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การที่ผูป่้วยโรคมะเร็งได้รับการรักษาจากยาบางชนิดเป็นระยะเวลาที่ยาวนานอาจพบ

ภาวะแทรกซ้อนอื่น ๆ ตามมา เน่ืองจากขนาดของอนุภาคที่ไม่เหมาะสม ท าให้ขบัออกจากร่างกาย

ไดช้้าและน าไปสู่การสะสมของตวัยาที่อวยัวะต่าง ๆ จนเกิดความเป็นพิษขึ้น ดงันั้น เพ่ือลดโอกาส

ในการสะสมตัวของอนุภาคยาที่อาจน าไปสู่ผลกระทบในระยะยาว อนุภาคยาขนาดนาโนซ่ึง

สามารถถูกก าจัดออกจากร่างกายได้อย่างรวดเร็วผ่านระบบปัสสาวะ  จึงมีความน่าสนใจต่อ

การศึกษาคน้ควา้ เพื่อลดภาวะเส่ียงที่อาจเกิดขึ้นให้ไดม้ากที่สุด งานวิจยัน้ีมีจุดมุ่งหมายหลกัในการ

สังเคราะห์อนุภาคนาโนของยาที่สามารถท าหน้าที่ไดท้ั้งใช้วินิจฉัย ใช้ท าลายเน้ือเย่ือมะเร็งแบบโฟ

โตไดนามิกและสามารถถูกก าจดัออกจากร่างกายผ่านระบบปัสสาวะได ้ 

 ไพโรฟีโอฟอบาย-เอ (Pa) ซ่ึงเป็นสารไวแสงที่ไม่สามารถละลายน ้ าได้ ถูกดัดแปลงให้

เช่ือมกบัพอลิเอทิลีนไกลคอล (PEG) ดว้ยปฏิกิริยาการเกิดพนัธะเอไมด์ เพื่อสร้างอนุภาคนาโนดอท

ของ Pa-PEG ที่สามารถละลายน ้ าได้ดี เมื่อท าการระบุเอกลักษณ์สมบัติเชิงแสงพบว่าอนุภาคนา

โนดอทของ Pa-PEG สามารถปลดปล่อยแสงฟลูออเรสเซนตไ์ดดี้ นอกจากนั้น ความยาวคลื่นที่สาร

สามารถดูดกลืนไดสู้งทีสุ่ดในช่วงของแสงสีแดงเลื่อนไป (red-shift of Q-band) จาก 680 นาโนเมตร

ไปยงั 710 นาโนเมตร หลังจากการดดัแปลงสาร ท าให้เป็นประโยชน์ต่อการเกิดปรากฏการณ์การ

สร้างคลื่นความร้อนเมื่อไดรั้บการกระตุน้ดว้ยแสงอีกดว้ย จึงท าให้สามารถน าอนุภาคนาโนดอทของ 

Pa-PEG ไปใช้ประโยชน์ในการถูกติดตามดว้ยภาพถ่ายแบบโฟโตอคลูสติกได ้และเมื่อตรวจสอบ

ความสามารถในการสร้างออกซิเจนโมเลกุลเด่ียว (singlet oxygen) ของอนุภาคนาโนดอทของ Pa-

PEG ในสารละลาย โดยการฉายแสงที่ความยาวคลื่น 660 นาโนเมตร พบว่ามีความสามารถในการ

สร้างออกซิเจนโมเลกุลเด่ียวในปริมาณความเขม้ข้นที่สูงกว่าโมเลกุล Pa อิสระ ซ่ึงเป็นการยืนยนั

ความสามารถในการเกิดปรากฏการณ์โฟโตไดนามิกหลงัเพ่ิมความสามารถในการละลายน ้ าให้กบั

โมเลกุล Pa 
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Pa-PEG ULTRA-SMALL NANOPARTICLES/ DUAL-MODAL IMAGING/ 
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Some severe side effects can be observed in cancer patients who receive a 

treatment for a long time; moreover, some drug tend to accumulate inside the body 

organs due to its large size with sluggish elimination. Ultra-small nanomedicine is a 

promising approach that takes advantage of its small size to minimize the considerable 

long-term effect by being rapidly cleared out from the body via the renal pathway. 

Therefore, an ultra-small theranostic drug with renal excretable behavior is sought-

after for improving human health. In this work, we reported a versatile ultra-small 

nanomaterial that can be both a cancer diagnostic and therapeutic agent for 

photodynamic therapy (PDT), with renal clearable function. Pyropheophorbide-a (Pa) 

was conjugated with polyethylene glycol to form Pa-PEG nanodots (NDs) via a facile 

amide bond coupling reaction. Optical characterization indicated that Pa-PEG NDs 

serve as fluorescent imaging agents. Moreover, a red-shift of the Q-band from 680 nm 

to 710 nm after modification offered photoacoustic imaging benefiting from heat 

pulse signal generation in the more extended NIR range. Singlet oxygen detection 

revealed that a higher singlet oxygen concentration was generated during 660 nm light 

irradiation compared to that of free Pa molecules in water, confirming the greater 
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CHAPTER Ι 

INTRODUCTION 

  

1.1 Significance of the study 

Cancer is one of the significant causes of illness and death worldwide. The top 

three major cancer types in 2018 are cancers of the lung, female breast, and 

colorectum. World Health Organization (WHO) reported that the global cancer 

burden is approximated to be 18.1 million new cases and 9.6 million deaths in 2018, 

and new cases are expected to rise up over the next decade. There are many reasons 

for the increasing rate of cancer burden, such as population growth and aging, as well 

as the changing prevalence of specific causes of cancer linked to social and economic 

development. Notably, almost 70% of deaths from cancer were found in low- and 

middle-income countries (WHO, 2018). To reduce the cancer growth rate, several 

treatment methods have been developed to destroy malignant cells in clinical practice, 

for example, cancer surgery, radiation therapy, or chemotherapy. However, there are 

many harmful severe effects of those treatments, including: (i) wound complication 

and poor healing from surgery, (ii) surrounding tissue damage in radiation therapy, 

and (iii) unexpected results that occurred from chemotherapy: nausea, vomiting, 

immune depression, and hair loss that make a great distress to all female cancer 

patients (Goldsmith, 1969; Petrelli et al., 2009). Currently, many scientists have been 

developing and exploring new cancer curing methods to improve therapeutic efficacy 

with low severity side effects, and medical cost. 
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In the past few decades, photodynamic therapy (PDT), a noninvasive method that 

is repeatable treatment without significant side effects, has received interest from 

many researchers worldwide in order to improve the effectiveness of PDT and offer 

various new photodynamic agents to clinically treat various cancer types (Carruth, 

1998; Sibata, Colussi, Oleinick, and Kinsella, 2001; van Straten, Mashayekhi, de 

Bruijn, Oliveira, and Robinson, 2017). In principle, the photodynamic effect is based 

on the interaction between the light and photosensitizers (PSs) to generate reactive 

oxygen species (ROS) to kill the tumor cell, Figure 1.1. Singlet oxygen, often 

generated by organic PSs, is one of the ROS that serves as a signaling molecule to 

devastate the tumor by stimulating the apoptosis process, also known as programmed 

cell death (Triesscheijn, Baas, Schellens, and Stewart, 2006; van Straten et al., 2017). 

To date, researchers are still developing methods to improve the effectiveness of PDT. 

One possible way is to enhance the potential of PSs to be more highly tumor-specific 

with large amount of 1O2 generation in deep tissue. 

 

NIR

 

Figure 1.1 Photodynamic therapeutic process under NIR light irradiation. 
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Porphyrin and its derivatives have widely been utilized as PSs for PDT since they 

show strong absorption band in the red to NIR spectral region (650-800 nm). This 

optical window overlapping with the phototherapeutic window (650 – 850 nm) allows 

high singlet oxygen production during light irradiation, a key cytotoxic agent for 

devastating tumor cells (Ethirajan, Chen, Joshi, and Pandey, 2011; Hameed et al., 

2018; Huang et al., 2019; Josefsen and Boyle, 2012). Most PSs, however, are less 

soluble in water or biological media owing to their naturally high hydrophobicity 

from the large π-extended system and have poor tumor homing’s selectivity because 

of too small size (Bonnett, 1995; Wang et al., 2014). To overcome these limitations, 

nanoparticle engineering has allured researchers by benefiting from the enlarged 

particle size to increase tumor-targeting behavior via enhanced permeability and 

retention (EPR) effect and by altering PSs with hydrophilic bio-conjugated molecules: 

polymers, dendrimers, peptides, or lipids (Cheng, Wang, Feng, Yang, and Liu, 2014; 

Pandey et al., 2006). 

Even though advanced progress in cancer treatment is now developed, serious 

side effects after treatment are still observed in patients who received a treatment for a 

long period. One major cause is long time accumulation of relatively large size and 

high hydrophobicity drugs inside the body which can be harmful to nearby normal 

tissues (Blanco, Shen, and Ferrari, 2015; Lux et al., 2011). In order to minimize this 

adverse effect, ultra-small nanoparticle is a dominant approach to minimize the severe 

long-term effect by rapidly eliminated out from the body via the renal pathway.  

In addition, molecular imaging has become a promising tool to assist in the 

detection, diagnosis, and evaluation, depending on the unique properties of a material 

(Weissleder, 2006). There are many imaging techniques at the clinical level for 
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different purposes. Technically, all diagnostic imaging is aimed to track the material’s 

biodistribution post-injection and visualize the internalization of tumors in the living 

system before PDT treatment (Bauerle, Komljenovic, and Semmler, 2012; Kircher 

and Willmann, 2012; Mahajan et al., 2015). 

Herein, we proposed a nanostructure that offers fluorescence/photoacoustic 

double imaging-guided PDT characteristics. Briefly, pyropheophorbide-a (Pa) linked 

with amine polyethylene glycol (PEG), called Pa-PEG nanodots, were facile 

synthesized with ultra-small size (~2 nm). Proper surface modification tends to 

accumulate in tumors more than healthy tissues through the EPR effect. In vivo test 

demonstrated that Pa-PEG nanodots can effectively kill the solid tumor on xenograft 

mice after a high concentration of nanomaterials at the tumor site was exposed to 660 

nm excitation light for PDT treatment. In addition to renal clearable behavior, 

fluorescent imaging showed that Pa-PEG nanodots were mostly eliminated out of the 

mice's body post-injection after 7-day. Thus, we demonstrate the combined approach 

of diagnostic and photodynamic therapeutic agent with high potential to be used for 

tumor devastation in further clinical treatment. 

 

1.2 Research objectives 

The ultimate goal of this thesis is to develop effective tumor-targeted PDT 

nanoprobes that enhance cancer therapy in vitro and in vivo as follows: 

1.2.1 Synthesis and characterization of ultra-small nanomaterials. The aim of the 

materials syntheses is to find the easy and quick method to prepare the NPs, and this 

method should be reproducible with uniform particle size.  
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1.2.2 To visualize cancer cells using synthetic nanomaterials. This objective aims 

for the effective visualization of tumor cells. The materials should be able to label 

tumor cells and show high image contrast under the microscope.  

1.2.3 To eliminate cancer cells using photodynamic therapy. This objective aims 

for effective tumor therapy, which can be done by in vitro PDT using our synthetic 

materials. 

1.2.4 To determine the efficacy of the materials in vivo, including biodistribution, 

toxicity, targeted tumor imaging and therapy. This is the ultimate goal of this work 

since we are seeking for the best nanomedicine candidate for clinical translation.  

1.2.5 To assess the long-term toxicity of the ultra-small nanomaterials. The 

purpose of the ultra-small diameter is to minimize long-term toxicity by taking the 

renal pathway of clearance from the body. 
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CHAPTER II 

LITERATURE REVIEW 

 

2.1 Nanoparticles in drug delivery 

In the past decade, nanotechnology has emerged as a tool for molecular imaging 

and therapy with the goal of enhanced delivery efficacy, safety, and toxicological 

profiles and may eventually be used in humans for various purposes (Andreou, Pal, 

Rotter, Yang, and Kircher, 2 0 1 7 ; Gao, 2 0 1 3 ; Kim, Lee, and Hyeon, 2 0 1 7 ) . 

Nanomaterials are suitable delivery vectors since they are small enough to cross 

vessel walls and cell membranes to interact with cells in the body (Cooper, Conder, 

and Harirforoosh, 2014). Moreover, nanoplatforms can be modified to exhibit proper 

physicochemical and biological features for in vivo use by choosing appropriate core 

materials and modifying their surface ( Fang, Wan, Chu, Zhang, and Wu, 2 0 1 5 ) . 

Targeted drug delivery and multifunctional nanomaterials for diagnosis and therapy 

have received much attention in nanomedicine.  However, there are two major 

concerns including possible toxicity and uncertainty of biological behaviors of 

nanomaterials, which restrict their clinical translation (Sajid et al., 2015; Zoroddu et 

al., 2014). There are numbers of engineered materials that have proper molecular 

targets and no cytotoxicity in vitro; however, in vivo distribution, metabolism, and 

excretion are much more complex and become a bottleneck to entering clinical trials. 

Until now, more than 200 nanomedicine products are in clinical trials; yet, the success 

of NPs as clinical therapeutics is still uncertain (Min, Caster, Eblan, and Wang, 2015). 
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2.2 Photochemical mechanism 

In 1900, the photodynamic therapy (PDT) concept was accidentally discovered 

by a medical student, Oscar Raab, in Munich, Germany. He found that micro-

organisms surrounded a certain photosensitizer (PS) were destroyed during light 

exposure, but the micro-organisms were still remained healthy in the dark 

environment. However, the PDT concept became more popular in the 1970s in the 

USA for cancer remedy (Moan and Peng, 2002). 

 

 

Figure 2.1 Possible transition related to phototherapeutic processes in Jablonski 

diagram. For photodynamic therapy, after excitation, electron transition from S1→T1 

takes advantage to the generation of singlet oxygen by molecular oxygen’s energy 

harvesting (Type II). Copyright © 2016 American Chemical Society (Kamkaew, 

Chen, Zhan, Majewski, and Cai, 2016). 
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The PDT mechanism initially occurs when an electron of a PS molecule in the 

ground state (S0) is promoted to a higher-energy singlet excited state (S1) by 

absorbing appropriate energy from light at specific wavelengths. In the singlet excited 

state, a high energy electron of PS is unstable with a need to release its extra energy 

(Abrahamse and Hamblin, 2016). As shown in Figure 2.1, there are many directions 

for relaxing to more stable state (i) via radiative transition in light form 

(fluorescence), (ii) via non-radiative transition in heat form (internal conversion), and 

(iii) via transformation of electron pair in the singlet excited state to the triplet excited 

state (T1) with parallel spins (intersystem crossing) and then release its energy in light 

form (phosphorescence) (Jaffe and Miller, 1966). Table 2.1 shows the comparison of 

the absorption and emission rates of fluorescence and phosphorescence: the 

absorption rate is prompt occurrence after excitation, fluorescence is slower emission 

rate, the moving from S1 to T1 is relatively required more time, and phosphorescence 

is the most sluggish transition to stable state due to a tiny probability of occurring 

(Harris and Bertolucci, 1978). 

 

Table 2.1 Average time scale for radiative and nonradiative processes. 

Transition Time Scale Radiative Process 

Internal Conversion 10–14 – 10–11 s No 

Vibrational Relaxation 10–14 – 10–11 s No 

Absorption 10–15 s Yes 

Intersystem Crossing 10–8 – 10–3 s No 

Phosphorescence 10–4 – 10–1 s Yes 

Fluorescence 10–9 – 10–7 s Yes 
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Even though the transition of S1→T1 is forbidden according to selection rule, 

however, intersystem crossing between S1 and T1 can be weakly allowed by 

overlapping of the energy level of both states and able to compete with fluorescence 

transition. Moreover, the forbidden transition of T1→S0 provides a long lifetime 

electron struggling in the triplet excited state. This situation plays an essential role to 

induce PDT effect that typical oxygen molecule in biological media has sufficient 

time to harvest excess energy at the triplet excited state. The energy-transfer from T1 

to oxygen molecule leads to the production of singlet oxygen, which is called type II 

photochemical process. A Type I photochemical mechanism is related to an electron 

transfer reaction to produce the hydroxyl radical (OH●), which is the potential oxidant 

to damage most types of biomolecules. Despite that, researchers believe that most PSs 

take Type II reaction for tackling-cancer PDT (Agostinis et al., 2011; Carruth, 1998; 

Dolmans, Fukumura, and Jain, 2003). 

 

2.3 Reactive oxygen species and apoptosis 

Reactive oxygen species (ROS) in the biological system play a crucial role in the 

various biological process depending on the dose. ROS include superoxide radicals 

(O2
●–), hydrogen peroxide (H2O2), hydroxy radical (OH●), and singlet oxygen (1O2) 

(Halliwell, 2011). At low to moderate doses, ROS regulates many common 

physiological functions related to cell development, for instance, cell division, 

differentiation, migration, and cell death. In addition to the implication in signaling 

molecule, ROS leads to the activation of various cellular pathways and transcription 

factors resulting in cell survival or cell death processes such as autophagy and 

apoptosis, that regularly happen in organisms (Covarrubias, Hernandez, Schnabel, 
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Salas-Vidal, and Castro-Obregon, 2008). At the concentrated dose, however, ROS can 

induce oxidative stress causing uncontrollable oxidative damage to biomolecules, 

membranes, and organelles such as mitochondria (Halliwell, 2011). 

Although advanced researches support the involvement of ROS with 

therapeutic purposes, the mechanism of actions of ROS-mediated apoptosis are not 

fully-characterized. Nonetheless, singlet oxygen is widely considered to induce 

apoptosis for tumor cells destroying during photodynamic therapy (Abrahamse and 

Hamblin, 2016). The apoptosis process is activated by three main signaling pathways 

including mitochondrial pathway, death receptor pathway, and endoplasmic reticulum 

pathway, which are relevant to both extrinsic and intrinsic pathways. In this review, 

only mitochondrial pathway, the most important pathway, is provided.  

 

2.3.1 Mitochondrial pathway 

 Mitochondria are made of two membranes, which are vital organelles that 

play a crucial function as cellular energy (ATP) production via oxidative 

phosphorylation (Youle and Bliek, 2012). Importantly, mitochondria are responsible 

for the apoptosis regulation (Orrenius, Gogvadze, and Zhivotovsky, 2015). 

Under the stressful conditions, movement across of molecular size less than 

1.5 kDa, including proton, via the mitochondrial permeability transition (MPT) pore 

into the inner membrane is increased, disrupting oxidative phosphorylation 

(Halestrap, 2009). Intrinsic ROS trigger oxidation of cardiolipin leading to the 

increased outer mitochondrial membrane permeabilization (MOMP) that cause 

significant loss of cytochrome c (Cyt c) and also apoptosis-inducing factors (AIF) 

including endonuclease G (Endo G) and second mitochondria-derived activator of 
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caspases/direct inhibitor of apoptosis (IAP)-binding protein with low pI 

(Smac/Diablo), via Bax/Bak channels into the cytosol (Circu and Aw, 2010; Orrenius 

et al., 2015). Cytochrome c in the existence of dATP, then, forms the apoptosome 

together with apoptosis activating factor-1 (Apaf-1) and procaspase-9 resulting in 

self-activation of caspase-9 which can trigger caspases-3, -6, and -7 for protein 

destruction and apoptosis initiation (Orrenius et al., 2015). While released 

Smac/Diablo can deactivate the inhibitor of apoptosis proteins (IAP) in the cytosol in 

order to stop the functioning of anti-apoptosis. In the same situation, AIF and Endo G 

target the nucleus for DNA fragmentation (Bettaieb and Averill-Bates, 2015). 

Moreover, DNA damage by ROS can be found in the mitochondria matrix. 

Considering anti-apoptotic Bcl-2 and Bcl-XL proteins at the outer mitochondrial 

membrane after ROS activate p53 and/or c-Jun N-terminal kinase (JNK), the 

apoptosis process is initiated by the stimulation of JNK to pro-apoptotic Bax, Bim, 

Bak, and Bad proteins. This stimulation brings the pro-apoptotic proteins to form 

heterodimers with anti-apoptotic Bcl-2 and Bcl-XL proteins, suspending the working 

of anti-apoptotic proteins, Figure 2.2 (Orrenius et al., 2015; West and Marnett, 2006). 
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Figure 2.2 Activation of the mitochondrial (intrinsic) pathway of apoptosis by ROS. 

The promotion of ROS leads to activate caspase-9 for apoptosis induction and to 

trigger DNA fragmentation. Copyright © 2016 Elsevier B.V. (Redza-Dutordoir and 

Averill-Bates, 2016). 

 

2.3.2 Apoptosis process 

 In the adult human, 50-70 billion cells are auto-disrupted each day by 

apoptosis, or programmed cell death, to maintaining the cell population for effective 

functioning: normal cell turnover, proper development, processing of the immune 

system, or chemical-induced cell death (Cole and Kramer, 2016). In healthy 

conditions, the division rate and death rate are steady in order to regulate homeostasis; 

nonetheless, a disorder of equilibrium leads to abnormal states. A tumor can be 
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generated if the division rate is more rapid, or cell processing is inefficient if the 

division rate is lower than the death rate. 

Apoptosis is regulated by both intrinsic and extrinsic signaling pathways. 

After the activation, there are three common response steps to cell damage, Figure 2.3 

(Abou-Ghali and Stiban, 2015). 

1. The cell starts to shrink, and chromatin begins to condense. 

2. The apoptotic cell forms bleb for becoming fragmented, nucleus split 

into small pieces, DNA breaks apart. 

3. Membrane blebbing becomes debris, called apoptotic bodies, which 

contain compacted organelles. 

To clean the dead cells, apoptotic bodies are detected by macrophages 

removing the dead fragments from the body. 

 

 

Figure 2.3 Cytology of apoptosis at the different stages after apoptosis activation. 

Copyright © 2015 Elsevier B.V. (Abou-Ghali and Stiban, 2015). 
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2.4 Ideal photosensitizer properties  

Most of PSs that absorb light in the red to deep red region (600-800 nm), known 

as therapeutic window, can effectively induce photodynamic therapeutic effect to ruin 

cancer cells in deep tissue (Kwiatkowski et al., 2018). In this region, biological 

substances in living media have low light absorption, therefore, the excitation light 

can penetrate deeper in the tissue to activate PSs with high light dose, Figure 2.4 

(Teraphongphom, Kong, Warram, and Rosenthal, 2017). 

 

 

Figure 2.4 Optical window and penetrability of NIR light (a) NIR window is optimal 

for in vivo imaging due to minimal light absorption by hemoglobin (Hb), 

oxyhemoglobin (HbO2), and water in tissues from 700 to 900 nm. Copyright 

Macmillan Publishers Ltd. (Phan and Bullen, 2010) and (b) Near infrared (NIR) light 

has the best penetration depth through soft-tissue. Copyright © 2017 Wiley 

Periodicals, Inc. (Teraphongphom et al., 2017).  
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To obtain high PDT effect, the qualifications of photosensitizers should be as 

follows:  

• High chemical purity grade. 

• Stable at a comfortable ambient temperature.  

• Great photosensitive on a specific wavelength.  

• Outstanding photochemical reactivity; the maximum absorbance in Q band 

should be between 600-800 nm.  

• Minimal absorption in Soret band (400-600 nm). This minimizes the 

absorption caused by sunlight and prevent self-decomposition or 

photobleaching.  

• The absorption in red to deep red region should be prominent over that of 

other endogenous dye in the body, such as melatonin, hemoglobin, or 

oxyhemoglobin.  

• Diminutive cytotoxicity in the dark environment.  

• Miscible with biological media in the body.  

• High selectivity for neoplastic tissues: the photosensitizer should be retained at 

the affected areas for a while with slow leaking out for effective therapy, and 

should not accumulate at healthy cells to avoid the phototoxic side effects.  

• Inexpensive and facile synthesis (Agostinis et al., 2011; Kou, Dou, and Yang, 

2017; Nyman and Hynninen, 2004) 
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2.5 Photosensitizer-based nanoparticle delivery  

Modern photodynamic therapy has started since 1970 by Thomas Dougherty at 

Roswell Park Cancer Institute in Buffalo, NY, however, advanced nanotechnology 

has just developed in the past decade (Abrahamse and Hamblin, 2016). The 

combination of PSs with nanomaterials is an attractive way to enhance PDT efficacy 

and emerged as a nanoplatform for diagnostic and therapeutic purposes with great 

targeting ability, called nanomedicine (Frimberger, Moore, Cincotta, Cotter, and 

Foley, 1998; Morley et al., 2012; Verma et al., 2009). Several techniques have been 

used to provide organic-based, inorganic based, or biomolecular-based 

photosensitizers for nanomaterial formation including encapsulation, functionalization 

and immobilization by non-covalent interactions. Most photosensitizers, however, 

have high hydrophobicity owing to their large conjugated system tending to form an 

aggregate in an aqueous media which blocks the PDT effect. In order to raise the PDT 

effect, PSs are required to be a monomeric form (Xu et al., 2014). One of the popular 

ways to separate them into an individual molecule is the conjugation between the 

well-match functional group on hydrophilic polymer and on PSs (Gross, Gilead, 

Scherz, Neeman, and Salomon, 2003). 

Currently, there are many FDA-approved nanomedicines assemble polyethylene 

glycol (PEG) for both imaging and therapeutic purposes due to its stability, nanosized 

offering, and biodegradable ability (Davis et al., 2010; Jacobson et al., 2010; Keren et 

al., 2008; Lim et al., 2010; O'Brien et al., 2004; Wagner, Dullaart, Bock, and Zweck, 

2006). The introduction of hydrophilic PEG into a peripheral functional group on PS 

surface, known as PEGylation, can form nanoparticle through self-assembly for drug 

delivery. PEGylated PSs have been vastly explored their behavior affecting on in vivo 
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application for cancer treatment. The hydrophilic PEG chain prevents the aggregate of 

hydrophobic PSs, enabling effective PDT to kill malignant cells. It was reported that 

nanoparticles from PEGylation could prolong circulation time in the bloodstream and 

have high targeting ability via the enhance permeability and retention (EPR) effect 

(Aliabadi and Lavasanifar, 2006; Kanaras, Kamounah, Schaumburg, Kiely, and Brust, 

2002; H. Maeda, Wu, Sawa, Matsumura, and Hori, 2000). High concentration of 

nanoparticles at the tumor accumulated by EPR effect demonstrates a great contrast 

signal at tumor area against the background during imaging, offering a potential 

ability to serve as a promising agent for locating the tumor site (Gref et al., 1994). 

Moreover, the PEG polymer-coated PSs reduce the uptake by the reticuloendothelial 

system (RES), such as the liver and spleen, by decreasing serum protein absorption. 

The interaction reduction with serum protein allows the NPs circulate in the blood 

vessels for further accumulation at the tumor bed (Owens and Peppas, 2006; Saba, 

1970). 

Porphyrin and its derivatives are extensively used as PSs in PDT since they are 

not toxic to organs, possess red to deep red absorption, and can produce singlet 

oxygen, which is a key cytotoxic agent for tumor devastation (Ethirajan, Chen, Joshi, 

and Pandey, 2011; Hameed et al., 2018; Z. Huang et al., 2019; Josefsen and Boyle, 

2012; Sun et al., 2019). Chlorophyll-a and its derivatives are one of the families 

containing a large π conjugation system of porphyrin structure, which provides strong 

absorption in the 300-700 nm region. Pyropheophorbide-a (Pa) is a molecule derived 

from chlorophyll-a. Currently, many Pa-conjugated nanomaterials have been reported 

as effective PDT agents in vitro and in vivo (Chen et al., 2005; Helmreich et al., 2005; 

Ng, Lovell, Vedadi, Hajian, and Zheng, 2013; Rancan et al., 2007; Tan et al., 2016; 
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Zhou, Wei, Wu, Chen, and Xing, 2012). Rapozzi et al. reported the effect of 

PEGylation on the photosensitizer (pheophorbide-a) biodistribution. (Rapozzi et al., 

2010). The results showed that the nanomaterials (mPEG-Pba) could be distributed to 

a whole body with a higher amount of photosensitizer in the tumor compared to free 

Pba. However, the authors did not study the PDT effect of the prepared NPs in this 

work. In other works, PEGylation of photosensitizers (Pba and Ce6 )  exhibited 

efficient intracellular uptake and phototoxicity in vitro for cancer treatment. Yet, in 

vivo studies were not reported in these works. However, the relatively large diameter 

of these nanomaterials led to the prolonged retention in RES organs, resulting in poor 

clearance from the body due to the sluggish excretion via hepatocyte (Blanco, Shen, 

and Ferrari, 2015; Lux et al., 2011). Hence, the long-retention period of those 

nanomaterials can cause long-term effects (e.g., potential toxicity) that restrict their 

clinical translation.  

Notably, ultra-small nanoparticles with a size less than 6-8 nm can pass through 

the glomerular capillary of kidney filtration to enable faster elimination from the body 

via renal partway compared to hepatobiliary excretion (Choi et al., 2007; X. Huang et 

al., 2013; Shen et al., 2017; Tang et al., 2016). Moreover, there are some reported 

nanoparticles with the size between 1-20 nm containing negative charge on the 

surface tend to have renal excretable properties (Du, Yu, and Zheng, 2018). To 

balance tumor retention ability and renal eliminable behavior for reducing long-term 

effects, it is a great interest to explore renal-clearable nanomaterials containing 

imaging-guided and therapeutic properties for cancer therapy. 
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2.6 Tumor-Targeting in PDT in vivo 

Synthetic nanoparticles for biomedical applications in cancer diagnosis and 

therapy have been studied their qualifications in both in vitro and in vivo assays for 

achieving the prospective goal of cancer treatment in the research scale. One of the 

most crucial information provided by an in vivo experiment is an optimal time for 

applying therapy. While in vitro assays are necessary for investigating the 

nanomaterial interaction at the cellular level. Tumor-bearing mice have been used as a 

model for elucidating the appropriate time post-injection, which relies on targeting 

ability of each nanomedicine. There are two practical ways for drug delivery to 

introduce the nanomaterials into the solid tumors, including (i) active targeting 

involving the conjugation of targeting ligand that matches with the overexpressed 

receptors on tumor and (ii) passive targeting involving the benefit of EPR effect, 

Figure 2.5 (Chinen et al., 2015; Sinha, Kim, Nie, and Shin, 2006). However, this 

literature review is focused on passive targeting for cancer diagnosis. 
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Figure 2.5 Diagram depicting the enhanced permeability and retention effect (Peer et 

al., 2007). Copyright © 2007 Macmillan Publishers Ltd. 

 

Passive targeting allows circulated nanomaterials in the bloodstream with a 

diameter not larger than 150 nm passes through the leakage blood vessels into the 

cancer tissue (Bertrand, Wu, Xu, Kamaly, and Farokhzad, 2013; Cho, Wang, Nie, 

Chen, and Shin, 2008; Danhier, Feron, and Preat, 2010). In the presence of tumor 

cells, Figure 2.5, rapid vascularization is built to provide sufficient nutrient 

consumption for serving the fast-growing up of tumor tissue, and this rapid forming of 

blood vessels causes disorderly arrangement of endothelial cells resulting in defective 

vascular structure. Hence, nanomaterials that smaller than pore structure on blood 

vessel can move out the blood circulation system via the leaky vasculatures, 

enhancing permeability and retention of nanomaterials (Frank et al., 2014; Hiroshi 

Maeda, 2015; H. Maeda et al., 2000; Prabhakar et al., 2013). In addition, tumor 

tissues are meager lymphatic drainage allowing longer retention time in solid tumors 
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with poor elimination by lymphatic system (Frank et al., 2014; H. Maeda et al., 2000; 

Peer et al., 2007). Nanomaterials that passively extravasate from the blood circulation 

system and stuck within a tumor area are identified as the enhanced permeability and 

retention effect or EPR effect. As a result of the EPR effect, nanomedicines can 

internalize in tumor bed 10-100 times higher than the introduction of free PSs (Sinha 

et al., 2006). 

 

2.7 Molecular imaging techniques  

The opacity of the human body is one of the problems for disease diagnosis. 

Formerly, surgery was unavoidable in treating a disease leading to pain and wounds. 

However, in the present time, noninvasive techniques have been developed to assist 

diagnosis in several diseases, such as magnetic resonance imaging, near-infrared 

imaging, positron emission tomography, single-photon positron emission 

tomography, computed tomography, and optical imaging (Fass, 2008; Lu and Yuan, 

2015).  

In principle, most of the biomedical imaging techniques involve electromagnetic 

interaction of a contrast agent that is introduced into the tissue, after which computer 

processing will generate anatomical images to evaluate the activity changes in the 

body, which is important in tumor diagnosis. Imaging techniques are qualified as 

powerful tools for cancer diagnosis and have several advantages, including being 

noninvasive, allowing real-time monitoring, and being nondestructive to surrounding 

tissues, which help with therapeutic planning and injury reduction. 
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2.7.1 Fluorescent imaging 

 Near-infrared (NIR) imaging is one direct method of optical imaging 

for real-time quantitative analysis. This method is a combination of NIR spectroscopy 

and digital imaging processing, to create a cross-sectional photo of tissues for 

powerful tumor diagnosis based on fluorescent light emitted from triggered loaded 

fluorescence dyes. The NIR imaging system consists of an excitation source, imaging 

optic, monochromator, and a focal plane array (FPA)  as an image sensing detector, 

Figure 2.6. In principle, upon excitation, the absorbed dyes within living tissues will 

emit the signal at a longer wavelength to an imaging optic, and the specific 

wavelength will be selected before reaching the FPA detector, the results of cross-

sectional 2D or 3D images of tissue are obtained after signal processing. Furthermore, 

NIR imaging has high sensitivity and resolution and is inexpensive, nondestructive to 

living organisms, none of high energy ray radiation, and relatively low cost 

(Frangioni, 2003; Luo, Zhang, Su, Cheng, and Shi, 2011). 
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Figure 2.6 Basic configuration of a near-infrared imaging system. Copyright © 2005 

Elsevier B.V. (Reich, 2005). 

 

2.7.2 Photoacoustic imaging 

Photoacoustic (PA) imaging is noninvasive imaging technique that 

recently developed for imaging-guided therapy. The formation of a photoacoustic 

signal is based on the NIR excitation of PSs to generate the photoacoustic effect. The 

interaction between periodical pulsed NIR laser (pulse duration < 10 ns) and PSs 

causes rapid heat generation after light absorption leading to the thermal expansion, 

which induces the change of pressure around the tumor biome. This pressure change 

initiates the formation of sound waves, known as acoustic waves, which are detected 

by measuring the formed sound waves with ultrasound (US) detector before signal 

processing to build an image and show on a computer screen, Figure 2.7 (Attia et al., 
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2019; Lengenfelder et al., 2019; Wang and Hu, 2012). In addition, PA imaging is a 

useful technique accompanied with high sensitivity and high spatial resolution for 

deep-seated tumor visualization due to the advantage of NIR laser (700-900 nm) that 

can deeply penetrate through the skin.  

 

 

Figure 2.7 Basic principle of a photoacoustic imaging system.  Copyright © 1997-

2020, Global Information, Inc. (Johnson, 2018)  

 

Compared to PA, fluorescence (FL) imaging offers higher resolution and greater 

sensitivity, whereas it has poor spatial resolution due to the limitation of light 

penetration ability (Ge et al., 2015; Jing et al., 2014; Moore and Jokerst, 2019). 

Therefore, combining FL and PA imaging modalities in a single particle may 

overcome the limitation of these two imaging techniques, which enhance imaging 

resolution and improve its sensitivity for tracking the accumulation of nanomaterials 

(Yang and Chen, 2019). 
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2.8 The reduction of long-term toxicity 

An engineered nanoparticle nowadays serves as a powerful tool to realize tumor 

imaging and therapy in both research scale and clinical translation (Jiang et al., 2017; 

Moghimi and Szebeni, 2003; Walkey, Olsen, Guo, Emili, and Chan, 2012; Yu et al., 

2017; Zhang, Poon, Tavares, McGilvray, and Chan, 2016). However, an 

administration of nanomedicine into the body can cause high uptake by the 

reticuloendothelial system (RES), leading to slow elimination in feces and raise the 

long-term effect to patients (Blanco et al., 2015; Lux et al., 2011). On the other 

clearable process, the kidneys are also play a pivotal role for nanomaterial clearance. 

Glomerular filtration membrane (GBM) in the kidneys has pores with sizes of 2-8 nm, 

and podocytes are ordered in a monolayer with gaps of 4-11 nm. These layers are 

size-selective glomerular membrane, which only allows the nanomaterials with 

diameter 2-8 nm to move across the GBM, Figure 2.8 (Du et al., 2018). In order to 

reduce to the potential side effect, preparing nanoparticles with a size less than 8 nm 

is an attractive way to conquer this drawback since they are small enough to pass 

through the GBM of kidneys for disposing of urine-contained nanomedicines. Thus, 

there is a significant demand to prepare ultra-small theranostic agents with renal 

excretable behaviors. 
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Figure 2.8 Anatomy of kidney (a) The blood introduces to the renal artery and flow 

out through the renal vein allowing the filtration at the glomerular membrane. (b) The 

glomerular filtration membrane structure offers the size- selective nanoparticles in 

sizes 2-8 nm. Copyright © 2018, Springer Nature (Du et al., 2018)  
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 CHAPTER III 

EXPERIMENTAL SECTION 

 

3.1  Nanomaterial synthesis and characterization 

3.1.1 Chemicals 

Chemicals used in this research are listed in Table 3.1 and Table 3.2. 

Table 3.1 Chemicals use for nanomaterial synthesis. 

Chemicals Formula Supplier 

Pyropheophorbide-a (Pa) C33H34N4O3 Frontier Scientific 

Methoxypolyethylene glycol amine 

5kDa 

H2N(CH2)2 

(OCH2CH2)nOCH3 

Biomatrik 

1-ethyl-3-(3-dimethyl aminopropyl) 

carbodiimide (EDC) 

C8H17N3 Sigma-Aldrich 

Dimethyl sulfoxide (DMSO) (CH3)2SO Tokyo Chemical Industry 

 

Table 3.2 Molecular probe for material characterization and for cell experiments. 

Chemicals Formula Supplier 

Singlet oxygen sensor green (SOSG) C34H21O7Cl Fisher Scientific 

1,3-diphenylisobenzofuran (DPBF) C20H14O Sigma-Aldrich 

Zinc phthalocyanine (ZnPc) C32H16N8Zn Sigma-Aldrich 

Methyl thiazolyl tetrazolium (MTT) C5H6N5S Sigma-Aldrich 

4′, 6-diamidino-2-phenylindole (DAPI) C16H15N5 Sigma-Aldrich 
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3.1.2 Synthesis of Pa-PEG nanodots 

Pyropheophorbide-a conjugated with amine polyethylene glycol (Pa-PEG) 

nanodots were synthesized by a facile method similar to the previously reported 

protocol (Cheng et al., 2017). Briefly, Pa (10 µmol) and EDC (30 µmol) were mixed 

in 1 mL dimethyl sulfoxide (DMSO) and stirred for 1 h at 25 ºC to activate a carboxylic 

group on Pa. After that, the activated-Pa was dropwise added into DMSO solution 

containing mPEG-NH2 (9.5 μmol) and continued stirring for 24 h at 25 ºC. Excess 

amounts of EDC, unreacted Pa, and DMSO were removed by dialysis for 24 h against 

DI water using a dialysis bag molecular weight cut off (MWCO) 8,000-14,000 Da. 

Finally, the final product was obtained by filtration using Millipore filter (10 kDa 

MWCO) and washed three times with DI water. The resulting Pa-PEG nanodots were 

re-dispersed in 3 mL DI water and stored at 4 oC for future use. 

3.1.3 Characterizations 

3.1.3.1 Transmission electron microscopy (TEM). TEM was used to 

visualize a morphology of Pa-PEG with high spatial resolution using a Tecnai F20 

transmission electron microscope (FEI) with a 200-kV field emission gun. For sample 

preparation, Pa-PEG nanodots were suspended in water and then dropped on a 

microgrid with a holey carbon copper as a support membrane. The support membrane 

was dried at 70 °C under a heat lamp before imaging. The diameter of Pa-PEG 

nanodots was determined by Nano Measurer 1.2.5 version. 

3.1.3.2 Hydrodynamic size (HDs) and Zeta-potential measurement. Pa-

PEG nanodots were measured a hydrodynamic size by a Zetasizer Nano Z (Malvern) 

in physiological media: phosphate-buffered saline (PBS), fetal bovine serum (FBS), 

Roswell Park Memorial Institute (RPMI) 1640 medium, and deionized (DI) water. 
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Zeta-potentials of both Pa-PEG nanodots and free Pa molecules dispersed in water 

were recorded. 

3.1.3.3 Absorption and emission spectra. Absorption spectra of free Pa 

and Pa-PEG nanodots in DI water were recorded from a PerkinElmer Lambda 750 

UV-Vis-NIR spectrometer. The absorption spectra were scanned from 250 nm to 800 

nm with a data interval of 1 nm, medium speed, and 5.0 nm slit width. Fluorescent 

spectra of both compounds were obtained from Horiba FluoroMax 4 spectrometer at 

660 nm excitation with setting parameters: the observed emission range of 700 nm to 

800 nm, 1 nm data interval, and 5.0 nm slit width. 

3.1.3.4 1H-Nuclear magnetic resonance (1H-NMR). Pa-PEG nanodots 

powder were dissolved in DMSO-d6 and loaded into an NMR tube. Then, 1H-NMR 

spectra were recorded on a 600 MHz NMR spectrometer at room temperature. 

Chemical shifts of spectra were reported in ppm unit from the solvent resonance. 

3.1.3.5 Matrix assisted laser desorption/ionization–time of flight 

(MALDI-TOF). MALDI-TOF data was obtained from ultrafleXtremeTM, which was 

made by Bruker Daltonics, Germany. The standard peptide was used as the standard. 

Pa-PEG nanodots suspended in water were dropped on the target plate and carried out 

under the electrospray ionization (ESI) detector. 

3.1.3.6 Photobleaching. Pa-PEG nanodots suspended in PBS were filled in 

the Eppendorf tube. Fluorescent intensity of Pa-PEG nanodots was monitored at 0 

days, and then the solution was kept at 4 oC for further imaging at day 1, 3, 5, and 12, 

using Maestro EX fluorescence imager with 660 nm excitation and 700 nm emission 

filters. Exposure time was 1,000 ms for each measurement. 
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3.1.3.7 Thin layer chromatography (TLC). TLC was implemented using 

a silica plate as a stationary phase, and the mixture of acetone: dichloromethane (7:3) 

was developed as a mobile phase. Then, free Pa solution and Pa-PEG nanodots 

dispersed in water were spotted on the silica plate above a bottom edge 1.0 cm. After 

that the TLC plate was developed in a chamber contained the mobile phase for 

separation. The spots on TLC can be visualized by naked eyes and under the UV light.   

3.1.3.8 Colloidal stability. Free Pa molecules and Pa-PEG nanodots 

suspended in water were mixed with 9% NaCl solution in a ratio of 1:1 and then the 

solutions were centrifuged at room temperature under 10,000 rpm for 5 min. In 

addition, free Pa molecules dissolved in DMSO were also investigated using the same 

protocol.  

3.1.4 Reactive Oxygen Species Detection 

3.1.4.1 Singlet oxygen detection. Singlet oxygen production was detected 

according to the previously reported protocol (Cheng et al., 2017). Briefly, singlet 

oxygen sensor green (SOSG) 10 μL (0.5 mM) was added into 2 mL of Pa-PEG 

nanodots solution containing 30 μM of Pa. Then, the solution was exposed to a red 

LED lamp (600~700 nm) at a power density of 10 mW cm–2 for 5, 10, 20, 30, and 60 

min. Free Pa solution dissolved in DMSO/water at the same Pa concentration of Pa-

PEG nanodots and DI water were also carried out as the control using the same 

method. Finally, fluorescent intensities of SOSG were measured at an excitation of 

494 nm. 
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3.1.4.2 Singlet oxygen quantum yield. Singlet oxygen quantum yield 

(Ф∆) of free Pa and Pa-PEG nanodots were carried out by an indirect method, using 

zinc phthalocyanine (ZnPc) and 1,3-diphenylisobenzofuran (DPBF) as a standard and 

singlet oxygen scavenger, respectively, following the reported procedure (Ramos et 

al., 2015). In brief, 20 μL of 10 μM DPBF was dropped into 3 mL of Pa-PEG solution 

containing 2 μM of Pa in DMSO. Then, the mixed solutions were revealed to a red 

LED lamp at a power density of 10 mW cm–2 for 0, 1, 2, 3, and 4 seconds. Absorption 

intensities of DPBF at 418 nm were determined to quantify the singlet oxygen 

consuming-rates by a plate reader (Epoch Microplate Spectrophotometer). To check 

photostability of material under the presence of singlet oxygen, the absorbance of Pa-

PEG nanodots at 660 nm was also recorded at the same time points. ZnPc and free Pa 

were also examined as the standard and control at the same concentration using the 

same method. Then, the Ф∆ values were calculated following equation (1): 

Ф∆  =   Ф∆
 ZnPc

w. Iabs
 ZnPc

w ZnPc. Iabs

                                              (1) 

Where (Ф∆
𝐙𝐧𝐏𝐜) is the singlet oxygen quantum yield for ZnPc (Ф∆ = 0.67 in DMSO) 

(Pietrangeli et al., 2015); w and wZnPc are the DPBF photobleaching rates in the 

presence of Pa-PEG nanodots, and ZnPc, respectively; Iabs and 𝐈𝐚𝐛𝐬
𝐙𝐧𝐏𝐜 are the light 

absorption values for Pa-PEG nanodots (λ = 660 nm) and ZnPc (λ = 660 nm), 

respectively. 
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3.2  Cell experiments 

3.2.1 Cell culture and in vitro experiments 

4T1 cells (murine breast cancer) were cultured in RPMI-1640 medium 

supplementing 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and 2 mL 

of glutamine 200 mM. The cells were kept at 37 oC under a humidified atmosphere 

containing 5% CO2.  

3.2.2 In vitro photodynamic therapy 

4T1 cells were seeded at a density of 1 x 104 cells/well into 96-well plates 

and incubated with the Pa-PEG nanodots at various concentrations (0-40 µM) for 24 

h. The cells from the experimental group were irradiated by a red LED lamp at a power 

density of 10 mW cm-2 for 30 and 60 min, whereas the control groups were kept in the 

dark. Subsequently, all cells were cultured in the dark for another 12 h before washing 

with PBS (3 times) and incubated with RPMI containing 20% of methyl thiazolyl 

tetrazolium (MTT) solution (5 mg mL–1) for another 3 h under the same condition. 

Then, the cells were washed with 3 times PBS before DMSO (100 μL) was added into 

each well to dissolve formazan crystal. Finally, the absorbance of formazan solutions 

was detected at 490 nm to determine the relative cell viabilities. Furthermore, calcein 

AM and PI were co-stained to visualize live and dead cells. Cells were seeded into 6-

well plates at 2 x 105 cells/well and cultured for 24 h at 37 ºC under 5% CO2. Pa-PEG 

nanodots were dispersed into RPMI cell-culture media with a concentration of 0.25 

µM. After incubation for 8 h, the cells were irradiated by a red LED lamp for 30 min 

and then incubated for another 24 h. After that, 4 µM calcein acetoxymethyl and 

propidium iodide (calcein AM/PI, Thermo Fisher Scientific) were added to each well, 
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and the cells were incubated for 5 min before imaging by ZOE Fluorescent Cell Imager 

(Bio-Rad).  

3.2.3 Cellular uptake investigation 

4T1 cells were seeded into 12-well plates containing cover glass slip at a 

density of 1 x 105 cells/well and cultured for 24 h. Pa-PEG nanodots were added into 

each well at the final concentration of 1 μM of Pa and cultured for various time points 

(1, 3, 8, and 12 h). After being washed with PBS (3 times), the cells were fixed with 

4% paraformaldehyde for 10 min and washed with PBS before staining with 4′, 6-

diamidino-2-phenylindole (DAPI) for 15 min. Later, the cells were imaged by a 

confocal microscope (Leica TCS-SP5II, Germany). Z-stacking imaging was 

manipulated by a confocal microscope (Invitrogen A24864) to visualize the 

accumulation of Pa-PEG nanodots inside the cells after 8 h of incubation at 5 μM of 

Pa concentration, using the same cell preparing method. Dose-dependent flow 

cytometry was also administered, referring the reported procedure (Vranic et al., 

2013). Concisely, 4T1 cells at a density of 1 x 105 cells treated with Pa-PEG nanodots 

at the final dose of 0, 1.25, 2.5, 5.0, 10, and 20 μM of Pa for 8 h were transferred into 

Eppendorf tubes and washed with cold PBS. Those of cells were centrifuged at 800 g 

at 4 oC for 5 min and suspended in 400 μL of PBS with 2 times washing. After 

centrifugation, the cells were dispersed into 500 μL of cold PBS and kept at 4 oC for 

flow cytometry analysis at 637 nm for excitation and 730 nm for detecting emission 

wavelength. 

3.2.4 Intramolecular ROS generation detection 

The cells were seeded into 12-well plates containing cover glass slip at a 

density of 1 x 105 cells/well and cultured for 12 h. The cell plates were divided into 2 
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groups of 4, including; (I) control; (II) light only; (III) sample adding only; and (IV) 

sample + light. After cell adherence, the Pa-PEG nanodots were added into group III 

and IV representing the experimental groups while free Pa molecules were added 

instead considering as the control groups, and both were incubated for 8 h before 

adding 2′,7′-dichlorofluoresceindiacetate (DCFH-DA) into each well at the 

concentration of 20 μM. Afterward, the cover glass slips of both groups were brought 

to image using Leica TCS-SP5II confocal microscope.   

 

3.3  Animal experiments 

3.3.1 Tumor implementation 

4T1 xenografts were prepared by a subcutaneous injection of 1 x 106 cells 

in PBS (~50 μL) onto the back of shaved female balb/c mice. The mice were used 

when the volume of the tumor reached up to ~150 mm3. 

3.3.2 In vivo fluorescence imaging 

Pa-PEG nanodots (300 μL, 1.8 mg mL–1) were intravenously injected into 

4T1 tumor-bearing mice. Accumulation of Pa-PEG nanodots was monitored using 

Maestro EX fluorescence imager with 660 nm excitation and 700 nm emission filters, 

respectively, with the exposure time of 50 ms. After 8 and 24 h post injection, the mice 

were sacrificed and the major organs including the tumor, liver, spleen, kidney, heart, 

stomach, lung, and intestine were collected for ex vivo distribution. Afterward, the 

tumor and major organs were frozen in optimum cutting temperature (OCT) solution 

at –80 oC for histology studies using a confocal microscope (Leica TCS-SP5II, 

Germany). 
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3.3.3 In vivo photoacoustic imaging 

The mice were intravenously injected with Pa-PEG nanodots and monitored 

for real-time accumulation of Pa-PEG nanodots at the tumor site and kidney using 

Visualsonic Vevo 2100 LAZER system with 710 nm excitation. Afterward, the mice 

were sacrificed, and the major organs were collected. FL and PA signals were 

displayed as radiant efficiency.  

3.3.4 In vivo photodynamic therapy  

The mice were randomly divided into four groups (n = 5) for various 

treatments: (i) control; (ii) light only; (iii) Pa-PEG i.v. injection; and (iv) Pa-PEG i.v. 

injection + light. After 300 μL of Pa-PEG nanodots (300 μL, 1.8 mg mL–1) was 

injected into mice bearing 4T1 tumors, the tumors of group II and IV were exposed to 

a red LED lamp (power density = 10 mW cm−2) for 60 min. The tumor sizes were 

measured every other day using a caliper for 2 weeks. Tumor volumes were calculated 

as (tumor length) × (tumor width)2/2, and V/V0 (V0 is the initial tumor volume) was 

used as relative tumor volumes. Two days after treatment, the tumors from each group 

were embedded in paraffin for histology study. 

3.3.5 Blood analysis and histology examination 

Healthy balb/c mice were randomly divided into three groups (n = 3) after 

intravenously injected of Pa-PEG nanodots (300 μL, 1.8 mg mL–1). The mice were 

sacrificed at first, and seventh day p.i., while other three untreated mice were used as 

the control. Subsequent, blood samples (∼1 mL for each mouse) were collected for 

blood panel analysis and blood chemistry examination. In addition, major organs from 

each mouse were harvested for histological investigation. 
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3.3.6 Renal clearance 

Balb/c mice were intravenous injected with the Pa-PEG nanodots and PBS 

as a control. Mice’ urine were separately collected before and after injection for 30 

min and then were imaged by Maestro EX fluorescence imager with 660 nm excitation 

and 700 nm emission filters, with the exposure time of 1,000 ms. 
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4.1.2 Colloidal stability examination 

Pa-PEG nanoparticles in DI water were dispersed in 9% NaCl solution with 

a volume ratio of 1:1 and homogeneously mixed for stability test. It was found that all 

Pa-PEG could greatly dissolve in such high dose of salt solution with no aggregation 

when observed by naked eyes, or even the mixed solution was centrifuged at 10,000 

rpm for 5 min. In contrast, free Pa molecules showed immediate aggregation in the 

saline solution, in which a high polar environment allows the hydrophobic core of free 

Pa molecules getting attached and stacked together in order to form aggregation. To 

prove that the aggregation of free Pa molecules was not from the self-aggregation in 

water but actually originated from the induction of the saline solution, free Pa 

molecules were dissolved in DMSO prior adding 9% NaCl at the same ratio. The 

resulting mixture revealed that the high salt concentration could induce the 

aggregation of free Pa molecules despite in a homogenous solution. Hence, the 

formation of the amide bond between PEG and free Pa molecule could excellently 

enhance the solubility of free Pa molecules in DI water (Figure 4.2).  

 

Pa-PEG in           Free Pa in        Free Pa in 

DI/ 9%NaCl          DI/ 9%NaCl       DMSO/ 9%NaCl 

(a)                             (b)                             (c)
 

Figure 4.2 The colloidal stability observation. (a) of Pa-PEG nanodots in a 9% NaCl, 

(b) of free Pa in the 9% NaCl, and (c) of free Pa in DMSO. 
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4.1.3 Purity investigation 

Thin-layer chromatography (TLC) was carried out using a silica plate as a 

stationary phase and the mixture of acetone:dichloromethane (7:3) as a mobile phase. 

After the TLC plate was developed, spots of both Pa-PEG nanoparticle and free Pa 

molecule demonstrated a visible separation, suggesting that no free Pa were remaining 

inside the Pa-PEG nanoparticles (Figure 4.3). In addition to chemical selectivity, the 

Pa-PEG nanoparticle spot was preferably absorbed on the TLC plate compared to the 

free Pa molecules spot, indicating the vast increase of polarity after PEGylation and 

its high purity after dialysis. 
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 Figure 4.3 Thin-layer chromatography of free Pa and Pa-PEG products. Showing the 

obvious different distance with no free Pa spot on the Pa-PEG runway. 

 

4.1.4 The confirmation of Pa and PEG conjugation  

1H-nuclear magnetic resonance (1H-NMR) firstly performed a chemical 

shift pattern of free Pa molecules in DMSO-d6. Then, the 1H-NMR spectrum of Pa-

PEG nanomaterials was recorded in comparison with the free Pa one. According to 
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the obtained spectra, the characteristic new peaks of PEG around 3.5 ppm were 

dominantly presented in Pa-PEG nanoparticles spectra after PEGylation with new 

other minor peaks and slightly shift, which derive from the change of the Pa 

molecules’ environment. The additional peak of PEG with no significant change of 

free Pa fingerprint pattern confirmed the successful conjugation of PEG on the Pa 

surface (Figure 4.4).  
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Figure 4.4 1H-NMR spectra of (a) Pa-PEG nanodots, and (b) free Pa in DMSO. 

Inserted figure confirmed the existence of PEG after PEGylation.  
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4.1.5 Molecular mass determination 

Matrix-assisted desorption/ionization time-of-flight (MALDI-TOF) 

revealed the molecular mass peak of Pa-PEG, which was 5,863 m/z. Additionally, 

Abdellatif and co-worker reported that the mass spectrum of free amine PEG 5kDa 

showed the peak of mass spectrum in range of 4,300 – 4,800 m/z (Abdellatif, Osman, 

mohd ali, and Darras, 2016) while in this work the mass peak of Pa-PEG products 

were observed around 5,500-6,000 m/z, attesting the combination between 5 kDa of 

amine PEG chain and 534.6 Da of free Pa molecules. Furthermore, the mass spectrum 

also showed the characteristic pattern of PEG (Figure 4.5).  
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Figure 4.5 Mass spectrum of the Pa-PEG nanodots.  
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4.1.6 Nanodots formation, zeta-potentials, and stability 

Transmission electron microscopy (TEM) image revealed the obtained 

nanoparticles were uniform nanodots morphology with 2.28 ± 0.45 nm in size (Figure 

4.6). While the hydrodynamic size (HDs) was measured to be 5.76 ± 0.56 nm (Figure 

4.7), a little larger than the size from TEM; this might be due to the HDs that 

corresponds to the core and the swollen corona of nanoparticles (Honary and Zahir, 

2013; W. Li, Tan, Zhang, Wang, and Jin, 2017; Shen et al., 2017). 
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Figure 4.6 Morphology (above) and the diameter distribution of of Pa-PEG nanodots 

(below). 
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Figure 4.7 Hydrodynamic diameters of Pa-PEG nanodots after incubation in water. 

Inset: Photo of Pa-PEG nanodots in various physiological solutions. 

 

In addition, red-shift of Soret and Q bands in absorption spectra after 

modification suggested that free Pa molecule in adducts might be contributed to form 

nanodots morphology via π-π stacking (Figure 4.10, section 4.2.1) (Würthner, Kaiser, 

and Saha-Möller, 2011). Moreover, the periphery of hydrophilic PEG moieties was 

able to stabilize the nanodots structure in water during the self-assembly process to 

maintain individual nanodots (X. Li, Lee, Huang, and Yoon, 2018; Tang et al., 2018; 

Zou et al., 2017). 

The zeta-potentials of Pa-PEG nanodots and free Pa in DI water were -5.70 

± 1.37 and -11.76 ± 1.46 mV, respectively. The decrease of the negative charge of 

free Pa confirmed the conjugation of free Pa with amino group of PEG (Figure 4.8) 

(Du, Yu, and Zheng, 2018). Moreover, the HDs of Pa-PEG nanodots exhibited the 

steady diameter during the period of measurements, demonstrating long-time 

solubility and stability in DI water and FBS solution for at least 15 days (Figure 4.9). 
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Figure 4.8 The zeta-potentials of free Pa and the Pa-PEG nanodots. Error bars were 

from three separated experiments. 
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Figure 4.9 Long-term stability evaluation of Pa-PEG nanodots in DI water and FBS. 
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4.2 Optical properties and singlet oxygen production 

4.2.1 Absorption spectra  

Free Pa spectrum showed the intensive absorption bands around 383 nm 

and 680 nm, in which the latter band located in the deep-red region can emerge the 

generation of photodynamic therapeutic effect. In addition, the deep-red region also 

provides less absorption by biological substance, which allows high penetrability of 

therapeutic irradiation light. After PEGylation, however, the UV-Vis-NIR spectrum of 

Pa-PEG nanodots exhibited the remarkable absorption maxima shifted, accompanied 

with increasing sharpness from 384 to 450 nm and 680 nm to 710 nm in water (Figure 

4.10). Surprisingly, the red-shift of the Q band allows an occurrence of photoacoustic 

effect, which can produce heat pulse, suggesting the Pa-PEG nanodots might offer in 

vivo photoacoustic imaging accompanied with in vivo fluorescent imaging. 
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Figure 4.10 UV-Vis-NIR spectra of free Pa in DMSO and Pa-PEG nanodots in water. 
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4.2.2 Emission investigation 

To ensure the optical properties of Pa-PEG nanodots serving as imaging-

guided PDT, fluorescent emission and photoacoustic effect were investigated. Upon 

excitation at 660 nm, the Pa-PEG nanodots displayed a strong emission peak at 725 

nm. In contrast, free Pa was mostly quenched in aqueous solution due to the formation 

of aggregation (Figure 4.11). The results suggested that the improvement of free Pa 

solubility by conjugating with hydrophilic polymer can enhance fluorescent signal in 

water, denoting the good property for in vivo fluorescent imaging. The standard curve 

between average FL signal at 660 nm excitation against various concentrations 

ranging from 3-28 μM was linearly increase with R2 = 0.9870, showing the 

concentration-dependent and taking advantage to monitor a nanomaterial distribution 

in animal’s organs (Figure 4.12).  
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Figure 4.11 Fluorescent spectra of free Pa and the Pa-PEG nanodots in water.  
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Figure 4.12 Linear relationship of fluorescence signal of the Pa-PEG nanodots. 

 

In addition, exceptional photostability was observed under 1,000 ms of 

exposure time at 660 nm excitation as the Pa-PEG nanodots (30 μM) could maintain 

good fluorescence at least 12 days with trivial photodegradation. Moreover, the 

photograph of FL imaging of the Pa-PEG nanodots also exhibited strong fluorescent 

signals for up to 12 days, offering long-term investigation based on fluorescent 

imaging (Figure 4.13). The PA optical property was also evaluated using various 

concentrations of Pa-PEG nanodots ranging from 0-200 μM and it was found that the 

nanodots could produce high PA signal upon excitation at 710 nm, and the intensity 

was dose-dependent manner showing as a linear correlation with R2 = 0.9866, taking 

advantage to track the amount of nanomaterial in animal’s organs for comparing 

distribution in each organ (Figure 4.14, Figure 4.15).  
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Figure 4.13 Fluorescence stability of Pa-PEG nanodots over extensive time. Inset: 

Photograph of fluorescence stability of Pa-PEG nanodots. 
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Figure 4.14 Photoacoustic images of Pa-PEG nanodots at various concentrations in 

water. 
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Figure 4.15 The linearity curve of photoacoustic signal against concentrations. 

 

4.2.3 Singlet oxygen quantum yield 

Singlet oxygen quantum yield (Ф∆) of free Pa and Pa-PEG nanodots were 

quantified in DMSO using 1,3-diphenylisobenzofuran (DPBF) as a singlet oxygen 

quencher, and zinc phthalocyanine (ZnPc) was used as a standard. The absorbance of 

DPBF photoconsumption during a red LED lamp (600~700 nm) irradiation was 

recorded by keeping track of the decrease of the DPBF maximum absorption at 418 

nm, as a function of time (Figure 4.16). Based on first-order plots in Figure 4.17, the 

Ф∆ of free Pa nanodots was 55.7% regarded to zinc phthalocyanine as the reference 

compound (Ф∆ = 67% in DMSO) (Pietrangeli et al., 2015). Simultaneously, the Ф∆ of 

free Pa-PEG nanodots was acquired as 53.6%, which was no significant difference 

compared to that of free Pa, implying the modification of Pa did not change the 

generation ability of singlet oxygen.  
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Figure 4.16 UV-Vis absorption of DPBF photodecomposition at 418 nm during 

reacting with 1O2 under a 660 nm lamp irradiation.  

 

0 1 2 3 4
-0.5

0.0

0.5

1.0

1.5

2.0

2.5
  ZnPc

  y = 0.56742x - 0.21450

 Pa-PEG

  y = 0.48316x - 0.14048

  Free Pa

  y = 0.46216x - 0.11224

 

 

ln
([

D
P

B
F

] 0
/[

D
P

B
F

] t)

Time (s)  

Figure 4.17 The first-order plots of photo consumption rate. 
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4.2.4 Singlet oxygen detection 

Singlet oxygen production was monitored by detecting the fluorescent 

intensity change of singlet oxygen sensor green (SOSG), singlet oxygen quencher, at 

494 nm after a 660 nm LED lamp irradiation of Pa-PEG nanodots. Under the same Pa 

concentration, the fluorescent signals of SOSG obtained from irradiated Pa-PEG 

nanodots were higher compared to those from free Pa molecule, indicating that more 

1O2 concentration could be generated in water, which might be due to the better 

solubility of Pa in water after PEGylation, Figure 4.18. 
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Figure 4.18 Singlet oxygen production rate of free Pa and Pa-PEG nanodots in water. 

 

These optical properties and singlet oxygen production ability results 

suggest that our Pa-PEG nanodots might serve as a powerful agent for PA/FL 

imaging-guided PDT. 
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4.3 Cell assays 

4.3.1 Cell viabilities assay 

In vitro cytotoxicity of Pa-PEG nanodots was tested in 4T1 murine breast 

cancer cells using the standard methyl thiazolyl tetrazolium (MTT) assay. The cells 

maintained full viability when they were treated with Pa-PEG nanodots up to 20 μM 

for 24 h without irradiation (Figure 4.19), demonstrating that Pa-PEG nanodots could 

not induce cell death under no PDT treatment condition. On the other hand, the cells 

incubated with 0.25 μM of Pa-PEG nanodots and exposed to a 660 nm LED lamp for 

30 min were mostly destroyed confirming singlet oxygen produced by PDT effect 

could mediate cell devastation (Figure 4.20).  
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Figure 4.19 The relative cells viabilities of breast cancer (4T1) cells incubating with 

the Pa-PEG nanodots without lamp irradiation. 
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Figure 4.20 Relative cells viabilities of 4T1 cells treated the Pa-PEG nanodots at 

different Pa concentrations and irradiated with 660 nm lamp. 
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Next, calcein-AM and propidium iodide (PI) co-staining was also 

performed to ensure Pa-PEG nanodots triggered by a 660 nm light could induce cell 

death while the non-radiated cells remained alive. Regarding the results in Figure 

4.21, green fluorescent light of calcein indicated the viable cells where the 

endogenous esterase enzyme in healthy cells can cleave the ester bond of calcein-AM, 

while damaged cells appeared in red fluorescence because PI can penetrate the cell 

membrane of dead cells and further intercalates between base pairs of DNA strands.      
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Figure 4.21 Fluorescence images of calcein-AM/PI co-stained 4T1 cells after various 

treatments with NIR-triggered light. Red and green indicated dead cells and living 

cells, respectively. 
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4.3.2 Cellular singlet oxygen detection  

To ensure the presence of singlet oxygen inside the cells after irradiation, 

dichlorodihydrofluorescein diacetate (DCFH-DA) assay was conducted to visualize 

the existing of singlet oxygen. Non-fluorescence 2',7'-dichlorodihydrofluorescein 

diacetate was oxidized by ROS-mediated oxidation to obtain the green fluorescence 

of 2',7'-dichlorofluorescein (DCF) (Cheng et al., 2017). As shown in Figure 4.22, 

bright green fluorescence from DCF was significantly enhanced when the cells treated 

with Pa-PEG nanodots were irradiated compared to the other control groups, 

confirming the generation of singlet oxygen at the cellular level.  
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Figure 4.22 In vitro ROS production of control and Pa-PEG nanodots treatment in 

breast cancer cells. Scale bars = 25 μm. 

 



74 

 

 

4.3.3 Cellular uptake 

Cellular uptake was also performed at different time points 0, 3, 8, and 12 h 

and monitored by a confocal microscope (Figure 4.23). 4′, 6-diamidino-2-

phenylindole (DAPI) was used to stain the nucleus which presents in blue color. The 

red fluorescent signal was observed from 4T1 cells treated with Pa-PEG nanodots in 

the cytosol after incubation for 3 h, and the brightness increased to a maximum after 8 

h incubation. In contrast, the red fluorescent signal of free Pa was barely observed 

inside the cells, regarding the aggregation quenched fluorescent signal of free Pa in 

water (Figure 4.24).  
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Figure 4.23 Cellular uptake of the Pa-PEG nanodots in 4T1 cells. Scale bars = 25 

mm. 
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Figure 4.24 Cellular uptake of the free Pa in 4T1 cells. Scale bars = 25 mm. 
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Figure 4.25 The histogram presents the increasing of fluorescence signals in 4T1 

cells as a function of concentrations. 
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Furthermore, the internalization of Pa-PEG nanodots was quantified by 

flow cytometry (Figure 4.25). The histogram displayed that the fluorescence was 

significantly enhanced after treated with the Pa-PEG nanodots at various 

concentrations, confirming the localization inside the cells in a does-dependence 

manner. Moreover, the cellular uptake of Pa-PEG nanodots was also visualized by z-

stacking confocal images (Figure 4.26). 3D images performed the localization of Pa-

PEG nanodots in pink color around the nucleus-stained DAPI.  

 

DAPI                         Pa-PEG                     Overlay 

 

Figure 4.25 Z-stacking imaging of Pa-PEG nanodots incubated with 4T1 cells. 

 

All in vitro results suggested that the Pa-PEG nanodots could easily pass 

through the cell membrane after incubated with the cells at least 8 h and produce a 

large amount of singlet oxygen inside the 4T1 cell upon exposure to the 660 nm 

irradiation for triggering the apoptosis process. 

 



77 

 

 

4.4 Animal experiments 

4.4.1 Fluorescence imaging 

4.4.1.1 Optimal time-based FL observation for PDT  

        Optimal time of Pa-PEG nanodots accumulation at the tumor site 

was monitored by in vivo PA/FL dual-modal imaging. First, Pa-PEG nanodots (300 

μL, 1.8 mg mL–1 Pa concentration) were intravenously injected into 4T1 tumor-

bearing mice and then the fluorescent signal was monitored at various time points. 

Figure 4.27 showed that Pa-PEG nanodots circulated rapidly through the whole body 

and were accumulated at the tumor site since the first 2 h post-injection (p.i.). The 

accumulation of Pa-PEG nanodots at the tumor area continuously increased to reach 

the maximum at 8 h p.i., suggesting the suitable time of light irradiation for PDT 

(Figure 4.28).  
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Figure 4.27 Fluorescence images of 4T1 tumor bearing mice post-injecting the Pa-

PEG nanodots at different time points. 
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Figure 4.28 Fluorescence signals of tumor at different time points post-injection. 

 

4.4.1.2 Ex vivo FL biodistribution 

 Major organs including liver, spleen, kidney, lung, intestine, 

stomach, heart, and tumor were taken out at 8 and 24 h p.i. for ex vivo fluorescence 

imaging, and the quantitative fluorescent biodistribution was analyzed (Figure 4.29, 

Figure 4.30). Strong fluorescent signals were observed from the organs at 8 h, 

including liver, spleen, kidney, and intestine. The moderate signals were observed 

from the tumor due to the equilibrium between tumor-targeting ability and clearance 

ability of Pa-PEG nanodots. The high signal at the stomach was from the food 

background. However, at 24 h p.i., the fluorescence signals were dimmed down, 

suggesting most of the nanodots were cleared from the major organs and tumor.  
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Figure 4.29 Ex vivo fluorescence images of main organs and tumor. 
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Figure 4.30 Fluorescence biodistribution of major organs and tumor. 
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4.4.1.3 Urine inspection 

 The intensive fluorescent signal of kidneys at 24 h p.i. in Figure 

4.29 provided preliminary evidence that the ultra-small size of the Pa-PEG nanodots 

could pass through the kidneys’ glomerular membrane for removing out the body via 

the urinary system (Arami, Khandhar, Liggitt, and Krishnan, 2015). To ensure the 

renal clearance, the mice were intravenously injected the Pa-PEG nanodots and 

allowed the circulation for half an hour. Afterward, the urine was collected for FL 

imaging, which found that the high fluorescent signal was observed. Showing the 

fluorescent signal in urine confirmed the ultrasmall Pa-PEG nanodots were cleared by 

the renal removing pathway (Figure 4.31).  

 

 

Figure 4.31 Photos of urine collected before and after i.v. injection of Pa-PEG 

nanodots. (a) White image, (b) Fluorescent image. 
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4.4.1.4 The observation of nanomaterial distribution in sliced organs 

 After 8 h p.i., major organs were sectioned and imaged under 

confocal microscopy to confirm the uptake of Pa-PEG nanodots. Strong red 

fluorescence was observed in liver, spleen, kidney, and intestine, and the moderate 

signal was observed from the tumor, indicating the existence of Pa-PEG nanodots in 

those organs (Figure 4.32). 
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Figure 4.32 Confocal imaged tissue slides of major organs include liver, spleen, 

kidney, lung, intestine, heart, and tumor at 8 h post injection. Scale bar = 50 μm.  

 

4.4.2 Photoacoustic imaging 

4.4.2.1 Optimal time-based PA observation for PDT 

 in vivo PA imaging was conducted to ensure that Pa-PEG nanodots 

could serve as dual-modal imaging agent for cancer therapy, and to confirm the 

retention of Pa-PEG nanodots at the tumor site (Figure 4.33, Figure 4.34). Pre-

injection was firstly imaged, and then time-dependent PA imaging was continued 

after i.v. injection of Pa-PEG nanodots (300 μL, 1.8 mg mL–1) into 4T1 tumor-bearing 
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mice. PA signal at tumor region showed tumor uptake over time and the nanodots 

could obviously be retained to the highest distribution at 8 h p.i. before gradually 

decreased as the function of time until 24 h p.i., which was similar to the FL imaging 

results. Therefore, Pa-PEG nanodots could be an excellent guiding imaging agent for 

in vivo cancer therapy. 

 

0 5 10 15 20 25
0

50

100

150

200

250

 

 

A
v
er

ag
e 

F
lu

o
re

sc
en

ce
 S

ig
n
al

 (
a.

u
.)

Time (h)  

Figure 4.33 Photoacoustic signals of Pa-PEG nanodots at tumor analysis. 
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Figure 4.34 Photoacoustic images of Pa-PEG nanodots at tumor post injecting Pa-

PEG nanodots at different time points. 
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4.4.2.2 Real-time PA visualization of kidneys  

 In general, nanoparticles containing size less than 8 nm with 

negative charge on the surface can be an advantage for renal clearable (Du et al., 

2018; Shen et al., 2017). Thus, the Pa-PEG nanodots with about 5.76 nm (HD) in size 

with negative zeta potential were also investigated for renal clearance behavior. Time-

dependent PA imaging was applied to visualize PA signal in mouse kidneys and the 

results showed that the signal was risen up during the first 2 h, suggesting the 

filtration at kidney was allowed by blood circulation after injecting Pa-PEG nanodots 

(Figure 4.35). After 2 h p.i., the organs were taken out for ex vivo PA imaging and the 

results exhibited Pa-PEG nanodots were observed in kidneys as well as other organs 

(Figure 4.36). The PA biodistribution pointed out the major accumulation of Pa-PEG 

nanodots was in the liver, spleen, and kidneys, suggesting that the blood circulation 

could provide physical filtration of Pa-PEG nanodots at kidney implying the renal 

pathway activation, while the accumulation in other organs was reabsorbed and 

circulated for further elimination (Kapusta, 2007).  
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Figure 4.35 Pa-PEG nanodots visualization of kidney uptake. (a) real time in vivo PA 

signal at first 2 h p.i. (b) The plot of PA intensities in the kidney at first 2 h p.i. 



84 

 

 

0.0

0.2

0.4

0.6

0.8

 

 

 

A
v

er
ag

e 
P

A
 S

ig
n

al
 (

a.
u

.)

2 h

H
ea

rt

In
te
st
in

e

R
ig

ht
 k

id
ne

y
Lun

g

Lef
t k

id
ne

y

Liv
er

Spl
ee

n

2h     12h     1d    7d

Liver                Spleen         Left and right kidney

Stomach             Lung            Heart         Intestine

High

Low

(a)

(b)

 

Figure 4.36 Biodistribution of Pa-PEG nanodots based on photoacoustic imaging. (a) 

ex vivo PA images of main organs were observed 2 h p.i. (b) Photoacoustic 

biodistribution of main organs measured at 2 h post injecting of the Pa-PEG nanodots. 

 

4.4.3 Long-term investigation 

4.4.3.1 Clearable monitoring  

To demonstrate the excretable behavior of the Pa-PEG nanodots 

after treatment in long-term, ex vivo imaging of major organs were imaged using FL 

imaging at various time points, including 2 h, 12 h, 1 d, and 7 d (Figure 4.37). Time-

dependent biodistribution showed strong Pa-PEG nanodots signal at the first 2 h p.i. 
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in liver, spleen, kidney, lung, and intestine. The uptake of liver, spleen, lung, and 

intestine was promptly reduced within 12 h, whereas the FL signal from the kidneys 

remained at a high level compared to other organs, suggesting that Pa-PEG nanodots 

could be cleared from the body by passing through the glomerular membrane of 

kidneys.  
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Figure 4.37 Ex vivo fluorescence of major organs over 2 h, 12 h, 1 d, and 7 d. 

 

Relative FL intensities at 7-day p.i. revealed the disappearance of 

signals in several organs, including spleen, kidney, lung, intestine, and heart, pointing 

out the completed clearance after injection for 7-day (Figure 4.38). Pa-PEG nanodots 

that remained in the liver might enter the bile via the hepatic circulation system, and 

further excreted in feces (Kapusta, 2007).  
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Figure 4.38 Fluorescent biodistribution of the Pa-PEG nanodots in major organs 

analysis.  

 

Notably, biodistribution-based PA imaging in Figure 4.36 displayed 

that at 2 h p.i. PA signal in the liver was slightly higher than that of the kidney, while 

FL signals of the liver and kidneys at 2 h p.i. in Figure 4.38 were about the same 

intensities. These might be because a large amount of Pa-PEG nanodots in the liver 

and intestine regarding both imaging techniques came from a cooperative excretion, 

via bile clearance with an entero-hepatic cycle that causes biodistribution variation in 

the liver and intestine at the first 2 h, and via renal elimination (Rapozzi et al., 2010).  

However, the renal removing pathway is dominant clearable 

behavior for long-term drainage owning to the ultra-small size of the Pa-PEG 

nanodots, which strongly supported by the observation of FL/PA signals in kidneys 

and fluorescent signal in the urine.  
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4.4.3.2 Blood analysis  

 Blood routine and blood biochemistry were examined to evaluate in 

vivo long-term toxicity of Pa-PEG nanodots (Figure 4.39). In blood routine 

examination, several variables were investigated, including white blood cells (WBC), 

red blood cells (RBC), hemoglobin (HGB), hematocrit (HCT), mean corpuscular 

volume (MCV), mean corpuscular hemoglobin concentration (MCHC), and platelet 

(PLT). In addition, the investigated parameters of blood biochemistry were Aspartate 

aminotransferase (AST), Alanine aminotransferase (ALT), Alkaline phosphatase 

(ALP), and UREA. It was found that there was no significant variant in AST, ALT, 

ALP, and UREA level indicating that the function of liver and kidney were normal 

(Cheng et al., 2017). Consequently, all blood routine and blood biochemistry 

parameters were remaining at the regular level as the untreated group within 7-day 

p.i., suggesting that the Pa-PEG nanodots are safe for in vivo PDT in short- and long-

term circulation in the blood system. 

 

4.4.3.3 Tissue morphology change 

 To verify that the Pa-PEG nanodots did not induce cytotoxicity, 

H&E staining of main organs demonstrated no noticeable eradication of tissues for 

long-time treatment (Figure 4.40). All these results suggested that the inflammatory 

disorder response was rapidly improved through the rapid clearance of Pa-PEG 

nanodots over 7 days without tissue destruction or morphology change. Therefore, the 

Pa-PEG nanodots could be safely used for in vivo long-term imaging-guided PDT.  
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Figure 4.39 Blood routine and blood biochemistry analysis.  
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Figure 4.40 H&E stained major organs. 
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4.4.3.4 Anti-tumor efficacy 

In vivo PDT was investigated using 4T1 xenograft mice. Twenty 

mice were randomly divided into 4 groups (n = 5); (i) PBS injection for control, (ii) 

660 nm lamp irradiation only (10 mW cm–2, 60 min), (iii) Pa-PEG nanodots only (300 

μL, 1.8 mg mL–1), and (iv) Pa-PEG nanodots with 660 nm lamp irradiation at 8 h p.i.. 

Tumor size was measured every other day for 14 days using a caliper. Figure 4.41 

showed that tumors from the treatment group were significantly affected by the 

eradication from photodynamic phenomena after light exposure, while tumors from 

other three control groups were continuously grown in a similar manner over the 

period of 14 days. Hence, the combination of the Pa-PEG nanodots injection and lamp 

excitation demonstrated an effective anti-tumor efficacy. 
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Figure 4.41 The tumor growth curves of 4 different groups (n = 5) of balb/c mice 

after various treatment: PBS injection (control); 660 nm lamp irradiation only (light); 

Pa-PEG injection only (Pa-PEG); and the Pa-PEG nanodots injection with 660 nm 

lamp irradiation (Pa-PEG + light). Statistical analysis is based on independent t-test 

(***p < 0.001, **p < 0.01, or *p < 0.05) 



90 

 

 

4.4.3.5 Health assessment and tumor checkup 

After PDT treatment, tumor weight and tumor size at day 14 also 

confirmed the effectiveness of light-induced PDT with Pa-PEG nanodots treatment 

(Figure 4.42, Figure 4.43). The tumor weight obtained from the PDT treatment group 

was obviously lighter and smaller than the other three control groups. The comparison 

between the representative mouse from each group on day 0 and day 14 clearly 

established Pa-PEG nanodots as a powerful PDT agent (Figure 4.44). 
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Figure 4.42 Tumor weight of different groups taken at the 14 days. 
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Figure 4.43 Photographs of the tumor tissue at the 14 days. 
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Figure 4.44 H&E staining of tumor after various treatments. 

 

Moreover, H&E staining conducted after 16 h post-treatment 

showed that most of the cancerous cells were destroyed, whereas the other three non-

treatment groups exhibited no significant transformation of cell morphology 

compared with the tumors from the control group (Figure 4.45). Furthermore, the 

bodyweight rate of all groups was monitored throughout the treatment period, in 

which no significant weight loss was observed, indicating all of the mice remained in 

the healthy state until the end of the experiment (Figure 4.46).  
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Figure 4.45 Representative photographs of mice from different groups taken before 

(day 0) and after treatment at 14 days. 
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Figure 4.46 The body weight curves of each treatment groups. 
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CHAPTER VΙ 

CONCLUSION 

  

In this thesis, we reported a facile method to prepare NPs for dual-modal 

imaging-guided PDT combined with renal clearable function. Pyropheophorbide-a 

(Pa) was conjugated with polyethylene glycol 5K (PEG) to obtain Pa-PEG nanodots 

with diameter ~2 nm from TEM. Optical characterizations demonstrated that the Pa-

PEG nanodots showed a fluorescent and photoacoustic signal in a dose-dependent 

manner, which could serve as a nanoprobe for monitoring the nanodots accumulation 

at the tumor site. Moreover, the singlet oxygen production rate of the Pa-PEG nanodot 

was approximately two times improved against free Pa molecules. In vitro studies 

suggested that the Pa-PEG nanodots revealed an excellent photodynamic therapy 

effect with 92% 4T1-tumor cell elimination after exposure to 660 nm irradiation for 

30 min. As monitored by the FL/PA dual-modal imaging in vivo, the nanodots could 

accumulate at the tumor site via EPR effect and reached the maximum concentration 

at 8 h p.i., which was considered as the appropriate time for PDT treatment. Finally, 

the tumor growth rate of the xenograft mice treated with the Pa-PEG nanodots (1.8 

mg mL-1, 300 μL) was effectively inhibited by PDT. In addition, the observation of 

fluorescent signal in urine implied that these small particles could be excreted out of 

the body via the renal pathway. Based on this study, the Pa-based nanodots are a 

remarkable tumor-pointer in living organisms and can minimize long-term toxicity by 

showing rapid clearance, after PDT treatment.  
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