.2 to test metal release 

profile. The samples were kept in an incubating shaker at 37 °C. At each time point (0, 1, 

2, 6, 12, and 24 h), the samples were collected and centrifugated using a micro filter unit 

(MWCO: 3k; Amicon® Cat# UFC800308). The solution penetrated through the 

membrane was analyzed using ICP-MS to evaluate free metal ions.  

In vitro toxicity 

The cell viability was studied with H1299 cells using the standard MTT assays.  The 

H1299 cells were seeded on 96-well plates (8000 cells per well) 24 h prior to the 

experiments. M@Cdots with different concentrations (0-100 µg/mL) were added to the 

medium and incubated with the cells for 24 h.  The MTT assay was then performed. 
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Reactive oxygen production 

Comparison between different carbon sources 

Singlet oxygen (1O2) and hydroxyl radical (∙OH) were tested to compare reactive oxygen 

species produced by different carbon sources using Singlet Oxygen Sensor Green (SOSG, 

Invitrogen™, Cat# S36002) and Terephthalic Acid (TA, Sigma Aldrich, Cat# 185362), 

respectably. Briefly, 381.6 µM of Gd@Cdots, 2 µM of SOSG, and 16 mM of TA 

solution were prepared in Tris buffer. Then, 100 µL of Gd@Cdots solution and 100 µL of 

sensor solution (SOSG or TA) were added to black 96-well-plate (Corning Costar, Cat# 

3614). The fluorescence was measured before and after irradiation with 5 Gy using 50 kV 

X-ray generator. The fluorescence was compared to evaluate singlet oxygen and hydroxyl 

radical production.  

Comparison between different metals 

The overall reactive oxygen species produced by Gd@Cdots and Bi@Cdots were 

evaluated using methylene blue. Briefly, Gd@Cdots or Bi@Cdots (381.6 µM, based on 

metal content, same below) and 60 µg/mL of methylene blue were prepared in Tris 

Buffer (pH.=7.4). 100 µL of Gd@Cdots solution and 100 µL of methylene blue solution 

were added to a clear 96-well-plate (Corning Costar, Cat#3599) making the final metal 

concentration at 190.8 µM. The absorbance of the samples were measured before and 

after irradiation with different dose of radiation using Synergy Mx, BioTeK. The 

difference was used to evaluate overall reactive oxygen species generation.  
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2.3 Result and discussion 

Particle synthesis and composition using different metal and carbon precursors 

Gd@Cdots 

First, Gd@Cdots were synthesized through hydrothermal reaction. (Fig.2.1.a) 

Briefly, carbon precoursors (pPD, CA, or ABA) and Gd (NO3)3  were dissolved in EtOH 

(for pPD) or milli-Q H2O (for CA or ABA), and the solution was transferred into a 

poly(tetrafluoroethylene)-lined stainless-steel autoclave. The reaction took place at 180 

°C for 12 h. After reaction, we collected the nanoparticles and subjected them to dialysis 

against to water to remove unreacted precursors and surface-bound metals.  

 

Figure 2.1 Scheme of hydrothermal reaction for M@Cdots synthesis. (M = Gd) The 

carbon precursors and metal salts are dissolved in 60 mL solvent. The reactor is heated up 

to 180 ⁰C for 12h followed by 18 h dialysis. The final product is lyophilized and stored in 

-80 ⁰C for long term storage.  

The final products resulted in red, brown, and orange depending on the carbon 

precursors, pPD, CA, and ABA respectively. (Fig. 2.2 a) The size distribution was 

observed under transmission electron microscopy (TEM, Fig. 2.2 b-d). All particles 

synthesized with different carbon precursors resulted in spherical shape with narrow size 
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distribution between 2-3 nm. Zeta potential analysis result showed that the functional 

groups on the carbon precursors can influence on the surface charge of the particles. For 

example, the particle synthesized with amine riche carbon precursor (pPD) have strong 

positive surface charge (42.3 mV) while the particle synthesized with carbon source 

containing carboxylic group or both amine and carboxylic groups  resulted in lower 

surface charges, -3.78 mV, and +3.87 mV respectively. (Fig 2.2 e-g) This Then, to 

confirm weather the Gd was loaded to the Cdots, energy dispersive spectroscopy (EDS) 

was utilized. The Gd to C molar ratio was 0.101 (pPD), 0.088 (CA), and 1:0.067 (ABA) 

showing high Gd contents in nanoparticles. (Fig 2.2 h) The optical properties such as 

absorbance and fluorescence were also influenced by the carbon precursors. The 

Gd@Cdots made with pPD, which has amine groups, showed multiple absorbance peaks 

at 457 nm, 520 nm, and 570 nm, but emission peaks from those excitation wavelengths 

were similar (622 nm, 632 nm, and 633 nm). (Fig 2.2 i and l) When particles were 

synthesized with carboxylic group containing carbon precursor, CA, only one absorbance 

peak presented at 347 nm and emission at 449 nm. (Fig 2.2 j and m) When there are both 

amine group and carboxylic groups were on the carbon source (ABA), the particles 

showed multiple absorbance peaks at 450 nm, 475 nm, and 536 nm. (Fig 2.2 k) 

Interestingly, with those excitation wavelength, the different emission peaks were 

observed at 551 nm, 600 nm, 610 nm. (Fig 2.2 n) 
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Figure 2.2 Physiochemical characteristics of Gd@Cdots. a. Final product of Gd@Cdot 

synthesized with different carbon precursors (left: pPD, center: CA, right: ABA). b-d. 

TEM images of Gd@Cdots with pPD (b), CA (c), ABA (d). h. Carbon to gadolinium 

molar ratio for different Gd@Cdots. e-g. Surface charge of Gd@Cdots with pPD (e), CA 

(f), ABA (g). i-n. absorbance and fluorescence of Gd@Cdots made with pPD (i and l), 

CA (j and m), ABA (k and n). 
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Synthesis of Bi@Cdots 

After we confirmed the hydrothermal method can successfully loads metals into 

the carbon nanoparticles, we tried to load another metal, bismuth (Bi), into the particles. 

The synthesis procedure was same to that of Gd@Cdots except presence of HNO3 to 

dissolve bismuth salt (Bi(NO3)3•5H2O). Compare to Bi@Cdots made with pPD and 

ABA, the particles made with CA resulted in very low yield suggesting CA may not be 

able to form Cdots under acidic condition. Therefore, Bi@Cdots made with pPD and 

ABA were analyzed for further studies. Under TEM, both Bi@Cdots made with pPD and 

ABA showed 2 – 3 nm of spherical particles with narrow size distribution. (2.3 b and c) 

Like Gd@Cdots, the Zeta potentials on Bi@Cdot were strongly influenced by the 

functional groups on the carbon precursors resulting in +33.2 mV (pPD) and -1.21 mV 

(ABA). (Fig. 2.3 d and e) The bismuth loading efficiency was evaluated using EDS. The 

Bi : C molar ratio was 1: 0.239 (pPD) and 1 : 0.153 (ABA). (Fig. 2.3 f) From this result, 

we may confirm that the hydrothermal method can successfully load different metals to 

the CDs. The absorbance and fluorescence were also measured. The Bi@Cdots 

synthesized with pPD showed multiple absorbance peaks at 453 nm and 525 nm resulting 

in emission peaks at 645 nm, respectively. (Fig 2.3 g and h) The particle prepared with 

ABA showed single absorbance and emission peak at 535 nm and 595 nm respectively. 

(Fig. 2.3 i and j) 
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Figure 2.3 Physiochemical characteristics of Bi@Cdots. a. Final product of Bi@Cdot 

synthesized with different carbon precursors (left: pPD and right: ABA). b and c. TEM 

images of Gd@Cdots with pPD (b) and ABA (c). d and e. Surface charge of Gd@Cdots 

with pPD (d) and ABA (e). f. Carbon to bismuth molar ratio for different Bi@Cdots. g - j. 

absorbance and fluorescence of Bi@Cdots prepared with pPD (g and h) and ABA (i and 

j). 

 

Stability of M@Cdots and in vitro toxicity 

The stability of Gd@Cdots and Bi@Cdots were tested by analyzing Gd3+ and Bi3+ 

released from the nanoparticles. In both neutral and acidic solutions (pH = 7.2 and 5.4, 

respectively), less than 1% Gd and Bi were released over 24 h incubation. (Fig. 2.4 a and 

b) With the negligible amount of metal release confirms that the metals and carbon can 
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bind strong enough. Then, we tested in vitro toxicity to confirm if the minimal metals 

leakage can prevent cells from metal toxicity. With 24 h MTT study with H1299 cell line, 

there were no toxicity showed up to 100 µg/mL of Gd@Cdots and Bi@Cdots based on 

metal concentration. (Fig. 2.4 b and c) 

 

 

Figure 2.4 a and b. Gd3+ and Bi3+ released from Gd@Cdots and Bi@Cdots in neutral and 

acidic solution (pH 7.2 and 5.4) at 37 ºC for 24 h. The released Gd3+ and Bi3+ were 

analyzed using ICP-MS. c and d in vitro toxicity study with Gd@Cdots(c) and Bi@Cdots 

(d).   
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Reactive oxygen species generation 

The reactive oxygen species produced by each particle was evaluated and 

compared. First, to compare between different carbon precursors, we tested hydroxyl 

radical and singlet oxygen generation under presence of 5Gy.(Fig 2.5 a and b) The result 

showed the Gd@Cdots synthesized with pPD produced the least hydroxyl radical and 

singlet oxygen, and the particle synthesized with ABA produced the largest amount of 

reactive oxygen species. This result suggests that more negatively charges nanoparticle 

may produce larger amount of ROS. Next, ROS produced between Gd@Cdots and 

Bi@Cdots were compared using methylene blue assay which can evaluate overall ROS 

production. (Fig 2.5 c and d) Both Gd@Cdots and Bi@Cdots were prepared in methylene 

blue solution making the final metal concentration at 190.8 µM. After irradiated the 

samples with different X-ray doses (0-8 Gy) using both 50 kV and 6 MV accelerator, the 

ROS difference of absorbance was plotted against to the dose to compare the ROS 

production by each sample. The result showed that under 6 Gy with 50 kV, the ROS 

production was increased by 121.1 % and 242.9 % with both Gd@Cdots and Bi@Cdots 

respectively. Since the atomic number of Bi (Z = 83) is higher than the atomic number of 

Gd (Z = 64), it has stronger photoelectric effect generating more photoelectric and auger 

electrons. Therefore, Bi@Cdots can enhance the radiation effect more than Gd@Cdots 

producing larger amount ROS.  
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Figure 2.5 Reactive oxygen species (ROS) generation a. Hydroxyl radical generation 

by three types of Gd@Cdots under 5 Gy X-ray. b. Singlet oxygen generation by three 

types of Gd@Cdots under 5 Gy X-ray. c,d. Overall ROS generation by contol, 

Gd@Cdots, and Bi@Cdots made with pPD under presence of X-ray (0 – 8 Gy). 
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2.4 Conclusion 

Until now, many methods for carbon dot synthesis have been explored. However, not 

many studies were done on the metal loaded carbon nanoparticles. Here, we loaded Gd 

and Bi to carbon dots with different carbon sources (pPD, CA, and ABA). The results 

showed the metal loading does not significantly affect to the carbon properties such as 

size, surface charge, absorbance, and fluorescence. Instead, depending on which carbon 

precursors are used, the physical characteristics can be tuned. Moreover, the M@Cdots 

showed less than 1% Gd release and 8% Bi release suggesting the metal and carbon are 

strongly bound. With this high stability, the in vitro toxicity was negligible up to 100 

µg/mL for both Gd@Cdots and Bi@Cdots.  
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CHAPTER 3 

ULTRASMALL Gd@Cdots AS A RADIOSENSITIZING AGENT FOR NON-SMALL 

CELL LUNG CANCER 2
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ABSTRACT 

 

High-Z nanoparticles (HZNPs) are an emerging type of radiosensitizing agent. 

Conventional metal or metal oxide HZNPs can increase energy deposition in tumors, 

leading to enhanced cancer cell death during radiotherapy (RT). However, these 

nanoparticles are often associated with issues such as suboptimal pharmacokinetics, low 

cellular accumulation, and heavy metal toxicity. Herein, we investigate ultrasmall 

gadolinium encapsulated carbon dots (Gd@Cdots) as a novel type of radiosensitizer. 

Possessing high-Z dopants and an electronically active carbon shell, Gd@Cdots can 

efficiently enhance radical production under irradiation. Meanwhile, carbon is 

biologically inert and can efficiently prevent metal leakage. This, in conjugation with 

renal clearance of ultrasmall nanoparticles, reduces the risks of systemic toxicity. 

Gd@Cdots were tested in vitro and then in vivo with non-small cell lung carcinoma 

(NSCLC) xenograft models. Our data suggest that intraveneously injected Gd@Cdots can 

accumulate in tumors and significantly sensitize cancer cells to RT, without causing 

normal tissue or hematologic toxicities.  
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3.1 Introduction 

 High-Z nanoparticles (HZNPs) as a novel type of radiosensitizers have attracted 

wide attention [1-3]. Affording high photoelectric effects, HZNPs can increase the 

production of photo- and Auger-electrons, and enhance the efficacy of radiotherapy (RT) 

[4-9]. For instance, a number of groups have reported that gold nanoparticles can boost 

cellular damage under kV and clinical MV beams [7, 10-11]. Hafnium oxide 

nanoparticles (NBTXR3) and Gd-chelate-bound silica nanoparticles (AGuIX) are being 

tested in the clinic, and the initial results are encouraging [4, 12]. Bi-, Pt-, and W-

containing HZNPs have also been synthesized and investigated [5, 8-9, 13-16]. Despite 

the promise, toxicity remains a major concern for HZNPs. Many HZNPs are stable in the 

short-term but degrade inside cells, releasing toxic heavy metals. Meanwhile, HZNPs 

made from inert metals or metal oxides may stay for months or even years in the host 

[17], and their long-term impacts remain to be fully investigated. Moreover, many 

conventional HZNPs have relatively bulky sizes (e.g. 20-200 nm in diameter), limiting 

their accumulation and migration in tumors as well as uptake by cancer cells. It is 

commonplace to inject HZNPs in an intratumoral rather than systemic manner. This, 

however, would prevent HZNPs’ use in patients in advanced stage.  

 Herein we explored ultrasmall Gd-intercalated carbon dots, or Gd@Cdots, as a 

novel type of radiosensitizer. Our groups and others have synthesized Gd@Cdots and 

investigated them as a magnetic resonance imaging (MRI) contrast agent [18-21]. To our 

knowledge, few efforts have been made on exploiting Gd@Cdots in RT. We postulate 

that Gd@Cdots afford strong radiosensitizing effects, which come from not only the 

photoelectric effects of the high-Z payloads (Gd), but also an electronically active carbon 

shell that facilitates water radiolysis. We expect that under beam radiation, Gd@Cdots 
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can improve the production of reactive oxygen species (ROS), boosting RT-induced 

cellular damage. Meanwhile, we anticipate minimal side effects from Gd@Cdots. This is 

because the carbon shell, while being electronically active, is biologically inert [22] and 

can prevent Gd from leaking to the surroundings. Due to ultrasmall sizes, Gd@Cdots are 

efficiently excreted through renal clearance [19], which also helps minimize nanoparticle 

toxicities. 

 We tested these hypotheses first in vitro and then in vivo in mice bearing non–

small cell lung cancer (NSCLC) tumors. We postulated that intravenously (i.v.) injected 

Gd@Cdots can efficiently accumulate in tumors through the enhanced permeability and 

retention (EPR) effect; with external beam radiation, these nanoparticles would boost 

cellular damage to cancer cells, leading to enhanced RT efficacy. NSCLC is diagnosed in 

more than 187,000 persons each year in the US and is a leading cause of cancer-related 

mortality [23]. RT is the standard care for the majority of NSCLC patients with locally 

advanced (T3-4) or local regional disease (N2-N3), which accounts for ~50% of newly 

diagnosed NSCLC cases. Despite technological advances, the rates of local failure in 

stage III NSCLC have remained high (30-40%) [24]. Increasing radiation doses does not 

improve survival and may be harmful (RTOG0617) [25]. Therefore, there is an urgent 

need for radiosensitizers that can selectively enhance RT against NSCLC.  
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3.2 Materials and Methods 

Materials 

P-phenylenediamine (pPD) (Sigma Aldrich, Cat# 78429), gadolinium nitrate hexahydrate 

(Gd(NO3)3∙6H2O, Sigma Aldrich, Cat# 211591), ethanol (KOPTEC, Cat# 19J14D), 

dialysis membrane (Spectrum, MWCO=100-500), Milli-Q H2O, 3-(4,5-dimethylthiazolyl-

2)-2,5-diphenyltetrazolium bromide (MTT) (Sigma Aldrich, Cat# M2128). 

Gd@Cdots Synthesis 

Gd@Cdots were synthesized by a hydrothermal method following our previous 

publication.18 Briefly, 0.16 g of pPD and 0.6 g of Gd(NO3)3 were dissolved in 60 mL EtOH, 

and the solution was transferred into a 100 ml poly(tetrafluoroethylene)-lined stainless steel 

autoclave. The reaction was heated at 180 °C for 12 h and cooled down to room 

temperature. The resulting dark red suspension was purified using dialysis membrane 

(MWCO 500) against to Milli-Q water for 17 h to remove bi-carbon products and extra 

Gd3+ free ions. The final product was freeze dried for further experiment and long-term 

storage. 

Physical characterizations 

Transmission electron microscopy (TEM) was carried out on a FEI TECNAI 20 

transmission electron microscope at 200 kV. The absorbance and fluorescence spectra were 

obtained on a BioTek Synergy MX multi-mode microplate reader. Scanning transmission 

electron microscopy (STEM) image was obtained using FEI G2 TECNAI F30 at 300 kV. 

The zeta potential and size distribution measurements were carried out on a Malvern 

Zetasizer Nano ZS system (Zeta potential +33.3mV, DLS 2.01nm). Energy-dispersive X-

ray spectroscopy (EDS) and element mapping were performed on a FEI Inspect F FEG-
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SEM equipped with EDZX EDS system to confirm Gd contents in the Cdots. Inductively 

coupled plasma mass spectrometry (ICP-MS) was used to analyze the Gd concentration in 

the sample for further study.  

Mass spectrum analysis 

We collected the mass spectra using both laser desorption ionization (LDI) and 

electrospray ionization (ESI) mass spectroscopy. ESI mass spectroscopy was performed 

on a Waters LCT Premier mass spectrometer.  MassLynx was used as the software to 

collect spectra.  Each ESI mass spectrum shown in this work was an average of 55 mass 

spectra collected in 1 minute with 0.1 second between every two one-second 

scans.  Samples were diluted about 10 times before injection.  For LDI measurements, we 

used the linear mode of the Comstock RTOF-210 mass spectrometer with a pulsed 

Nd:YAG laser at 355 nm (New Wave Research Polaris II).  The laser power was less than 

400 µJ/pulse.  All the LDI mass spectra exhibited here were averaged from 200~500 

scans.  Sample solutions were applied to a solid copper tip, dried in air to form a thin film, 

and then inserted into the ion source. 

Physical stability of Gd@Cdots  

The Gd@Cdots were incubated in PBS at different pH (pH = 5.0 and 7.2) to test the stability 

of the particles and the release of Gd3+. The samples were kept in an incubating shaker at 

37 °C. At each time point (0, 0.5, 1, 2, 4, 8 and 24 h), sample solutions were collected and 

centrifugated on micro-filter units (MWCO: 3k; Amicon® Cat# UFC800308). Solutions 

passing through the membrane was analyzed by ICP-MS to evaluate free Gd3+. 

Optical properties of Gd@Cdots 
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Gd@Cdots were dispersed in Milli-Q H2O (100 µg/mL) and transferred to a quartz cuvette. 

Absorbance between 200-800 nm was scanned on a Varian Cary 300 bio UV-visible 

spectrometer. For emission spectrum, Gd@Cdots were dispersed in Milli-Q H2O (100 

µg/mL) and placed in a black 96-well plate (Corning Costar, Cat# 3614). The fluorescence 

spectra were acquired on a microplate reader (Synergy Mx, BioTeK) with excitation at 

457, 520, and 570 nm.   

MRI phantom studies 

MRI phantom samples were prepared by dispersing Gd@Cdots (0-0.1 mM) in 1% (w/w%) 

agarose gel. T1 and T2 images were acquired on a Varian Magnex 7 Tesla scanner. For T1-

weighted images, a T1 inversion recovery fast spin echo (FSE) sequence was used using 

the following parameters: TR = 5000 ms, ESP = 7.69, Segment/ETL = 32/8, Effective TE 

= 30.75 ms, inversion times (TI) = 10.00-1500.0 ms with array size of 8, 256 × 256 

matrices. For T2-weighted images, a FSE sequence was used with following parameters: 

TR = 2000 ms, TE = 8.00 ms, NE = 12, 256 × 256 matrices. 

Reactive oxygen species analyses 

Overall ROS generation was evaluated using methylene blue assay. Briefly, a series of 

Gd@Cdots (20, 60, and 120 µg/mL, based on Gd content, the same below) and 60 µg/mL 

of methylene blue were prepared in Tris Buffer (pH = 7.4). A 100 µL solution of 

Gd@Cdots and a 100 µL solution of methylene blue were added to a 96-well plate (Corning 

Costar, Cat#3599), making the final Gd concentrations being 10, 30, and 60 µg/mL. The 

initial absorbance was measured on a microplate reader (Synergy Mx, BioTeK). The 

Gd@Cdots methylene blue solution was irradiated with 5 Gy X-ray. The absorbance after 
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irradiation was measured and compared to the initial absorbance. The difference was 

computed and used to evaluate overall reactive oxygen species generation.  

Singlet oxygen (1O2) and hydroxyl radical (∙OH) were measured using Singlet Oxygen 

Sensor Green (SOSG, Invitrogen™, Cat# S36002) and Terephthalic Acid (TA, Sigma 

Aldrich, Cat# 185362), respectably. Briefly, a series of Gd@Cdots (20, 60 and 120 µg/mL), 

2 µM of SOSG, and 16 mM of TA solution were prepared in Tris buffer solutions. A 100 

µL solution of Gd@Cdots, and a 100 µL chemical sensor solution (SOSG or TA) were 

mixed and added to a 96-well plate (Corning Costar, Cat# 3614); the final Gd 

concentrations were 10, 30 and 60 µg/mL. The initial fluorescence was measured on a 

microplate reader (Synergy Mx, BioTeK). The Gd@Cdots solutions received 5 Gy 

irradiation and the fluorescence was measured again. The variation in fluorescence 

intensity was computed to evaluate singlet oxygen and hydroxyl radical production. To test 

whether the surface chemical functional groups of Gd@Cdots facilitate radical production, 

nanoparticles were incubated in solutions containing 0.1% Triton X-100 before mixing 

with TA and receiving irradiation.  

Cell uptake studies 

H1299 cells, which originated from human non-small lung cancer tumors, were cultured 

by following a protocol provided by ATCC. Gd@Cdots co-localization in the lysosome 

and mitochondria were tested using LysoTracker™ Green DND-26 (ThermoFisher, Cat# 

L7526) and MitoTracker™ Green FM (ThermoFisher, Cat# M7514), respectably. Briefly, 

1×106 of H1299 cells were seeded on 2-chamber glass slide (Nunc™ Lab-Tek™ II 

Chamber Slide™ System, ThermoFisher) and incubated with Gd@Cdots at 37 °C for 4 h. 

After the cells were washed with PBS for 3 times, 20 nM LysoTracker or MitoTracker was 
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added to stain the lysosome or the mitochondria for 30 min, respectably. The cells were 

fixed with 4% formaldehyde, and cell nuclei were stained with DAPI. Fluorescence images 

were taken on a Zeiss LSM 710 Confocal Microscope with 40× magnification.  

Scanning transmission electron microscopy 

To study the intra-cellular distribution of the particle, cells were also imaged by scanning 

transmission electron microscopy (STEM, FE-SEM FEI Teneo). Briefly, H1299 cells were 

incubated with Gd@Cdots for 4 h. The cells were collected, fixed with glutaraldehyde, and 

sectioned into thin slices. Resulting samples were loaded onto a carbon grid. The 

distribution of Gd@Cdots was evaluated on a FE-SEM Thermo Fisher Teneo system with 

EDS mapping.  

Cytotoxicity 

Cell viability was studied with H1299 cells using standard MTT and ATP bioluminescence 

assays. For MTT assays, H1299 cells (8000 cells per well) were seeded onto a 96-well 

plates (Corning Costar, Cat#3599). When cells were attached, Gd@CDots at a final 

concentration of 0-207.6 µg/mL were added into the wells and incubated with cells for 24 

h. A 20 µL solution of 10 mg/mL 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium 

bromide was added into each well. After 4 h, the solution was aspirated, and 100 µL of 

DMSO was added to each well. The absorbance at 570 nm was measured on a BioTek 

Synergy MX multi-mode microplate reader. For ATP assays, cells were incubated with 

Gd@Cdots (60 µg/mL), Cdots (60 µg/mL), or PBS for 4 h, followed by 5 Gy irradiation. 

After 24 h incubation, the supernatant was completely removed, and 55 µL cell culture 

medium and 55 µL ATP kit solution were added. Solution from each well was transferred 

to a new, opaque 96-well plate and luminescence signal was measured on a microplate 
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reader (Synergy Mx, BioTeK). The result was compared to a standard curve established 

according to the manufacture’s protocol. 

Mitochondrial membrane potential (ΔΨm) 

ΔΨm change was assessed by JC-1 staining (Biotium, Cat# 30001). The JC-1 working 

solution was prepared by adding 10 µL of the concentrated dye to 1 mL of FBS free RPMI 

medium. 200 µL of cell culture medium containing Gd@Cdots (30 µg/mL) or PBS was 

incubated with cells for 4 h. The cells were irradiated with 5 Gy and incubated for 24 h. 

The medium was removed and replaced with the JC-1 working solution. After 15 min 

incubation, the fluorescence signals of the stained cells were measured on a microplate 

reader (green: ex/em 510/527 nm; red: ex/em 585/590 nm), and the green-to-red 

fluorescence intensity ratio was computed.  

Cytochrome c release 

Cytochrome c release was evaluated using ApoTrack™ Cytochrome c Apoptosis ICC 

Antibody Kit (Abcam, Cat# ab110417).  Briefly, 1×106 of H1299 cells were seeded onto 

2-well chamber slide for attachment. The cells were then incubated with Gd@Cdots (30 

µg/mL) or PBS for 4 h before receiving 5 Gy irradiation. After 24 h, antibody was added 

following the manufacture’s protocol. Images were taken on a Zeiss LSM 710 Confocal 

Microscope and analyzed by ImageJ.  

Caspase-3 activity 

For caspase-3 activity measurement, H1299 cells were incubated with Gd@Cdots (30 

µg/mL) or PBS for 4 h, followed by 5 Gy irradiation. After 24 h incubation, cells were 

stained using FAM-FLICA® Caspase-3/7 kit (Immunochemistry, Cat# 94) following the 
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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). 

Lipid peroxidation assay 

Image-iT Lipid Peroxidation Kit (Abcam, Cat# ab118970) was used to assess lipid 

peroxidation. Briefly, cells were pre-seeded onto a 96-well plate and incubated with 

Gd@Cdots (30 µg/mL), Cdots (30 µg/mL), or PBS at 37 °C for 24 h. After replenishing 

medium, cells received 5 Gy irradiation. After 24 h, cells were stained with Image-iT Lipid 

peroxidation sensor (30 µM) for 30 minutes at 37 °C, and washed with PBS for three times. 

The yellow and green fluorescence intensities (ex/em: 581/591 nm and 488/510 nm, 

respectively) were recorded on a microplate reader (Synergy Mx, BioTeK), and the ratio 

between them was computed. 

rH2AX assay 

The DNA damage was evaluated using anti-rH2AX (Alexa 647) antibody (Millipore 

Sigma, Cat# 07-164-AF647). Briefly, H1299 cells were pre-seeded onto a 35-mm cell 

culture dish and incubated with Gd@Cdots (30 µg/mL), Cdots (30 µg/mL), or PBS. After 

4 hour incubation, cells received 5 Gy irradiation and continued incubation for another 1 h 

at 37 °C. The cells were then collected, fixed, and permeabilized, and stained with anti-

rH2AX antibody according to the protocol from the manufacture. Cells with positive anti-

rH2AX stain was analyzed using a Millipore Sigma ImageStream X Mark II Imaging Flow 

Cytometer. 

Clonogenic assay  

Briefly, H1299 cells were pre-seeded onto a 35-mm cell culture dish (Corning, Cat# 

430165) and incubated with Gd@Cdots (10 µg/mL) or PBS for 12 h. After washing, cells 
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were collected and seeded (100-10000 cells, depending on the radiation dose) onto a 100-

mm plate (Falcon, Cat# 353003), and irradiated (0-10 Gy). After 14 days, colonies were 

stained with crystal violet and counted. Data were fit into the linear-quadratic model: 

S(D)/S(0) = exp-(aD+bD2), where S is cell survival fraction, D is radiation dose, and a&b 

are fitting coefficients. 

In vivo radiation therapy 

In vivo therapy studies were performed on H1299 subcutaneous tumor models established 

on 4-week-old female nude mice purchased from Charles River. All animal experiments 

were performed according to a protocol approved by the Institutional Animal Care and Use 

Committee (IACUC) of the University of Georgia. The tumor model was developed by 

subcutaneous injection of 2.5×106 H1299 cells into the right flank of mice. When the tumor 

size reached 100 mm3, the mice were randomly divided into three groups (PBS, PBS+RT, 

and Gd@Cdots+RT). The radiation was delivered through an X-RAD 320 system. 

Gd@Cdots were intravenously injected (0.1 mmol/kg, 200 µL); after 4 hours, tumors 

received 6 Gy radiation, with the rest of the animal body lead-shielded. The tumor size was 

measured every 2 days with a caliper, and the tumor volume was calculated using the 

equation: tumor volume = (tumor length × tumor width2)/2). The mice were euthanized 

when a humane end point was reached. Tumors and major organs such as the brain, liver, 

heart, lung, intestine, kidney, and spleen were collected for hematoxylin and eosin (H&E) 

and TUNEL staining.  

Complete blood counts and biochemistry analysis 

In a separated experiment, three balb/c mice were intravenously injected with PBS or 

Gd@Cdots (0.1 mmol Gd/kg). Blood samples were collected using a cardiac puncture 
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blood collection method. 250 µL of blood samples was subjected for complete blood 

counts. The remaining blood samples were used to evaluate liver and kidney function using 

Alanine Aminotransferase (ALT) ELISA kit (Abcam, Cat# ab105134) and Urea Nitrogen 

(BUN) detection kit (Arbor Assays, Cat# K024H1), respectively.  

Statistical analysis 

Graphpad Prism 8 software (GraphPad Software, San Diego, CA) was used for statistical 

analysis. For reactive oxygen species studies and all the in vitro studies, data were 

expressed as mean ± standard deviation. For in vivo study, each group had 5 animals (n = 

5). Statistical significance was evaluated by one-way ANOVA or two-way ANOVA with 

multiple comparison. The statistical significance was set at *p < 0.05. 

 

3.3 Results and discussion 

Particle synthesis and composition 

Gd@Cdots were synthesized through hydrothermal reaction. Briefly, p-

phenylenediamine (pPD) and Gd (NO3)3 were dissolved in EtOH, and the solution was 

transferred into a poly(tetrafluoroethylene)-lined stainless-steel autoclave. The reaction 

took place at 180 °C for 12 h. After reaction, we collected the nanoparticles by 

centrifugation and subjected them to dialysis to remove unreacted precursors and surface-

bound metals. The purified products were re-suspended in water, forming as a clear, 

dark-red solution (Fig. S1 in the ESM).  

The size and morphology of nanoparticles were analyzed by transmission electron 

microscopy (TEM, Fig. 3.1a) and scanning transmission electron microscopy (STEM, 

Fig. S2 in the ESM). The average nanoparticle size was 2.60 nm, with narrow size 
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distribution (Fig. S3 in the ESM). Dynamic light scattering (DLS) found an average 

hydrodynamic size of 2.04 nm and a polydispersity index (PDI) of 0.364 (Fig. 3.1b). Zeta 

potential analysis showed that the nanoparticle surface was positively charged (+33.3 

mV, Fig. 3.1c), which is attributed to amine groups inherited from pPD.  

The composition of Gd@Cdots was investigated by energy dispersive 

spectroscopy (EDS, Fig. 1(d)). It was found that Gd content was high in the 

nanoparticles, with the Gd:C molar ratio being 1:0.09 (Fig. 3.1d). Moreover, significant 

N was present in the particles (N:C molar ratio is 1:0.19), which was mainly attributed to 

the surface amine. We further probed the nanoparticle composition by mass spectroscopy 

(MS) using a time-of-flight (TOF) detector. Figure 3.1e shows the mass spectra of 

Gd@Cdots after both laser desorption and electrospray ionizations. Oxidized Gd clusters 

were detected and were assigned to GdC2
+ clusters or their water/N2 solvated clusters 

(Fig. 3.1e). It is worth mentioning that fragmentation of carbon species such as fullerenes 

is commonly associated with successive losses of C2 units [26-27].  It is reasoned that Gd 

had been tightly bound to the carbon matrix, which was fragmented during ionization to 

form clusters such as GdC2.  
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Figure 3.1 Particle synthesis and composition (a) A representative TEM image of 

Gd@Cdots showing the morphology and particle size. The average particle size was 2.60 

nm by measuring 100 particles on TEM image in Figure S1 in electron supplementary 

material. (b) Hydrodynamic size of Gd@Cdots (2.04 nm) and size distribution by 

Dynamic Light Scattering. (c) Zeta potential analysis of Gd@Cdots performed in Milli-Q 

H2O confirmed the nanoparticle surface was positively charged (+33.3 mV). (d) 

Elemental composition of Gd@Cdots by EDS elemental analysis, including EDS 

spectrum of Gd@Cdots (left) and Element weight composition (%) (right). (e) Mass 

spectrum of Gd@Cdots analyzed using LDI-TOF (left) and ESI (right). The 

representative peaks were assigned with prospective elements. 

Stability, optical properties and magnetic resonance contrast effect of Gd@Cdots 

The stability of Gd@Cdots was assessed by analyzing Gd3+ released from the 

nanoparticles. In both neutral and acidic solutions (pH = 7.0 and 5.0, respectively), less 

than 1% Gd was released over 24 h incubation (Fig. 3.2(a)). Similarly, minimal Gd3+ 

leakage was observed in serum or 1 mM glutathione (GSH, Fig. S4 in the ESM). The 
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high resistance was attributed to a robust carbon coating that effectively prevents Gd 

escape.  

Gd@Cdots show strong absorbance at 457, 520, and 570 nm (Fig. 3.2(b)). This is 

different from Gd@Cdots or Cdots made from direct calcination, which are often 

amorphous and show broad absorbance across the visible spectrum window [28]. 

Gd@Cdots also show intense fluorescence at ~ 635 nm (Fig. 3.2(c)), which remains 

strong and stable in serum or GSH solutions (Fig. 2(d)). The magnetic properties of 

Gd@Cdots were assessed through a phantom study (where nanoparticles were dispersed 

in 1% agarose gel at elevated concentrations) on a 7T magnet (Fig. 3.2(e)). Gd@Cdots 

caused concentration-dependent signal increase on T1 images. Based on region of interest 

(ROI) analysis and linear regression fitting, it was determined that the r1 relaxivity of 

Gd@Cdots was 19.6 mM-1s-1, and the r2 to r1 ratio was 2.87 (Fig. 3.2(f)). Overall, these 

data suggest the potential of Gd@Cdots as a dually functional imaging probe for 

fluorescence and MRI.  
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Figure 3.2 Stability, optical properties and magnetic resonance contrast effect of 

Gd@Cdots (a) Gd3+ released from Gd@Cdots in neutral and acidic solution (pH 7 and 5) 

at 37 ºC for 24 h. The released Gd3+ was analyzed using ICP-MS. (b) Absorbance 

spectrum of Gd@Cdots with peak at 457, 520, and 570 nm. (c) Emission spectra of 

Gd@Cdots with excitation wavelength at 457, 520, and 570 nm showing the emission 

peak at 622, 635, and 640 nm, respectively. (d) Fluorescence intensity in various 

biological environments (10% FBS or 1 mM GSH) for 24 h at 37 ºC showed that 

Gd@Cdot was stable and not degradable in harsh biological conditions. (e) and (f) MRI 

phantom experiment using a Varian Magnex 7 Tesla.  (e) T1 and T2 MR images of 

Gd@Cdots (0.00018 - 0.094 mM) in 1% (w/w%) agarose gel. (f) T1 and T2 relaxation of 

Gd@Cdots evaluated using a quantitative analysis. 

Radical production of Gd@Cdots under radiation 

We then examined whether Gd@Cdots can enhance radical production under X-

ray radiation. This was tested in a Tris buffer solution (pH=7.4) using methylene blue, 



 

51 

 

singlet oxygen sensor green (SOSG), and terephthalic acid (TA) as radical probes. While 

methylene blue is bleached by a wide range of radicals [29-31], SOSG and TA are 

flurogenic probes that are selectively responsive to singlet oxygen (O•) and hydroxyl 

radicals (OH•), respectively [32-35] We found that the presence of Gd@Cdots (30 

µg/mL) led to a significantly increased level of methylene blue bleaching under 

irradiation (5 Gy, Fig. 3.3(a)). Further investigation revealed that both SOSG and TA 

fluorescence was increased in the presence of Gd@Cdots (Figs. 3.3(b) and (c)). These 

results indicate that Gd@Cdots can elevate the production of ROS such as O• and OH• 

under radiation.  

For comparison, carbon dots (Cdots) of the same sizes were also prepared and 

tested. It was found that Cdots also enhanced singlet oxygen (O•) and OH• production, 

though the level of enhancement was less prominent than Gd@Cdots. This indicates that 

in addition to high-Z photoelectric effects, the carbon shell may have also played a role in 

radical generation. We postulate that this enhancement comes from the ability of the 

Cdots surface to form hydrogen bonds with surrounding water molecules, which would 

weaken the intramolecular H-OH bond and in turn catalyze water radiolysis. To test this, 

we repeated TA studies in the presence of Triton X-100, a surfactant that breaks 

hydrogen bonds, into the solution. Indeed, the addition of the surfactant led to a 

decreased radical production under radiation, supporting an surface impact on radical 

production (Fig. 3.3(d)). 
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Figure 3.3 Radical production of Gd@Cdots under radiation (a) Overall radical 

generation of control (H2O), Cdots (30 µg/mL), and Gd@Cdots (30 µg/mL) evaluated 

with methylene blue (30 µM) in Tris Buffer (pH 7.4) (n = 4). *p < 0.05. (b) Singlet 

oxygen (O•) generation of control (H2O), Cdots (30 µg/mL), and Gd@Cdots (30 µg/mL) 

detected using SOSG (2.5 µM) in Tris Buffer (pH 7.4) (n = 4). *p < 0.05. (c) Hydroxyl 

radical (OH•) generation of control (H2O), Cdots (30 µg/mL), and Gd@Cdots (30 

µg/mL) evaluated with TA (8 mM) in Tris Buffer (n = 4). *p < 0.05. (d) Hydroxyl radical 

production of control (H2O), Cdots (30µg/mL), and Gd@Cdots (30 µg/mL) after 

incubation with Triton X-100 using TA (8 mM) in Tris Buffer (n = 4).   

In vitro cytotoxicity of Gd@Cdots on H1299 cells 

The cytotoxicity of Gd@Cdots in the absence of radiation was tested with H1299 

cells using MTT assays. There was no significant particle cytotoxicity even at very high 
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Gd concentrations (e.g. 1.32 mM, Fig 3.5 (a)). This is in accordance with our previous 

studies [18-19], and is contributed to minimal metal leakage from the particles. Enhanced 

radiation damage was assessed by ATP bioluminescence assays. Relative to control cells, 

Gd@Cdots and radiation (Gd@Cdots+RT, 5 Gy) decreased the cellular ATP level by 

36.1% (Fig. 3.5(b)). As a comparison, RT alone caused a 16.3% reduction in intracellular 

ATP, and Cdots alone under radiation had minimal impact on ATP production (Fig. 

3.5(b)).  

Given the accumulation of Gd@Cdots in mitochondria, we anticipate that 

Gd@Cdots would facilitate radiation damage to the organelle. Indeed, compared to 

radiation alone (5 Gy, the same below), Gd@Cdots+RT led to a drastic decrease of the 

red-to-green fluorescence ratio in JC-1 staining (from 5.27 to 0.79, Fig. 3.5(c)), which 

indicates mitochondrial membrane depolarization. This corroborated with cytochrome c 

staining results, which found increased cytochrome c release into the cytoplasm when 

cells were treated with Gd@Cdots plus irradiation (Figs. 3.5(d) and (e)). The released 

cytochrome c would activate intrinsic apoptosis, which was confirmed by caspase 3 assay 

(Fig. 3.5(f)).   
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Figure 3.4 In vitro cytotoxicity of Gd@Cdots on H1299 cells (a) Cell viability 

assessment using MTT assay after 24 h incubation with Gd@Cdots (n = 6). (b) 

Intracellular ATP evaluation at 24 h after incubation with Gd@Cdots (30 µg/mL), Cdots 

(30 µg/mL) and H2O (30 µL/mL) w/o or w/ X-ray irradiation (5 Gy) (n = 4). *p < 0.05. 

(c) JC-1 assay to evaluate mitochondrial membrane depolarization. H1299 cells were 

treated for 24 h in the presence of Gd@Cdots (30 µg/mL), Cdots (30 µg/mL) and H2O 

(30 µL/mL) w/o or w/ X-ray irradiation (5 Gy) (n = 4). *p <0.05 on the two way 

ANOVA. (d) Cytochrome c release study after the treatment with Gd@Cdots (30 µg/mL) 

or control (H2O, 30 µL/mL) for 4 h under the X-ray radiation at 5 Gy. The released 

cytochrome c into the cytosol was indicated with red arrow. (e) Colocalization analysis 

using ImageJ to confirm the cytochrome c release. (f) Caspase 3 activity after treatment 
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with Gd@Cdots (30 µg/mL) at 24 h at 5 Gy. Control (H2O, 30 µL/mL), Cdots (30 

µg/mL) were used as comparisons (n = 4). *p < 0.05. 

Gd@Cdots showed enhanced cytotoxicity under X-ray radiation 

Mitochondrion damage would also induce ROS production. This was confirmed 

by superoxide dismutase (SOD) assay, which found that SOD activity was inhibited by 

3.528 U/mL with Gd@Cdots+RT which is significantly large compare to that with 

Cdots+RT (2.597 U/mL) and RT only (0.314 U/mL) (Fig. 3.6(a)). This SOD inhibition is 

caused by strong oxidative stress, and it would cause extensive damage to cellular 

components. Indeed, we found a significantly increased level of lipid peroxidation, 

manifested in a 49.4% decrease in red-to-green ratio from BODIPY fluorogenic assay 

(Fig. 3.6(b)). Gd@Cdots also enhanced DNA damage by RT, manifested in a 

significantly increased level of positive γH2AX staining (Figs. 3.6(c) and S6 in the 

ESM). It is worth mentioning that some Gd@Cdots were found inside cell nuclei (Fig. 

3.4(a)), which may have contributed to DNA damage.  

Furthermore, we assessed the dose-modifying effects of Gd@Cdots by clonogenic 

assay. Briefly, H1299 cells were incubated with Gd@Cdots (10 µg·Gd/mL) or PBS for 

12 h and subjected the cells to radiation at elevated doses (0-10 Gy). The treated cells 

were seeded onto a petri-dish, and after 14 days, colonies with more than 50 cells were 

counted. The results were fitted into the linear-quadratic equation (Figs. 3.6(d) and (e)). 

The prescence of Gd@Cdots significantly enhanced the efficacy of RT at all tested doses. 

The survival fraction at 4 Gy, or SF4, was 0.133 for the Gd@Cdots group, relative to 

0.287 in the RT-only control. This represents a nanoparticle-mediated enhanced ratio at 4 

Gy, or NER4, of 46.3%.  For comparison, gold nanoparticles at the same metal 
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concentration were also tested. Even though Au is a much heavier atom (Z=79, compared 

to 64 of Gd), gold nanoparticles showed an inferior dose enhancement effect to 

Gd@Cdots (NER4=0.568, Fig. S7 in the Appendix). It is believed that the enhanced 

radiosensitizing effects are attributed to Gd@Cdots’ unique intracellular distribution 

pattern and the surface effects. 

 

Figure 3.5 Gd@Cdots showed enhanced cytotoxicity under X-ray radiation. (a) SOD 

activity inhibition of H1299 cells after incubation with H2O (30 µL/mL), Cdots (30 

µg/mL) and Gd@Cdots (30 µg/mL) with X-ray irradiation (5 Gy) (n=3). *p < 0.05. (b) 

Lipid peroxidation of H1299 cells induced by Gd@Cdots w/o or w/ X-ray irradiation (5 

Gy) (n = 4). *p < 0.05. (c) Representative cell images of rH2AX assay using image 

stream flow cytometry. H1299 cells were treated for 24 h in the presence of Gd@Cdots 

(30 µg/mL), Cdots (30 µg/mL) and H2O (30 µL/mL) w/o or w/ X-ray irradiation (5 Gy). 

(d) and (e) Clonogenic Assay to evaluate the radio-sensitivity of H1299 cells after 

treatment with Gd@Cdots. (d) Clonogenic assary results, tested in H1299 cells at 

different doses. Control group received radiation only. (e) Survival (S) as a function of 
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radiation dose (D) was fitted into the linear-quadratic formula S(D)/S(0)=exp-(aD+bD2). 

In vivo studies of Gd@Cdots on tumor targeting, host clearance and tumor therapy 

We then tested Gd@Cdots in vivo. Briefly, we subcutaneously inoculated H1299 

tumors onto the right flank of nude mice. When the tumor size reached ~500 mm3, 

Gd@Cdots were i.v. injected. The animals were scanned on a 7T MRI at different time 

points. There was a significant increase of signals in tumor areas, indicating particle 

accumulation in tumors through the EPR effect (Fig. 3.7(a)), which we observed in our 

previous studies.18 ROI analysis showed that the signal-to-background ratio (SNR) was 

elevated in the first 6 h, and was dropped to the background level at 72 h (Fig. 3.7(a)).  

Therapy studies were also conducted in H1299 tumor bearing mice. The animals 

were randomly divided to receive treatments including Gd@Cdots plus radiation 

(Gd@Cdots+RT), radiation only (RT), and PBS (n=5). For the Gd@Cdots+RT group, 

Gd@Cdots at 0.1 mmol·Gd/kg were i.v. injected; 6 Gy was delivered via a single beam 

to tumors at 4 h, with the rest of the body shielded by lead. The same radiation dose was 

applied to the RT only group. Adding Gd@Cdots to the regimen significantly improved 

RT outcomes, leading to a tumor inhibition rate (TIR) of 80.3% on Day 30 relative to 

PBS control (Fig. 3.7(b)). By the end of our study (Day 48), 80% of the animals in the 

Gd@Cdots+RT group remained alive (Fig. 3.7(c)). In contrast, RT only group caused 

mediocre tumor suppression, showing a TIR of 37.2% on Day 30 (Fig. 3.7(b)) and an 

animal survival of 42 days (Fig. 3.7(c)). After therapy studies, tumor tissues were 

collected, and histology analysis was performed (Fig. 3.7(d)). H&E and TUNEL staining 

found that Gd@Cdots+RT led to an elevated level of apoptosis and a reduced level of 
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cell density in tumors. These results corroborate with the tumor growth trend and animal 

survival data (Figs. 3.7(b) and (c)), validating the radiosensitizing effects by Gd@Cdots.  

 

Figure 3.6 In vivo studies of Gd@Cdots  (a) Tumor growth curve of H1299 tumor 

bearing mice (n = 5) after treatment. Gd@Cdots or PBS were intravenously injected and 

followed by X-ray radiation at 6 Gy. PBS treatment only without using radiation was 

used as a control (n=5). *p < 0.05 compare to control and RT groups. (b) Survival curve 

of H1299 tumor bearing mice after treatment (n=5). *p < 0.05 compare to control and RT 

groups on Mantel-Cox test. (c) Representative images of H&E Staining (scale bars, 500 

µm) and TUNEL assay (scale bars, 500 µm) on H1299 tumors after intravenous injection 

with Gd@Cdots or PBS followed by X-ray radiation at 6 Gy. PBS treatment only without 

using radiation was used as a control. The brown staining of TUNEL assay indicates an 

apoptotic cell death whereas the blue staining is counterstaining. (d) Body weight 

observation during the therapy study (e) H&E staining of the major tissues. 
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Meanwhile, there was no significant animal body weight drop throughout the 

entire therapy study (Fig S8(a)). After euthanizing the animals, the major organs were 

collected and analyzed. H&E staining found no sign of toxicity in all tested organs, 

including the heart, spleen, liver, brain, intestine, kidney, and lung (Fig. S8(b) in the 

ESM). To further assess nanoparticle toxicity, in a separate study, Gd@Cdots (0.1 

mmol/kg) were injected into healthy mice, and blood samples were collected for analysis 

on Day 14. Complete blood count (CBC) found no significant difference between 

Gd@Cdots and PBS control groups in all tested indices (Table S1 in the ESM). BUN and 

ALT levels were also in the normal ranges (Table S1 in the ESM). Overall, while 

improving RT damage to tumors, Gd@Cdots caused little systemic toxicity. 

HZNPs as an emerging type of radiosensitizer have attracted a lot of recent 

attention. Despite initial concerns about the relatively low X-ray cross-section of high-Z 

elements at high-energy beams, a number of studies have demonstrated improved RT 

efficacy with gold, hafnium oxide, and gadolinium nanoparticles in both pre-clinical and 

clinical settings.1, 38-41 However, HZNPs are often associated with issues such as slow 

clearance and toxicity. Specifically, conventional nanoparticles are often ~20-200 nm in 

diameter and after i.v. injection they are largely accumulated in the reticuloendothelial 

system (RES) organs such as the liver and spleen, and/or stuck in the microvessels of 

normal lung tissues. This is problematic because radiation planning does not take these 

nanoparticles into account. Meanwhile, many HZNPs while temporally stable, are 

gradually decomposed inside hosts to release toxic heavy metals. Our Gd@Cdots are 

advantageous in this context for they are efficiently excreted through renal clearance due 
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to their ultrasmall sizes and minimally releasing heavy metals owing to carbon 

protection.  

Moreover, unlike conventional HZNPs that are often single-component metals or 

metal oxides, Gd@Cdots are a composite material. This is a benefit from the perspective 

of nanoparticle engineering because now the photoelectric effects and surface effects rely 

on two different components (high-Z dopants and carbon shell, respectively), each of 

which can be potentially adjusted with flexibility. For instance, it is possible to load other 

metals, including heavier ones such as Eu and Bi, into the carbon shell. It is also possible 

to change carbon precursors, which may yield Gd@Cdots of varied shell compositions 

and surface properties. These changes may alter cellular uptake, biodistribution, and 

radiosensitizing effects of Gd@Cdots and potentially enhance the efficacy of RT further. 

3.4 Conclusions 

Overall, several factors contribute to the radiosensitizing effects of Gd@Cdots. In 

addition to high-Z photoelectric effects, surface-catalyzed radical production also seems 

to plays a role. Moreover, due to the positive surface charge and ultrasmall sizes, 

nanoparticles can enter cells and accumulate in mitochondria and even cell nucleus. Such 

intracellular distribution facilitates radiation damage to these critical organelles. In the 

current study, we exploited nanoparticles’ small sizes and tumor EPR effect to achieve 

tumor accumulation. It is feasible to couple a tumor targeting ligand to Gd@Cdots, which 

may improve cancer cell targeting and internalization. The related studies are underway.   
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ABSTRACT 

 

Near-infrared (NIR) range from 650 to 950 nm is called the first therapeutic 

window and widely used for pre-clinical in vivo and tissue imaging. The conventional 

small organic dyes and semiconductor quantum dots (QDs) are limited their application 

due to photostability and toxicity, respectively. Carbon dots (CDs) have been considered 

as a potential optical imaging probs due to their unique fluorescent nature, high 

photobleaching resistivity, low cytotoxicity, and good aqueous solubility. However, since 

most CDs have broad absorption peaks in the UV-vis (230-280 nm) with blue to green 

emission, CDs with strong red fluorescence is still desired. In the previous chapters, both 

Gd@Cdots and Bi@Cdots synthesized with p-phenylenediamine (pPD) showed strong 

red fluorescence at 623 nm and 635 nm respectively. Therefore, these particles may have 

potential as a fluorescence imaging contrast agent. Moreover, depending on the metals 

loaded in the particles, the M@Cdots can be used as an imaging contrast agent for other 

imaging tools. 

 

 

 

 

 

 

 

 



 

64 

 

4.1 Introduction 

In vivo imaging is one of the essential tools for diagnosis or monitor the 

progression of disease in cancer research, and optical imaging is an imaging technique 

which uses lights to get structural information on tissues, organs, cells, and molecules. 

Optical imaging brings benefits over other imaging tools in terms of safety because it 

does not require any harmful ionizing radiation such as x-ray.[1-3] Instead, it uses non-

ionizing radiation such as visible, ultraviolet, and infrared lights. [1-5] Therefore, optical 

imaging can be used over and over without causing any side effects. [1-3] 

 Near-infrared (NIR) range from 650 to 950 nm is called the first therapeutic 

window and widely used for pre-clinical in vivo and tissue imaging due to low 

autofluorescence resulting in deeper tissue penetration.[6-8] Many small organic dyes 

such as cyanine and rhodamine have been proposed for NIR imaging, but they have poor 

photostability resulting in short lifetime.[8] Semiconductor quantum dots (QDs) can be 

another candidate for fluorescence imaging contrast agent with high quantum yield and 

tunable fluorescence.[9-11] However, their heavy metal contents such as cadmium can be 

potentially toxic, and this limits application in bioimaging.[12-14] Therefore, NIR 

fluorescence imaging contrast agents with low toxicity, long lifetime, and high quantum 

yield are still desired. 

 Carbon dots (CDs) have been considered as a potential optical imaging probs due 

to their unique fluorescent nature, high photobleaching resistivity, low cytotoxicity, and 

good aqueous solubility.[15-17] Many studies have presented CDs synthesized with 

different methods and carbon sources. [18-22]  However, most CDs have broad 

absorption peaks in the UV-vis (230-280 nm) with blue to green emission which is not 
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suitable for deep tissue imaging. [18, 19]  Therefore, create CDs with strong red 

fluorescence is challenge. Recent studies showed that the surface groups or dopants on 

the CDs are strongly related to the absorption and emission spectrum.[15, 23] For 

example, if there are more nitrogen doping, the absorption and emission peak will be 

shifted to higher wavelength with stronger quantum yield.[20, 23]  

 The carbon precursor p-phenylenediamine has two amine groups on the para 

position of benzene ring which result in large amount of nitrogen doping on the carbon 

shell. As a result, both Gd@Cdots and Bi@Cdots showed strong red fluorescence at 624 

nm and 633 nm respectively. Therefore, these particles may be useful for tracking the 

particle accumulation, distribution, and clearance in vivo. Moreover, with the metals, 

loaded in the particles, the M@Cdots can be used as an imaging contrast agent for other 

imaging tools. For example, Gd is a T1 contrast agent for magnetic resonance imaging 

(MRI), and Bi is computed tomography (CT) contrast agent. Therefore, Gd@Cdots and 

Bi@Cdots can be a potential MRI and CT contrast agent, respectively.  

 On this chapter, optical properties of Gd@Cdots were explored as a fluorescence 

imaging agent as well as an MRI contrast agent. The particles showed the strong red 

fluorescence at 580nm with good photostability. Moreover, they showed high r1 

relaxivity (16.0 × 10−3 M−1 s−1)  and low r2 relaxivity (23.8 × 10−3 M−1 s−1) suggesting a 

low r2/r1 and great potential of Gd@Cdots as a T1 contrast agent. With these promising 

data, we investigated the particle accumulation in tumor and clearance in vivo. The result 

showed that the ultra-small Gd@Cdots are cleared out by renal clearance within a short 

period time suggesting minimal in vivo toxicity. We confirmed the toxicity of the 

particles by blood and serum test. 
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4.2 Material and method 

Materials 

p-Phenylenediamine (pPD) (Sigma Aldrich, Cat# 78429), Gadolinium nitrate hexahydrate 

(Gd(NO3)3•6H2O, Sigma Aldrich, Cat# 211591), Ethanol (KOPTEC, Cat# 19J14D), 

Dialysis membrane (Spectrum, [MWCO]=100-500), Milli-Q H2O, 3-(4,5-

Dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) (Sigma Aldrich, Cat# 

M2128). 

Gd@Cdots Synthesis 

Gd@Cdots were synthesized by a hydrothermal method. Briefly, 0.16g of pPD and 0.6g 

of Gd(NO3)3 were dissolved in 60 mL EtOH, and the solution was transferred into a 100 

ml poly(tetrafluoroethylene)-lined stainless steel autoclave. The reaction was heated at 180 

°C for 12 h and cooled down to room temperature. The obtained dark red suspension was 

purified using dialysis membrane (MWCO 500) against to Milli-Q water for 17 h to remove 

bi-carbon products and extra Gd3+ free ions. The final product was freeze dried for further 

experiment and long-term storage. 

Absorbance and fluorescence  

The UV-Vis absorbance spectra were obtained on a BioTek Synergy MX multi-mode 

microplate reader and the PL emission and excitation spectra were acquired on a Hitachi 

F-7000 spectrophotometer under ambient conditions. 

MRI phantom Study 

MRI phantom studies. The Gd@GCNs with elevated concentrations (0-0.025 mM) were 

suspended in 200 µl PCR tubes and the MR imaging measurements were performed on a 

7T 3 Varian small animal MRI system. For the T1-weighted MR images, a T1 inversion 
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recovery fast spin echo (FSE) sequence was used based on the following parameters: TR 

= 5000 ms, TE = 12 ms, ETL = 8, inversion times (TI) = 5, 10, 30, 50, 80, 200, 500, 700, 

900, 1200 and 3000 ms. As for the T2-weighted MR images, a FSE sequence was used 

according to the following parameters: TR = 3 s, TE=10, 20, 30, 40, 50, 60, 70, 80, 90 and 

100 ms. 256×256 matrices.  

Physical stability and photo-stability of Gd@GCNs. The Gd@GCNs were incubated 

different pH (3-11) and the fluorescence intensity over time was monitored under 

excitation of 350 nm, 420 nm and 500 nm, respectively.  In the photo-stability study, the 

Gd@GCNs and CdSe@ZnS quantum dots with the same emission intensity (500 nm 

excitation) were irradiated continuously with UV lamps (254 nm, 6W) for 5-30 min and 

the fluorescence was monitored. 

In vivo fluorescence imaging  

The animal studies were performed according to the protocol approved by the Institutional 

Animal Care and Use Committee (IACUC) of University of Georgia. In the in vivo 

fluorescent imaging experiments, the 4-6 weeks athymic nude mice (Harlan) (18-20 g) 

received a subcutaneous injection of 5 µl (4 mg/mL) of Gd@GCNs. The excitation 

wavelength was 500-750 nm with a step of 50 nm and the collected emission channels were 

510-900 nm. The exposure time was 0.5 s. Before in vivo tumor targeting imaging, the 

SCC-7 tumor model was developed by subcutaneous injection of 1×106 cells into the right 

front flank of female athymic nude mice (Harlan Laboratories). In the fluorescent 

biodistribution study, 200 µl of the Gd@GCNs were injected into the SCC-7 bearing mice 

(0.1 mmol/kg, Gd, n=3). The images were taken on a 6 Maestro II imaging system 
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(PerkinElmer) at 10 min, 30 min, 1 h, 3 h, and 24 h post injection (p.i.). The urine was 

imaged and collected for ex vivo fluorescence analysis.  

In vivo MRI study 

The H1299 tumor bearing nude mice (n=3) was investigated using a Varian 7T magnet. 

When the tumor size reached 500 mm3, Gd@Cdots (0.1 mmol/kg based on Gd) was 

intravenously injected. Transverse and coronal T1-weighted MR images were obtained at 

0.5, 1, 2,  4, 6, and 72 h using following sequences: field-of-view (FOV) = 70×70 mm2, 

TR/TE = 500/12 ms, matrix size = 256×256, slice = 4. Thickness = 1 mm. The signal to 

background was evaluated using ImageJ software. 

Hematology and Serum Chemistry 

In a separated experiment, three balb/c mice were intravenously injected with PBS or 

Gd@Cdots (0.1 mmol Gd/kg). Blood samples were collected using a cardiac puncture 

blood collection method. 250 µL of each blood samples were tested for a complete blood 

count to evaluate the number of each type of blood cells. Remaining blood samples were 

used to evaluate liver and kidney function using Alanine Aminotransferase (ALT) ELISA 

kit (Abcam, Cat# ab105134) and Urea Nitrogen (BUN) detection kit (Arbor Assays, Cat# 

K024H1). 
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4.3 Result and discussion 

Optical properties and magnetic resonance contrast effect of Gd@Cdots 

we investigated the optical properties of Gd@Cdots. UV–vis analysis found three 

peaks at 465, 526, and 710 nm, suggesting the existence of multiple electronic transitions 

(Fig 4.1a).[24] As a comparison, conventional Cdots and Gd@Cdots showed only one 

broad peak in the UV region that corresponded to a π→π* transition. Moreover, Gd@Cdots 

displayed strong red fluorescence, whereas conventional Cdots showed weak luminescence 

above 550 nm (Fig 4.1b).[25, 26] A closer examination found multiple emission peaks at 

550, 570, and 580 nm, which were derived from excitations at 400, 520, and 550 nm, 

respectively (Fig. 4.1b). The maximum quantum yield was 10.2% under excitation at 550 

nm.  

We also studied the impact of pH and long‐term light exposure on the luminescence 

properties of Gd@Cdots. As shown in Fig 4.1c, changing the pH from 3 to 10 did not affect 

the nanoparticles' fluorescence. Irradiation with 254 nm UV light for 0.5 h did not bleach 

the nanoparticles either (Fig 4.1d, e). As a comparison, the fluorescence of commercial 

CdSe@ZnS quantum dots (QDs) was completely bleached within 30 min. These data 

suggested the superior chemical and photostability of the nanoparticles.[27] 

We measured the longitudinal (r1) and transverse (r2) relaxivities of Gd@Cdots 

through an agar gel phantom study on a Varian 7.0 T imaging system (Fig. 4.1f, g). 

The r1 relaxivity of Gd@Cdots was 16.0 × 10−3 M−1 s−1 (Fig 4.1g), which was more than 

five times higher than that of Gd‐DTPA (3.1 × 10−3 M−1 s−1) on the same Gd 

basis.[28] The r2 relaxivity was 23.8 × 10−3 M−1 s−1, suggesting a low r2/r1 and great 

potential of Gd@Cdots as a T1 contrast agent. 
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Figure 4.1 Optical properties and magnetic resonance contrast effect of Gd@Cdots 

a. Absorption spectrum of the Gd@Cdots b. Emission spectra of the Gd@Cdots c. Stability 

of Gd@Cdots in different pH solutions for 24h. d. Photostability of the Gd@Cdots under 

253 nm UV light (8W) irradiation. Compared with commercial CdSe@ZnS QDs, the 

Gd@Cdots showed excellent photostability. The CdSe/ZnS QDs showed rapid 

photobleaching due to the light-irradiated surface redox reaction. (e) Comparison of the 

photostability of the Gd@Cdots in water and CdSe/ZnS QDs in chloroform. The solutions 

were under continuous irradiation with UV light (8 W, 254 nm) for different durations of 

time. (f) T1 and T2 MR images of the Gd@Cdots in 1 wt% agarose gel of the 7 T system. 

The upper part in the panel shows the T1 images and the lower part shows the T2 images. 
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(g) R1 and R2 relaxivities of the Gd@Cdots as a function of the molar concentration of 

Gd3+ in the solution. 

In vivo imaging studies 

Next, we explored the feasibility of using Gd@Cdots as a fluorescence and MRI 

dual modal imaging probe in vivo. We started by subcutaneous injection of 5 and 20 µL of 

2 mg mL−1 Gd@Cdots to the back of a nude mouse. We then scanned the mouse in a 

Maestro system. We observed strong red fluorescence at the injection site. The signals can 

be clearly differentiated from the autofluorescence from the animal body (4.2a). For 

fluorescence imaging, we injected Gd@Cdots (0.1 mmol Gd kg−1) via the tail vein to the 

SCC‐7 tumor‐bearing nude mice (n = 3) and then scanned the animals on a Maestro II 

system at 10, 30 min, 1, 3, and 24 h post‐injection (Fig. 4.2b). Strong fluorescence signals 

were found in the tumor region, and the intensity peaked at 1 h. This result was attributed 

to the EPR effect–mediated nanoparticle deposition in tumors. For in vivo MRI study, we 

intravenously injected Gd@Cdots (0.1 mmol Gd kg-1) to the H1299 tumor-bearing nude 

mice and obtained T1-weighted images using 7T 3 Varian small animal MRI system (Fig 

4.2c). The result showed that the Gd@Cdots can efficiently accumulate in tumor without 

any targeting ligand. The signal to background ratio suggested that the highest particle 

accumulation can be reached at 1 h post-injection which agreed with the fluorescence 

imaging results (Fig 4.2d).  
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Figure 4.2 In vivo imaging studies a. In vivo fluorescence images after subcutaneous 

injection of Gd@GCNs (1 mg/mL) into different areas (Excitation: 500 nm; Emission: 

520-750 nm). Injection: 10 µL (area 1) and 30 µL (area 2). b. In vivo fluorescence images 

from nude mice bearing tumors after intravenous injection of Gd@Cdots at different time 

intervals. Ex: 500nm, Em: 520-720 nm. The red circles mark the tumor position. c. T1-

weighted MRI images, taken at different time points after Gd@Cdots injection (0.1 mmol 

Gd/kg).  d. Signal-to-background ratios (SNRs) based on the imaging results. 

 

Particle tumor targeting, clearance, and in vivo toxicity studies  

Interestingly, intense fluorescence signals were found in the bladder after the nanoparticle 

injection (Fig 4.3a), suggesting renal clearance of the nanoparticles. To examine the 

integrity of the nanoparticles after excretion, we collected urine samples after 0.5 h and 

subjected them to centrifugal filtration (MWCO = 3000). We observed strong 

fluorescence characteristic of Gd@Cdots in the upper fraction. (Fig 4.3b) Meanwhile, no 
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fluorescence was found in the filtrate. This result was also confirmed by TEM, as intact 

Gd@Cdots were found in the upper fraction but none were found in the filtrate. (Fig 4.3c) 

For in vivo MRI, we intravenously injected Gd@Cdots (0.1 mmol Gd kg−1) into nude 

mice and scanned the animals at 0.5, 1, 3, and 24 h on a 7 T system. We also found 

hyperintensities in the bladder at 30 min after nanoparticle injection (Fig 4.3d, e), 

confirming efficient renal clearance. 

For assessment of toxicity, in a separate study, Gd@Cdots (0.1 mmol/kg) were injected 

into healthy mice, and blood samples were collected on Day 14 for analysis. Complete 

blood count (CBC) and biochemistry analyses found no significant difference between the 

Gd@Cdots and PBS groups in all tested indices. (Table 4.1) BUN and ALT levels were 

also in the normal ranges, confirming low toxicity. (Table 4.1) 
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Figure 4.3 Particle clearance study a. Representative in vivo fluorescence image of the 

bladder area after i.v. injection of Gd@Cdots at 30 min (ex: 500 nm. Em: filter dsRED). 

b. Fluorescent analysis of the urine samples obtained from the mice with and without 

injection of Gd@Cdots. c. TEM image of the fragments after purification of urines (scale 

bar: 20 nm). d. T1-weighted MR images acquired at different time points after injection of 

the Gd@Cdots. e. Signal change in the bladder, liver, and kidney based on the analysis of 

the images in a. 
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Table 4.1.  Complete blood count (CBC) results and liver & kidney function tests (0.1 

mmol Gd/Kg). 

 

 

3.4 Conclusion 

Gd@C‐dots afford good r1 relaxivity and strong photoluminescence, making them 

appealing MRI/fluorescence dually functional imaging probes. This potential is 

strengthened by the fact that Gd@Cdots and their conjugates can be efficiently excreted 

through renal clearance after systematic injection. Our observations suggest great 

potential of Gd@Cdots in clinical translation as safe and efficient imaging probes. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

 

HZNPs as an emerging type of radiosensitizer have attracted a lot of recent 

attention. Despite initial concerns about the relatively low X-ray cross-section of high-Z 

elements at high-energy beams, a number of studies have demonstrated improved RT 

efficacy with gold, hafnium oxide, and gadolinium nanoparticles in both pre-clinical and 

clinical settings. However, HZNPs are often associated with issues such as slow 

clearance and toxicity. Specifically, conventional nanoparticles are often ~20-200 nm in 

diameter and after i.v. injection they are largely accumulated in the reticuloendothelial 

system (RES) organs such as the liver and spleen, and/or stuck in the microvessels of 

normal lung tissues. This is problematic because radiation planning does not take these 

nanoparticles into account. Meanwhile, many HZNPs while temporally stable, are 

gradually decomposed inside hosts to release toxic heavy metals. Our Gd@Cdots are 

advantageous in this context for they are efficiently excreted through renal clearance due 

to their ultrasmall sizes and minimally releasing heavy metals owing to carbon 

protection.  

Moreover, unlike conventional HZNPs that are often single-component metals or 

metal oxides, M@Cdots are a composite material. This is a benefit from the perspective 

of nanoparticle engineering because now the photoelectric effects and surface effects rely 

on two different components (high-Z dopants and carbon shell, respectively), each of 
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which can be potentially adjusted with flexibility. For instance, as I presented on chapter 

2, it is possible to load different metals such as Bi into the carbon shell. Moreover, 

particle can be prepared with various carbon precursors including pPD, ABA, and CA 

which can result in varied shell compositions and surface properties on M@Cdots. The 

preliminary study showed that the particle prepared to different composition affect to 

radiosenstizing effect. Therefore, in the future study, we will explore the efficacy of RT 

by different M@Cdots synthesized with various metals and carbon sources. 
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APPENDICES 

A Supporting information for Chapter 3 

Abbreviation list  

ALT Alanine Aminotransferase 

ATP Adenosine Triphosphate 

BUN Urea Nitrogen 

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  

LDI Laser Desorption Ionization  

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 

RPMI 1640 Roswell Park Memorial Institute Medium 1640 

RT Radiation 

SEM Scanning Electron Microscopy 

SOD Superoxide Dismutase 

SOSG Singlet Oxygen Sensor Green 

STEM Scanning Transmission Electron Microscopy 

TA Terephthalic Acid 
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Figure S1. As-synthesized of Gd@Cdots dispersed in water. 

 

 

 

 

  

TEM Transmission Electron Microscopy 
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Figure S2. STEM image of Gd@Cdots.  
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Figure S3. Statics on size distribution of Gd@Cdots, based on the TEM results. 
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Figure S4. Gd release when Gd@Cdots were incubated in 10% fetal bovine serum (FBS) 

or solutions containing 1 mM glutathione (GSH). Gd was quantified by ICP-MS.  

 

 

 

 

Figure S5. Gd@Cdots accumulation in mitochondria (stained with MitoTracker green). 

Images were acquired on an ImageStream X Mark II Imaging Flow Cytometer. 
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Figure S6. Statistics for cell γH2AX loci numbers, evaluated by ImageStream X Mark II 

Imaging Flow Cytometer.  
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Figure S7. Clonogenic assay with Au nanoparticles (10 µg/mL) and linear-quadratic data 

fitting. 

  


