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ABSTRACT 

Wavelength Dependent Photothermal Conversion Efficiency of 

Photosensitizers for Photothermal Therapy 

Minahil Khan 

Materials Science and Engineering 

January 24, 2021 

Today, cancer treatment is one of the most important research fields since it is the second 

most lethal disease worldwide. Among the current treatment methods that have strong 

potential for future cancer therapies is photothermal therapy (PTT). Nanoparticles have 

become popular photosensitizers for photothermal therapy (PTT), as they can be targeted 

to specific cancer tissues and deliver a chemotherapeutic drug, providing a multimodal 

therapeutic approach. Photothermal conversion efficiency of nanoparticles is critical in 

the assessment of their therapeutic use in PTT. In this thesis, we describe an accurate 

calorimetric method for the determination of the photothermal conversion efficiency of 

nanoparticles in solution. A tightly focused continuous wave laser beam was used to 

irradiate a cuvette containing a solution of silver sulfide-glutathione quantum dots (Ag2S-

GSH QDs), and the maximum steady-state temperature rise was measured with an 

infrared camera. The data were analyzed using two different photothermal conversion 

efficiencies, the intrinsic and external conversion efficiencies, to relate the induced 

heating power of the nanoparticles to the absorbed and incident optical powers, 

respectively. Measurements with a tunable Ti3+:sapphire laser showed that the intrinsic 

photothermal conversion efficiency of Ag2SGSH QDs exceeded 91% over the 720−810 

nm wavelength range. The method was also used to analyze poly (acrylic acid)-coated 

superparamagnetic iron oxide nanoparticles (PAA/SPIONs), and the intrinsic 

photothermal conversion efficiency was determined to be 83.4% at 810 nm. At 640nm, 

PAA/SPIONs with 600 µg/ml of iron had intrinsic and extrinsic photothermal conversion 

efficiency of 76% and 63%, respectively. This approach is useful for the evaluation of 

various potential nanoparticles for photothermal therapy applications. 

 

In additional in vivo experiments, Ag2S-GSH Herceptin QDs were injected into mice 

grown with tumor SKBR3. Cisplatin was used as chemotherapeutic drug with the QDs. 



Both Cisplatin and Ag2S-GSH Herceptin QDs were injected subcutaneously into the 

mouse and investigated for different drug dozes of 10 mg/kg and 20 mg/kg. The mice 

were then irradiated with a fiber-coupled diode laser at 793 nm. 10 mg/kg of QDs gave 

6.2℃ temperature rise whilst 20 mg/kg of QDs raised the surface temperature by almost 

9 ℃ at 1.49 W/cm2 of laser intensity. When the laser intensity was increased to 1.59 

W/cm2 and applied for 10 minutes, the temperature rise was recorded as 15℃. The 

experimental methods described in this thesis work should be useful in the 

characterization of new potentially important nanoparticles for photothermal therapy 

applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

ÖZETÇE 

Fotosensitizörlerin Fototermal Terapi İçin Dalgaboyuna Bağlı Fototermal 

Dönüşüm Verimliliği 

Minahil Khan 

Malzeme Bilimleri ve Mühendisliği Programı, Yüksek Lisans 

24 Ocak 2021 

Kanser tedavisi, kanserin Dünya çapındaki en ölümcül ikinci hastalık olmasından dolayı, 

en önemli bilimsel araştırma alanları arasında yer almaktadır. Gelecekteki kanser 

tedavileri için güçlü potansiyele sahip birçok tedaviden bir tanesi, kanser hücrelerinin 

ısınma sonucunda yok edilmesini sağlayan fototermal terapidir (PTT). Işık ile uyarılan 

nanoparçacıklar, hem ısınma etkisi oluşturabildiklerinden, hem de belirli kanser 

dokularını hedef alarak kemoterapi ilaçlarını bu dokulara taşıyabildiklerinden, (PTT) için 

popüler fotosensitizörler haline gelmiştir. Nanoparçacıkların fototermal dönüşüm 

verimliliği, PTT'de terapötik kullanımlarının değerlendirilmesinde kritik öneme sahiptir. 

Bu tez çalışmasında, çözelti içerisindeki nanoparçacıkların fototermal dönüşüm 

verimliliğinin belirlenmesini sağlayan bir kolorimetrik yöntem geliştirilmiştir. Gümüş 

sülfür-glutatyon kuantum noktaları (Ag2S-GSH QD'ler) içeren bir çözelti küvet içerisine 

konmuş, odaklanmış sürekli dalga lazer hüzmesi ile uyarılmış ve elde edilen en yüksek 

sıcaklık artışı kızılaltı kamera ile ölçülmüştür. Verilerin analizi için kendine özgü 

(intrinsic) ve dış (external) verim olmak üzere iki ayrı dönüşüm verimi tanımlanmış ve 

nanoparçacıkların oluşturduğu ısıtma gücü, sırasıyla soğurulan ve gelen optik güç ile 

ilişkilendirilmiştir.  Dalgaboyu ayarlanabilen Ti3+:safir lazeri ile yapılan ölçümler, 

Ag2SGSH QD'lerin kendine özgü fototermal dönüşüm verimliliğinin 720−810 nm dalga 

boyu aralığında %91'i aştığını göstermiştir. Bu tez çalışmasında geliştirilen yöntem, 

ayrıca poli akrilik asit (PAA) kaplı süperparamanyetik demir oksit nanoparçacıklarının 

(PAA/SPION'lar) analizinde kullanılmış ve kendine özgü fototermal dönüşüm verimi 810 

nm'de %83.4 olarak belirlenmiştir. 640nm'de, 600 µg/ml demir içeren PAA/SPION'ların, 

sırasıyla %76 ve %63'lük kendine özgü ve dışsal fototermal dönüşüm verimliliğine sahip 

olduğu görülmüştür. Bu tez çalışmasında geliştirilen deneysel yöntem, fototermal terapi 

uygulamaları için elverişli nanoparçacıkların değerlendirilmesinde kullanılabilecektir. Ek 

olarak yapılan in vitro deneylerde, Ag2S-GSH Herceptin QD'ler, tümör (SKBR3) ile 



büyütülen farelere enjekte edilmiştir. Cisplatin, QD'ler ile kemoterapötik ilaç olarak 

kullanılmıştır. Hem Cisplatin hem de Ag2S-GSH Herceptin QD'ler fareye deri altından 

enjekte edilmiş ve farklı derişimlerin (10 mg/kg ve 20 mg/kg) etkisi incelenmiştir.  Fareler 

daha sonra 793 nm'de fiber aktarmalı diyot lazeri ile uyarılmıştır. 10 mg/kg derişimde 

QD'ler 6.2°C sıcaklık artışı sağlarken, 20 mg/kg derişimde QD'ler, 1.49 W/cm2 lazer 

ışınım şiddeti kullanıldığında, yaklaşık 9°C'lik bir sıcaklık artışı sağlamıştır. Lazer gücü 

değiştirilerek, sıcaklık artışının lazer şiddetine olan bağımlılığı da araştırılmıştır. Buna 

göre, 20 mg/kg derişimde Ag2S-GSH Herceptin QD enjekte edilen farede, lazer ışınım 

şiddeti 1.59 W/cm2'ye çıkarılıp 10 dakika süreyle uygulandığında, 15°C'lik sıcaklık artışı 

gözlenmiştir. Özetle, sunulan tez çalışmasında, Ag2S-GSH Herceptin QD'lerin deri altına 

enjekte edilen tümör taşıyan farelerde oluşturduğu sıcaklık artışı incelenmiş, 

nanparçacıkların fototermal dönüşüm verimliliğini belirlemek için yeni bir sistematik 

yöntem geliştirilmiştir. 
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CHAPTER 1:  

INTRODUCTION 

 

1.1 Application of Lasers in Medical Treatments 

In the field of medicine, two stages are important for the betterment of human health: one 

is diagnosis at the earliest stage possible and the other is treatment of the disease with 

selective targeting of diseased area without causing any damage to healthy tissues. Light 

can be used quite well for both purposes. In early ages, light sources (sun, fire) were used 

in the treatment of many diseases. In 1400 B.C, Hindus used to layer herbs over the human 

body and expose it to sunlight. Multitude of diseases were treated with heliotherapy by 

ancient physicians of Egypt, Rome, and Greece [1]. However, discovery of lasers in the 

last century has completely revolutionized the diagnosis and the treatment methodologies. 

It has given a huge margin to control, manipulate, and play with the properties of light. 

In the diagnosis applications, lasers can be used as an optical imaging tool for tomography 

such as optical coherence tomography, diffuse optical tomography and optical 

spectroscopy. For the purpose of treatment, i.e., surgery and therapy, laser can be used in 

the treatment of various diseases such as renal surgery, eye surgery, acne treatments and 

liver stones [2]. Initially, the laser was first used in 1961 to treat skin melanoma [3][4]. 

Then, in 1965, CO2 laser was invented and extensively investigated for cutting 

applications. Later, Polanyi used CO2 laser for cutting the polyps on vocal cords in 1968 

which opened the wide horizons of lasers in medicine and surgery [5][6]. During the same 

year, Nath successfully coupled a laser source to the optical fiber that introduced lasers 

in the realm of diagnosis such as endoscopy. In 1981, lasers were used clinically and pre-

clinically in the treatment of cancers through ablation of tumors such as brain, pancreas, 

liver and prostrate tumors [8, 9]. The working principle of these surgical and therapeutic 

applications involves absorption of laser light, resulting in energy deposition in cells [10, 

11]. Some other prominent types of lasers currently used for surgery are Nd:YAG and 

Argon lasers. Similar to CO2 laser, Nd:YAG is also suitable for ablation of tumor tissues. 

Argon laser is used for the treatment of eye tumors and to block wounds or blood vessels 

to stop bleeding. 
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In therapeutic application of lasers, there are three different therapeutic ways, known as 

photothermal therapy, photomechanical therapy, and photochemical therapy. In these 

methods, energy deposition from laser light helps in killing cells. Specifically, in the 

photothermal therapy, laser absorption kills the abnormal cells by increasing their 

temperature. Examples include hyperthermia for cancer treatment and coagulation of 

blood vessels. In the photomechanical effect, shock or mechanical waves are produced 

after absorbing laser light. The good examples of this therapeutic method are renal 

surgery and tissue removal through vaporization. Then in photochemical effect, the laser 

light is absorbed to produce electronic excitation of chromophores. Photodynamic 

therapy and light activated dental filling are the common examples of the therapeutic 

applications [12].  

 

In the medical applications discussed above, it is also important to specify the type of the 

laser used and its operating parameters. The laser has many parameters that are crucial 

for applications in medicine. The following set of parameters should be specified 

precisely for the repeatability of the medical procedure:  

1) The type of laser used (for example, solid-state laser or diode laser). 

2) Regime of operation (for example, continuous-wave operation or pulsed 

operation). 

3) The spectral range and wavelength of choice: there are certain spectral ranges 

known as biological windows in which absorption and scattering are 

comparatively low and light transmission in the tissues improves. For example, 

skin and hemoglobin have lowest absorbance between 650-900 nm and maximum 

transmission is around 800 nm [13]. Based on the types of medical applications, 

biological windows are categorized as I, II, III and IV-windows. The most 

conventional one is the near infrared (NIR) window-I (NIR-I window) that ranges 

from 750-1000 nm. In this range, the laser-tissue interaction is considered as the 

safest for the living cells due to its non-ionizing nature. The second optical 

window-II (1000-1400 nm, also known as the NIR-II window) has also been 

widely investigated due to its deeper penetration in tissues [14]. The third optical 

window (1600-1870 nm) as well as the fourth optical window (2100-2300 nm) 

that has high water absorption has also been used for biological applications. The 
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fourth window has its applications in treatment of osteoporosis and vulnerable 

plaque and skin cancer [15]. Lasers operating in the  NIR I and NIR II regions 

have extensive medical applications such as (a) control of gene expression in cells 

[16], (b) optically guided liquid flow in microfluid pathways [17], (c) monitoring 

of drug delivery systems [18], (d) eradication of tumor cells by various thermal 

effects such as ablation, necrosis, coagulation and desiccation [19].  

4) Power of the laser: if the laser being used is continuous-wave, then its output 

power is measured in watts. In the case of pulsed lasers, the average power, pulse 

duration and repetition rate are important.  

5) How the laser beam is being applied to the target: there are two categories of 

beam application. One is contact and the other is non-contact irradiation. Contact 

irradiation requires information of pressure applied and non-contact irradiation 

requires knowledge of the distance of laser source from the target.  

6) Spot size of the laser beam for in-vitro and irradiated area is significant for in-

vivo experiments because the light intensity on the tissue will vary with spot-size 

if the power is constant.  

7) Time or duration of irradiation should be known.   

 

All the above-mentioned parameters are important during laser therapy. On the basis of 

these parameters, intensity, energy density or power density can be calculated [20]. 

Furthermore, Figure 1.1 shows some additional factors, such as optical properties 

(absorption, scattering, refractive index) and physical properties (geometry) of the cell, 

all of which play a crucial role in laser-tissue interaction and hence, in medical 

applications.  
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Figure 1.1 Factors influencing the laser tissue interaction 

 

In this thesis, we discuss the application of lasers for the treatment of cancer based on 

photothermal therapy (PTT). Cancer is abnormal growth of cells accompanied by 

deactivation of the genes that fight against cancer [21]. There are two factors that play 

important role in cancer treatment, one is the early diagnosis and the second one is the 

survival rate of the cancer type. Most of the deaths are caused due to late diagnosis of 

cancer. In 2020, lung cancer caused 1.80 million deaths, colorectal cancer killed around 

one million and liver cancer took 0.8 million lives worldwide. If diagnosed on time, lung, 

colorectal and liver cancer are treatable cancers with good survival rates [22] whereas, 

the most dangerous cancers with low survival rates are skin cancer, breast cancer, and 

prostate cancer. According to the US statistics reported in 2018, improvement in early 

diagnosis of cancer and its advanced treatment methodologies have reduced the death rate 

by 31% in 21st century as compared to 20th century, when cancer cases peaked in 1991 

[23]. To combat cancer mortality, various treatment methods have been adapted so far. 

 

One of the oldest treatments for cancer is surgery that is still being used to cure many 

cancers. This methodology helps to remove any solid tumor present in any organ of the 

body. Further, colectomy for bowel cancer, craniotomy for brain cancer, cystectomy for 

bladder and gastrectomy for stomach cancer are some of the surgical procedures that can 

be performed to treat cancer. Success of excisional surgeries also depends on the 

advancement of cutting tools and corresponding techniques [24]. The other treatment is 

chemotherapy in which strong drugs are used to kill the cancer cells, but it is not a tumor 
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specific therapy. Therefore, it damages the healthy cells and causes severe side effects. 

These chemo drugs can also be used in small amounts after surgery to kill the remaining 

cancer cells. In this way, side effects due to excessive usage of chemo-drugs can be 

minimized. Third method of treating cancer is radiotherapy which kills or shrinks the 

cancer cells by exposing them to radiation. Intense ionizing radiation damages the DNA 

of cells beyond repair, leading them to death. Radiotherapy does not cause immediate 

death of cancer cells; it takes multiple irradiation sessions to completely remove them. 

There are two kinds of radiotherapies: internal radiotherapy and external radiotherapy. In 

internal radiotherapy, the radiation source is placed inside the body while in external 

radiotherapy the source is adjusted outside the body which revolves around the body to 

target cancer cells. Like surgery, radiotherapy is also beneficial for treating localized 

tumors. Surgery, chemotherapy and radiotherapy are conventional methods of treating 

cancer. However, these methods have fair disadvantages as well. These methodologies 

damage healthy cells and reduce immunity, as a result of which probability of having 

another cancer increases. Hence, quest for a better treatment modality never seized in the 

field of cancer treatments, which lead to the emergence of two methods known as 

photodynamic therapy (PDT) and photothermal therapy (PTT). Both are localized 

therapies, non-invasive and more effective when used in combination with chemotherapy 

and radiotherapy.  

1.2 Photodynamic Therapy (PDT) 

Photodynamic Therapy (PDT) is the cell death mechanism in which singlet oxygen 

generation reduces the number of living cells. In PDT, as only single oxygen molecule is 

excited, it needs comparatively low amount of energy.   

Photodynamic therapy has its major application in cancer treatment, due to its non-

invasiveness, minimum side effects, low toxicity and higher selectivity [25]. This 

therapeutic effect occurs by filling up the tumor with photosensitizer (PS) and then 

irradiating the tumor at a suitable wavelength in the biological window. The light 

activates the PS in the presence of reactive oxygen species (ROS) that would ultimately 

cause phototoxicity [26, 27] as shown in figure 1.2. The ROS reacts with the organelles 

such as mitochondria, vacuole and centriole to initiate cell death mechanisms (necrosis 

and apoptosis). 
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   Figure 1.2 A schematic of the procedure of tumor death via photodynamic therapy 

PDT becomes highly effective if the light penetrates enough into the tumor cell and 

adequate PS is injected into the tumor area [28]. Light penetration into a cell results in 

many phenomena such as reflection, absorption, transmission and refraction [29]. As it is 

hard to change the optical properties of cells, it is important to choose the suitable 

wavelength of light with high absorption for PDT, which further depends on the choice 

of PS and its absorption capabilities [30]. Absorption of photosensitizers should be high 

enough to form singlet oxygen. To activate photosensitizers, many irradiation sources can 

be used such as light emitting diode (LED), lamps and lasers. Lasers have more 

advantages over the other sources because they are monochromatic and have high 

brightness [26, 28].  

 In 1904, Von Tappeiner and Jodblauer began to explain the oxygen-consuming chemical 

fluorescence after injecting aniline dyes in protozoa, and coined the term "photodynamic 

effect"[31, 32].  The very next year, Von Tappeiner and Jesionek used 5% eosin as a 

topically administered PS to treat skin cancer [31, 33]. Figge and colleagues discovered 

that hematoporphyrin was particularly concentrated in cancerous, embryos, and 

psychologically damaged tissues, and it quickly became a standard photosensitizer (PS) 

for PDT [31]. In 1978, red light was utilized for photoactivation to treat skin cancer [33]. 

Photodynamic therapy with different light sources is not something recently discovered, 

ever since, photodynamic therapy has been used for treatment of coronary and contagious 

disease as well as osteo-arthritis, bowel and cornea cancers [33-35]. 
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For effective photodynamic therapy, choice of photosensitizer (PS) that has high water 

solubility, good biodegradability, no toxicity and has no impurity is important. Since PS 

are expected to circulate in blood and accumulate sufficiently in the tumor site, they must 

have suitable properties such as good circulation time and rapid degradation [26, 36]. 

Photosensitizers have three generations, the first one consists of the nanoparticles that 

have absorption at ~400 nm. Such nanoparticles do not have absorption in the infra-red 

(IR) region, so light cannot penetrate much into the tissues [26, 36]. Therefore, second 

generation of photosensitizers is introduced that has absorption in visible (above 600 nm) 

and NIR region of the light. This generation has very good absorption in red region (IR), 

however, it has very low tumor specificity [26]. Hence, third generation of 

photosensitizers came into being that had potential to circulate fast and have high 

accumulation in the tumor region [36, 37].   

1.3 Photothermal Therapy (PTT) 

Photothermal therapy (PTT) is a therapeutic method that causes the death of tumor cells 

like PDT; however, it increases the temperature of the cell leading to its death. When 

photosensitizers are injected into the tumor cell, they absorb light irradiated on the tumor 

site. Ultimately it results in photocoagulation or cell death by temperature increase as 

shown in the figure 1.3.  

 

  

Figure 1.3 Tumor cell death mechanism by photothermal therapy. 

Cell death by thermal therapy can be done in three ways based on the increase in 

temperature and the duration in which that temperature is maintained. The first way is 

called diathermia in which temperature of the cell is raised by high-frequency electric 
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current which causes blood clotting to destroy the unhealthy cell. Second way is 

hyperthermia in which temperature of a cell is increased so much that thermoregulation 

of cell fails to handle it and collapse the cell structure. Hyperthermia can be caused by 

any heating source if it can raise its temperature nearly up to 48 ℃.  Third way is thermal 

ablation, which is extreme hyperthermia. All these methods of thermal therapy have one 

hindrance, that is to confine temperature increase within the cell [38].  

 

In recent years, photothermal therapy (PTT) has received a great deal of attention due to 

its promising potential as an alternative and versatile local treatment modality for cancer 

[30, 39-42]. Tumors have less heat tolerance as compared to normal tissues, so PTT is 

very effective in killing them. However, light sometimes can change enzyme reactions 

that results in catalysis, therefore, it is important to choose light wavelength and intensity 

carefully to avoid any damage to healthy tissues [29, 43, 44]. PTT involves irradiation of 

tissue containing a photosensitizer (PS) with a near-infrared (NIR) laser, typically 

operating around 800 nm, causing an increase in the local temperature beyond a threshold 

level, where various mechanisms such as protein denaturation and/or cell-wall damage 

can lead to the death of cancer cells [45-47]. Several favorable aspects of PTT include (1) 

potentially low risk of damage to healthy tissue due to the nonionizing nature of the NIR 

laser source, (2) higher penetration of the NIR light into the tissue, in comparison with 

visible or ultraviolet light due to reduced scattering, (3) spatial selectivity of the method, 

whereby tissue heating occurs only in those regions where the otherwise inactive 

photosensitizer is irradiated, (4) no collective toxicity, and (5) stimulation of the immune 

responses [25, 30] 

 

1.3.1 Photothermal Therapeutic (PTT) Agents 

Recent research has focused on the development of new biocompatible PSs activatable in 

the NIR that enable efficient heating of the tissue for cancer treatment and eradication of 

highly resistant bacterial types [48, 49]. Nanoparticles are very promising candidates as 

PTT agents. Recently studied nanoparticles for PTT include plasmonic gold and silver 

nanoparticles [50-52], carbon nanotubes, graphene family nanomaterials, and fullerene-

silica nanoparticles [53-55], to name a few. Superparamagnetic iron oxide nanoparticles 



 

Introduction  9 

(SPIONs) have also become highly popular since they are trackable by magnetic 

resonance imaging and are active under NIR irradiation [56, 57]. Similarly, Ag2S 

quantum dots (QDs) with luminescence in the NIR and PTT activity at NIR wavelengths 

are popular as well [56, 58]. These Ag2S QDs can provide optical-image-guided PTT, 

which is advantageous in clinical studies. Hence, nanoparticles that can induce PTT, such 

as Ag2S QDs and SPIONs, with the added benefit of tumor targeting via enhanced 

permeability and retention (EPR) effect and large surface-to-volume ratio, allowing 

conjugation of tumor-specific ligands and even drugs, are in the spotlight for PTT and 

combined PTT/ chemotherapy applications. 

1.4 Importance of Photothermal (PTT) Efficiency 

Accurate measurement of the photothermal conversion efficiency plays a central role in 

the assessment of NPs as PS’s for PTT. This is because, despite the nonionizing nature of 

the NIR laser used in PTT, thermal damage risk of healthy tissues still exists, especially 

if excessive power levels are needed to achieve the desired temperature rise. Ideally, the 

photosensitizer should have a high photothermal conversion efficiency to minimize the 

required incident power for the tissue. In addition, it is also highly desirable to develop 

PS’s with large absorption cross sections so that low concentrations of the PS’s within 

safe limits and low laser power levels are sufficient to achieve the desired temperature 

rise. These stringent requirements call for the development and use of systematic 

measurement protocols to determine the photothermal conversion efficiency of the PSs. 

To date, numerous techniques have been utilized to determine the photothermal 

conversion efficiency and have been applied to the characterization of different PSs [50, 

59]. 

 

Since we used glutathione-coated Ag2S QDs (Ag2S-GSH) to calculate photothermal 

conversion, we note that experimentally determined photothermal conversion efficiencies 

reported in the literature vary over a significant range. Based on the most widely used 

model reported by Roper et al. [60], the photothermal conversion efficiency of these QDs 

was determined to be 80%. Previously, Gao et al. showed in vitro and in vivo PTT and 

optical imaging applications of water-soluble Aptamer 43 tagged Ag2S QDs and reported 

a photothermal conversion efficiency of 23.8% [61]. In another study conducted by Zhao 
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et al., Ag2S QD-polypeptide hybrid nanogel (Ag2S QD@PC10ARGD) exhibited 28.7% 

photo thermal conversion efficiency under 810 nm laser irradiation [62]. 

 

1.5 Description of The Measurement Method of Photothermal Conversion 

Efficiency 

In this thesis work, an accurate, systematic method for the determination of the 

photothermal conversion efficiency of NPs in solution is described and applied to the 

analysis of silver sulfide-glutathione QDs (Ag2S-GSH QD). In the experiments, a cuvette 

containing a solution of Ag2S-GSH QD was irradiated with a tightly focused laser beam, 

and the resulting temperature rise was determined by averaging the steady-state 

temperature distribution on the cuvette surface, recorded with an infrared camera. The 

incident power of the laser and the cuvette/solution mass were adjusted to limit the 

maximum temperature rise to below 15 °C so that a linearized heat transfer model could 

be used to analyze the heating data. Our analysis method is a modified version of that 

reported by Roper et al and provides efficiency expressions in terms of the total laser 

beam power. The use of a tightly focused laser beam inside the cuvette thus eliminates 

the need to know the exact spatial distribution of the irradiation intensity. Two different 

photothermal conversion efficiencies, ηi and ηext, were introduced to relate the induced 

heating power of the nanoparticles with the absorbed and incident light power, 

respectively. 

1.6 Overview of The In vivo Experiments  

After successful calculation of photothermal conversion efficiency of Ag2S QDs in 

solution, the next phase was to investigate intertumoral NIR absorption. In past, the trials 

on different cell lines and prediction of its potential for clinical application started in early 

1970s [63]. The aim was to achieve mild local hyperthermia, the condition in which 

temperature of the cell reaches up to 41-42 ℃ [64]. It has been found that photothermal 

therapy gives its best results in combination with other therapies such as chemotherapy 

and radiotherapy.  
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In photothermal therapy, to attain the localized temperature rise for killing tumor cells, 

without any damage to healthy tissues, a suitable combination of therapeutic drug dose, 

photothermal agent (with reasonable photothermal conversion efficiency) and laser 

intensity is required [13].  Several therapeutic drugs have been discovered so far but a 

few of them are alkylating agents, platinum compounds, doxorubicin, fluorouracil, 

taxanes, vinca alkaloids and cisplatin [64]. However, to increase the body temperature 

from 37 ℃ to 41 ℃ (hyperthermia), different factors must be considered such as mass to 

body ratio, core body temperature and intensity of light used for irradiation; therefore, 

this subject is still under study and no profound standards have been decided yet [65]. 

Generally, temperature of the living body depends on the metabolism. If the body 

temperature is increased its metabolism will decrease to produce less heat and to maintain 

the temperature. Similarly, if the temperature is reduced, metabolism (breathing rate, 

heart rate) will increase. When  a body is at complete rest, it still consumes energy that is 

called basal metabolic rate also known as BMR (the minimum amount of energy that a 

living body needs from environment for its survival), it is also worth noting that BMR 

increases in mammals as body mass decreases [66].  In the living body, the temperature 

increase for clinical procedure is decided by the method called SAR (W/kg), known as 

power density specific absorption rate [67]. SAR also depends on characteristics (type, 

frequency) of radiations and BMR value. For human body, average BMR value is above 

1 W/kg while it is 10 W/kg for a mouse [66] .Mathew G skinner et al. gave formulas to 

calculate SAR for different sources (laser, microwave, ultrasound) [68]. Another factor 

that affects hyperthermia is called perfusion. Perfusion (to bathe tissue, cell or organ with 

anticancer fluid) resists the increase in temperature. The general perfusion rate of human 

tumor cell is around 5-15 ml per 100 gram per minute, however, it differs greatly for 

different tumor cells. So, power density required to obtain mild hyperthermia (<~42oC) 

is 20-40 W/Kg [64]. 

 

For the in-vivo experiments, the choice of animal is significant that means it should have 

close resemblance to the human genome [69]. In that perspective, mouse is an extremely 

important specie for the scientific research as has quite similar genes as human beings 

i.e., it is a mammal and an endotherm. In past two decades, there is a drastic increase in 

reported studies that utilized mouse as a medium to predict the implementation of the 

obtained experimental data on humans [66]. Besides the genome, the metabolism of 
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mouse shares so many similar characteristics with human body, that are not found in other 

species [70]. Considering that, in photothermal therapy the temperature increase of the 

tumor is monitored which is implanted in the mouse, so body temperature of the mouse 

becomes point of attention because it affects metabolism, heart rate and drug efficacy and 

other various functions. Although, mouse is considered to have stabilized 

thermoregulation, yet its thermal physiology poses challenges for researchers due to 1) 

fluctuations in core temperature 2) high metabolism 3) preferring ambient temperature to 

be warm 4) high thermal conductivity 5) huge difference in the body to mass ratio 6) large 

surface area. All these factors play a vital role in the measurement of temperature and its 

interpretation for the human body. Figure 1.4 shows the chart of similarities and 

differences. Although, the difference between average temperature of human being and a 

mouse is around 1 ℃, but repeated temperature sampling of mouse under standard 

laboratory and housing conditions depicts that core temperature fluctuates between 3-4 

℃ within 30 minutes. This change in temperature can be reduced by increasing the 

ambient temperature, however, fluctuation will persist at thermoneutral zone as well as at 

laboratory standard temperature conditions [71].  

 

 

Figure 1.4 A chart of similarities and differences vital for thermoregulation in the in vivo 

experiments with mouse. Red shows differences and green shows similarities.   

 

From this discussion it should not be inferred that highly fluctuating thermoregulatory 

system of mouse makes it unsuitable for in vivo experiments. Instead, it stresses on the 

point that all stimuli that affect thermoregulation must be considered in thermal therapies 

especially when ambient temperature fluctuates. In short, the regulation of core 
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temperature is not fixed but highly dependent on environmental factors [72]. For 

photothermal therapy, after the stabilization of thermoregulatory system of the tumor 

bearing mouse, procedure of laser irradiation is considered.  

 

In general, laser irradiation of mouse and other living beings depend on four parameters. 

Wavelength of light, intensity of light, beam cross-section area, and total time of 

irradiation [73]. For localized mild hyperthermia, the most suitable wavelength range is 

NIR I, the cross-section area of the beam is kept in such a way that it only irradiates the 

tumor area. The safe power density according to American National is reported as  ~0.7 

W/cm2 for 980 nm and 0.33 W/cm2 for 808 nm  [30]. However, in literature the intensities 

have been used within the range of 0.5-2 W/cm2 [74-77]. 

 

The method described in this thesis is not suitable for the in vivo measurement of 

photothermal conversion efficiency. This is because in the case of in vivo measurements, 

the irradiated region is not isolated, making it difficult to determine the effective mass of 

the tissue containing QDs. Furthermore, more sophisticated computational methods are 

necessary to model the heat transfer processes and to calculate the amount of light 

scattering from the tissue surface as well as overall attenuation within the tissue. 

1.7 Summary: 

Basic light sources, such as sun and fire have been utilized in treating different diseases 

for ages. After the invention of lasers, the applications of light in medicine have been 

completely revolutionized. Nowadays, lasers are used in diagnosis, imaging, surgery as 

well as non-invasive therapies. Two important therapies, namely, photodynamic and 

photothermal therapies utilize laser to treat cancer affected patients, the deadliest disease 

around the globe. In 2020, 19.3 million cancer cases were reported and 10 million patients 

could not survive [78]. So far, the clinically accepted cancer treatments are surgery, 

chemotherapy and radiotherapy but they have side effects such as destruction of normal 

cells and weakening of immune system. These treatments may also increase the chances 

of another cancer [79-81]. Therefore, photodynamic and photothermal therapy have 

formed a hot research topic for the past few decades as they have synergistic effects, and 

provide localized treatment of the tumor without damaging the healthy tissues. In 
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photodynamic therapy singlet oxygen is produced by the irradiation of light which 

destroys the cell whilst in photothermal therapy, temperature of the tumor is increased to 

cause cell death. There are many photosensitizers for this therapeutic method and the 

particular one studied in this thesis is Ag2S-GSH. This nanoparticle has good 

biocompatibility and no toxicity. Careful characterization of the photothermal nature of 

the nanoparticle and the measurement of photothermal conversion efficiency play a 

crucial role in the development of these nanoparticles for practical medical treatment 

applications. 
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CHAPTER 2: 

EXPERIMENTAL SET UP 

2.1  In vitro Experiments 

The experimental set up for the measurement of photothermal conversion 

efficiency is shown in Figure 2.1. A homemade, continuous-wave, Ti3+:sapphire 

laser was used to generate tunable coherent radiation in the 720−810 nm 

wavelength range. The x-shaped resonator consisted of a 20 mm long, Brewster-

cut Ti3+-doped sapphire crystal, which had an absorption of 92% at 532 nm, 

located between two curved mirrors (C1 and C2, each with a radius of curvature 

of 100 mm). The resonator was completed with a flat high reflector (HR) and a 

15% transmitting output coupler (OC). A pair of Brewster-cut dispersive SF10 

prisms (P1 and P2) were inserted in the HR arm to vary the output wavelength of 

the laser. The Ti3+:sapphire laser was end-pumped with a 5 W, 532 nm green pump 

laser, whose beam was focused with an input lens (L1, with focal length f = 100 

mm) into the Ti3+:sapphire crystal and generated up to 1 W of continuous wave 

output power at 778 nm. A series of highly reflecting flat mirrors (M3−M4), a 

concave high reflector (M5, radius of curvature = 200 cm), and a converging lens 

(L2, f = 200 mm) were then used to direct the output of the Ti3+:sapphire laser into 

the cuvette (C) containing the nanoparticle solutions. The power of the 

Ti3+:sapphire laser could be varied continuously using a half-wave plate (HWP) 

and a polarizing beam splitter (PBS). 
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Figure 2.1 Schematic of the experimental setup used in the wavelength-dependent 

photothermal conversion efficiency measurements. 

 

A more detailed sketch of the photothermal conversion efficiency measurement setup is 

further shown in Figure 2.2. The incident laser beam was focused with a converging lens 

(L2 in Figure 2.2, focal length f = 200 mm) to a beam waist (w0) of 25 μm at the distance 

of about 5 cm after the cuvette. The polished input (wi) and exit (we) windows of the 

polystyrene cuvette allowed the passage of the laser beam, whereas the sides and the 

bottom of the cuvette were surrounded with a 4 mm thick rubber insulation to minimize 

heat loss. The unfilled portion of each cuvette was cut so that the overall volume of the 

cuvette was only about 6% more than the volume of the solution used in the experiments 

to minimize the conductive heat transfer into the unfilled section of the cuvette. A 

thermocouple (TC) probe was dipped into the solution to record the variation of the 

solution temperature as a function of time. Care was taken so as not to overlap the 

thermocouple with the propagating laser beam in the solution.  
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Figure 2.2 Details of the photothermal conversion efficiency measurement setup. See the 

text for a description of the abbreviations. 

 

The procedure detailed below was followed for the heating experiments:  

 

(1) At each chosen output wavelength λL of the laser, the incident (Pi), reflected (Pr), and 

transmitted (Pt) powers were measured. The half-wave plate (HWP) was rotated to 

adjust the incident power (Pi) so that the power P0 coupled into the cuvette (P0 = Pi 

− Pr) was about 200 mW for each measurement. The length of the cuvette was 10 

mm.  

(2) Because the thermocouple measures the temperature at a specific location within the 

solution, the time-dependent temperature data recorded with the thermocouple were 

used only to determine the time constant τh for heating. During the heating cycle, 

once the steady-state maximum temperature was reached based on the thermocouple 

reading, the maximum temperature rise of the solution was then determined using an 

infrared camera (FLIR, model no. A325SC). 

(3)  In the experiments, the wavelength of the Ti3+:sapphire laser was varied in 10 nm 

steps between 720 and 810 nm, and the above-mentioned temperature measurement 

procedure for QD solutions was repeated at each wavelength.  

(4) The temperature measurement was repeated three times at each wavelength. In each 

case, a new polystyrene cuvette was cut to the right size as explained above and filled 

with about 0.9 g of Ag2S-GSH QD solution with a fixed concentration of 5 mg/mL. 

Since the cuvettes were manually cut, the mass of each cuvette (mc) was separately 

measured. The mass of the solution before and after each heating experiment was 
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further measured with an accurate balance (Sartorius, model AX224) and the average 

value was used as the solution mass (ms) in the efficiency calculations.  

(5) At each laser irradiation wavelength between 730 and 810 nm, the maximum 

temperature increase was further measured for the cuvette containing pure water. 

 

To demonstrate the applicability of the method to the study of other nanoparticles, the 

photothermal conversion efficiency of poly(acrylic acid)-coated superparamagnetic iron 

oxide nano-particles (PAA/SPIONs) was also measured at 810 nm. In the experiments, 

six different cuvettes, each containing an aqueous solution of PAA/SPIONs at 39.4 mg/ 

mL Fe concentration were used. The average initial mass of the solutions was 0.89 g. The 

average power P0 coupled into the cuvette (P0 = Pi − Pr) was 204 mW. The power 

reflection (R) and transmission (T) of the solution were measured to be 5.1 and 6.5%, 

respectively. The same procedure as in the case of Ag2S-GSH QDs was followed and the 

measurement at 810 nm was repeated with six different samples to test the repeatability 

of the measurement protocol. 

 

We built another setup to perform similar measurements with above mentioned steps at 

640 nm. This set up consists of a 640 nm red fiber coupled diode laser. Two lenses L1 

(with focal length f = 1.336 cm) was used to collimate the beam and L2 (focal length f 

=2.5 cm) was used to focus and couple the beam with the fiber.  After coupling the laser 

beam, it was collimated and directed into the polystyrene cuvette by the lens (L3 with 

focal length = 2.5 cm) and a parabolic mirror (EFL=10.16 cm). The spot-size of the 

collimated laser beam was measured as 1680 μm in horizontal axis and 1280 μm in 

vertical axis by utilizing knife-edge method just before the cuvette. The schematic of set 

up is shown in Figure 2.3. This set up was used to measure the temperature change in 

polyacrylic acid coated super-paramagnetic iron oxide (PAA-Fe3O4 also known as 

PAA/SPIONS). Iron concentration in the solution was 600 µg/ml.  
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Figure 2.3 Schematic of experimental set up for photothermal conversion 

efficiency at 640 nm 

 

2.2 In vivo Experiments 

Over the course of time various optimizations were done to the experimental set up to 

reach the most suitable one that is explained here. For in vivo experiments a fiber coupled 

diode laser with the wavelength of 793 nm was used to irradiate tumor SKBR3 bearing 

mice for observing mild hyperthermia by using an FLIR camera. To keep the mice still 

during the irradiation, isoflurane (2-3%) was used as an anesthesia. Due to anesthesia, the 

temperature of the mice body was decreasing. Living body tends to lose heat due to low 

physical activity and slow metabolism under anesthesia [82]. So, the first step was to 

optimize the setup to maintain a higher ambient temperature (25℃) than the standard 

laboratory temperature (19 ℃ in our case). At first, commercially available apparatus 

such as heating pad (Physio Suite) was used but that was not suitable for temperature 

dependent experiments. Normally, heating pads are utilized in surgeries where the heat 

loss is huge due to direct exposure of internal organs to the environment along with 

anesthesia. In our case, the temperature was adjusted by two ways. 1) Controlling the 

ambient temperature by isolating the set-up from surrounding with a plexi-glass box and 

temperature of the box was maintained around ~25 ℃ by using a heating lamp. 2) 

Anesthesia (isoflurane) was given with a mask rather than injection as it is easy to get 

organism back to consciousness with the inhaled anesthesia. Due to slightly larger 

diameter of mask compared to the face of the mouse, some of the isoflurane was leaking 
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from the sides and causing further cooling in the surrounding. This problem was resolved 

by putting a surgical tape. 

 

After optimization of the set-up to control temperature fluctuation, Ag2S-GSH-Herceptin 

QDs were injected in multiple ways (subcutaneous, intertumoral, intravenously) into the 

mice and irradiated with 973 nm laser to see the magnitude of laser light absorption within 

living body conditions. In early experiments, the intensity used was 1.49 W/cm2. For the 

subcutaneous studies of QDs and cisplatin, four tumor bearing mice were divided into 

two groups. First group had cisplatin with different QD doses in each mouse while second 

group was cisplatin free with similar doses as first group. In first group, one mouse had 

10 mg/kg of Ag2S-GSH-Herceptin QDs while second mouse had 20 mg/kg of Ag2S-GSH-

Herceptin QDs with cisplatin on the other hand mice in second group were also injected 

with 10 and 20 mg/kg Ag2S-GSH-Herceptin QDs doses respectively but both were 

cisplatin free. After monitoring the effect of doses and Cisplatin, we increased the 

intensity from 1.48 W/cm2 to 1.59 W/cm2 to see change in temperature rise. Afterwards, 

experiments were repeated with intertumoral injections of QDs and cisplatin in three mice 

with a reduced dose of 30 mg/kg and two mice with only cisplatin (0.70 mg/kg) to make 

sure no significant heating is due to Cisplatin at 1.59 W/Cm2 and all mice were kept under 

careful observation for 2 weeks to make sure that no damage was done by irradiation to 

the skin tissues. The schematic of the set-up used for this experiment is shown in Figure 

2.4. 

 

Figure 2.4 Sketch of experimental set up used for in vivo experiments performed 

on mice to see photothermal effect of Ag2S-GSH-Herceptin QDs. 
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CHAPTER 3: 

DERIVATION OF INTRINSIC AND EXTRINSIC 

PHOTOTHERMAL EFFICIENCIES 

This chapter introduces two types of efficiency factors for the heating induced by 

nanoparticles during laser irradiation and describes a systematic analysis scheme that can 

be readily used by experimentalists without requiring sophisticated computational 

modelling of the heating process. As such, we assume that the system composed of the 

cuvette and the nanoparticle solution can be treated as a lumped element and solve a 

linearized heating model to determine the steady-state maximum temperature rise. To 

ensure consistency with the lumped model, an infrared camera was used in the 

experiments as described before to measure the average of the steady-state maximum 

temperature rise over the cuvette surface.  This averaged maximum temperature rise was 

then used in the determination of the conversion efficiencies. We further assume that the 

laser beam propagating through the solution was well contained within the cuvette, so 

that the efficiency can be expressed in terms of the beam power. 

 

Referring to Fig. 1(b), we assume that a Gaussian laser beam propagates through the 

solution with an intensity profile ( ),I r z  given by [83] 

( )
( ) ( )
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2 2

2 2
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P r
I r z z

w z w z




 −
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 

 ,  (1) 

 

where r  and z  designate the coordinates along the radial and propagation axes (see Fig. 

1(b)), 0P  is the incident pump power on the right-hand side of the input window wi (at 

0z += ),   is the overall differential attenuation coefficient due to absorption and 

scattering, and ( )w z  is the spot-size function. Note that the input lens L2 focuses the 

beam to a waist radius of 0w  which was 25 µm in the experiments. Furthermore, the 

maximum value of ( )w z  within the cuvette (320 µm) was much smaller than the width 

of the cuvette (10 mm). Hence, the total power of the beam can be calculated by assuming 

that the cross-sectional size of the medium is infinite in extent, in comparison with the 

beam size, leading to the following expression for the beam power within the solution: 

 ( )
2

0

0 0

( ) ( , ) expP z d drrI r z P z



 


= = −  .  (2) 

Hence, the power AP   lost due to attenuation within the cuvette and the transmitted power 

tP  become ( )( )0 1 expAP P L= − −  and ( )0 exptP P L= − , respectively, where L  is the 
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length of the cuvette (Fig. 1(b)). In the analysis of the conversion efficiencies, AP  was 

determined from the experimentally measured values of the incident ( iP ), reflected ( rP

), and transmitted ( tP ) powers by using 

 

A i r tP P P P= − − .   (3) 

 

Returning to the heating problem, we assume that the system, consisting of the cuvette 

and the nanoparticle solution with respective masses of cm  and sm , and specific heat 

capacities of cc  and sc , can be modelled as a lumped element. The net heat energy dQ  

delivered to the system (cuvette plus the nanoparticle solution) will then result in a 

temperature change dT  given by 

 

( )c c s sdQ m c m c dT= + .  (4) 

 

The time rate of change dQ dt  of the net heat delivered to the system can then be 

expressed as 

 

( ) ( ) ( )
4 4

0 0c c s s H C R

dQ dT
m c m c P T t T T t T

dt dt
   = + = − − − −    

,  (5) 

 

where HP  is the effective heating power of the solution, ( )T t  is the absolute temperature 

of the cuvette, and 0T  is the ambient absolute temperature. In addition, C and R  

represent the convective and radiative heat transfer coefficients of the cuvette containing 

the nanoparticle solution. Noting that   

 

( ) ( ) ( ) ( ) ( )
4 3 24 2 3

0 0 0 0 0T t T T t T T t T t T T t T T   − = − + + +     
, (6) 

 

Eq. (2) can be rewritten as 

 

( ) ( ) ( ) 0c c s s H

dT
m c m c P T T t T

dt
+ = − −   ,  (7) 

 

where ( )T is the effective temperature-dependent heat transfer coefficient given by [84] 

 

( ) ( )3 2 2 3

0 0 0C RT T T T TT T  = + + + + .  (8) 
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Strictly speaking, ( )T is temperature dependent as can be seen from Eq. (8) and no 

explicit analytical solution of Eq. (5) exists to the authors’ knowledge. However, if the 

maximum temperature rise maxT   is small compared to 0T , ( )T given by Eq. (8) remains 

nearly constant at ( )0T  and the time evolution of the temperature can be determined 

analytically from the solution of the linearized model given in Eq. (7). In the specific 

example provided here, using about 0.9 g of Ag2S-GSH QD solution at 5mg/mL 

concentration, the total incident pump power at each wavelength was kept at 200 mW, 

resulting in measured maxT of less than 15 K and a corresponding max 0/T T value of about 

5%. In this case, the radiative contribution to ( )T  (the bracketed term in Eq. (8)) varies 

by no more than 8%, hence justifying the use of the linearized model (in other words, Eq. 

(7) with a constant heat transfer coefficient ( )0T ) for temperature calculations. To 

emphasize again, we are not neglecting the radiative cooling of the cuvette. Rather, we 

are assuming that both radiative and convective heat transfer obey a linear model. 

Determination of the convective and radiative components of ( )T  in this regime was 

not possible, nor was it necessary for the calculation of the photothermal conversion 

efficiencies.  Such a task would require larger temperature rises so that the 
4T  

contribution to radiative cooling is not negligible and was beyond the scope of this work.  

 

When ( )T  is assumed to be constant at ( )0T , Eq. (7) can be readily solved, yielding 

( ) ( )max 0 max exp
h

t
T t T T T



 
= + − − 

 
 ,  (9) 

where h  is the characteristic heating time related to ( )0T  via 

( )0h c c s sT m c m c  = +     (10) 

and maxT  is the maximum temperature attained by the system. By using the particular 

solution of Eq. (7), HP  can be determined in terms of maxT  from 

( )( ) ( )0 max 0 max 0
c c s s

H

h

m c m c
P T T T T T



+
= − = − . (11) 

If we further assume that the pure solution without the nanoparticles also has some 

absorption at the laser wavelength, giving rise to a heating power HsP  and a corresponding 

maximum temperature rise sT , satisfying 

( )0
c c s s

Hs s

h

m c m c
P T T



+
= − , (12) 

then the effective heating power HnP of the nanoparticles will simply be Hn H HsP P P= − .  
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At this point, we introduce two different heating efficiencies to quantify the efficiency of 

heating induced by the nanoparticles: the intrinsic conversion efficiency i  and the 

external conversion efficiency ext . The efficiencies i  and ext  are defined respectively 

as 

( )

( )
( ) ( )max 0 0

1

c c s sHn
i s

A h i

m c m cP
T T T T

P P R T




+
 = − − −  − −

  (13) 

and 

( )
( ) ( )max 0 0

c c s sHn
ext s

i h i

m c m cP
T T T T

P P




+
 = − − −   . (14) 

 

Above, /r iR P P=   and /t iT P P=  are the experimentally measured power reflection and 

power transmission coefficients for the cuvette-solution system (see Fig. 1(b) for the 

description of rP  and tP  ). The intrinsic conversion efficiency i gives the fraction of 

the absorbed laser power that is converted into heating power by the nanoparticles, 

whereas the external conversion efficiency ext  gives the fraction of the incident optical 

power converted to heating power. Generally, ext  is smaller than i  due to the finite 

reflectance of the input surface of the cuvette and the finite absorption of the solution. 

Even if the nanoparticle concentration and cuvette length are adjusted to make the 

absorption nearly 100%, the surface reflectance may not be negligible. This point also 

deserves attention during in vivo experiments, where surface scattering can cause further 

reduction of the optical power coupled to the tissue. 
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CHAPTER 4:                                                                                         

RESULTS AND DISCUSSION 

4.1 In vitro Experimental Results 

4.1.1   Results of Ag2S-GSH QDs 

Figure 4.1 shows a representative heating curve and the thermal image of the cuvette, 

when the steady-state maximum temperature was reached (approximately after 30 min of 

irradiation). In this particular case, the laser operated at the wavelength of 780 nm. The 

incident, reflected, and transmitted powers were 215, 15, and 26 mW, respectively. The 

maximum temperature rise of the solution was determined by averaging the temperature 

distribution over the exit window of the cuvette (shown as the rectangular box ABCD in 

Figure 4.1(b). For this specific case, the maximum temperature rise averaged over the box 

ABCD came to 14.2 °C, about 1.8 °C lower than the maximum temperature recorded with 

the thermocouple. Averaged maximum temperature rise (ΔTmax) data determined from 

thermal camera measurements were used in the calculation of photothermal conversion 

efficiencies, as described in chapter 3. Similar data obtained at different laser wavelengths 

are shown in Appendix A. 

.   

 

 

 

 

 

 

 

 

Figure 4.1. (a) Measured time-dependent heating curve recorded with the thermocouple 

and (b) the resulting steady-state IR camera image of the PAA/SPION solution. 
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As measurements were taken by varying Ti+3-sapphire wavelength in 10 nm steps 

between 720-810 nm. Below are the other heating curves at 730 nm,750 nm, 800 nm and 

their corresponding thermal camera images. 

The time-dependent heating curve of pure water recorded between 730-810 nm with the 

thermocouple. One representative heating curve at the wavelength of 750 nm is in the 

Figure 4.2. The laser power coupled to the cuvette (P0 = Pi −Pr) was kept at 200 mW. 

Note that prior to laser irradiation, which started at time t1 in Figure 4.2a, there was an 

initial 0.3 °C drift in the temperature before the initial steady-state temperature was 

reached. Such an initial drift was observed in all pure water measurements and was used 

to estimate our error in temperature measurements. By repeating the initial temperature 

drift measurement for nine different cases, the error in our temperature measurements was 

estimated to be 0.37 °C. At time t1, the image of the cuvette was recorded with the thermal 

camera (see Figure 4.2b), laser irradiation was started, and the camera was then turned 

off. After the next steady state was reached under laser irradiation, corresponding to time 

t2 in Figure 4.2a, the thermal camera was turned on again to capture the final steady-state 

temperature distribution of the cuvette (Figure 4.2c). Between t1 and t2, the thermal 

camera was kept off to minimize additional sources of heat other than laser irradiation 

since the temperature rise for pure water is very small. In addition, the cuvette setup was 

kept inside a plexiglass box to minimize air currents during delicate temperature 

measurements. Based on the thermal camera images shown in Figure 4.2 b,c, the 

maximum averaged temperature rise of pure water was measured as 0.60 °C at the 

wavelength of 750 nm. The measured maximum temperature rise at different laser 

wavelengths was then averaged to yield an estimated maximum temperature rise of 0.58 

°C for pure water. The use of an average temperature rise for pure water is justified by 

the fact that the measured absorbance of the cuvette−pure water combination was 

approximately constant over the 720− 810 nm spectral window. Data similar to Fig. 4.2, 

taken at different wavelengths are shown in Appendix B. 
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Figure 4.2 (a) Time-dependent heating curve recorded with the thermocouple for pure 

water at the wavelength of 750 nm, (b) thermal camera image of the cuvette at time t1, 

and (c) thermal camera image of the cuvette at time t2. 

 

Figure 4.3 shows the power reflectivity R = Pr/Pi of the solution-filled cuvette was 

nearly constant at about 7% over the 720−810 nm wavelength range, whereas the power 

transmission (T = Pt/Pi) monotonically increased from 4.2% at 720 nm to 19.5% at 810 

nm due to the decrease of the absorbance of the nanoparticle solution with wavelength. 

Figure 4.3 a,b shows the measured power reflectivity (R) of the cuvette and the 

absorption A = 1 − T − R of the Ag2S-GSH QD solution (concentration of 5 mg/mL).  
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Figure 4.3 Measured (a) power reflectivity R of the cuvette, (b) absorption A = 1 − T − R 

of the Ag2S-GSH QD solution over the 720− 810 nm range. All equations in this 

discussion are referring to in chapter 3 equations. Equation 13 was used to determine the 

intrinsic conversion efficiency ηi of the Ag2S-GSH QDs. Here, the analytical solution of 

the heating problem given by eq 9 in chapter 3 was fit to each measured time-dependent 

heating curve to extract the value of the characteristic heating time τh. As an example, 

Figure 5a shows one set of measured and fit time-dependent heating data at 780 nm 

irradiation measured with the thermocouple. The solution was heated for approximately 

30 min until a steady-state temperature was reached. The temperature data were collected 

after each second. Fewer experimental data points are displayed in Figure 4.4a so that the 

fitting curve can be clearly seen. Overall, very good fits could be obtained between T(t) 

given by eq 9 in previous chapter and the experimentally measured heating data. To 

minimize the measurement error, three sets of heating data were obtained at each laser 

wavelength, using a fresh Ag2S-GSH QD solution as well as a new cuvette for each set. 

Figure 4.4b shows the average heating time at different laser irradiation wavelengths 

between 720 and 810 nm. τh varied between 335 and 390 s, with an average of 358 s. 

 

 

 

 

 

 

 

 

Figure 4.4 (a) Representative graph showing the measured and fit variation of the 

temperature for the Ag2S-GSH QD solution as a function of time under 750 nm 

irradiation and (b) variation of the best-fit heating time, averaged over three 

measurements at each irradiation wavelength between 720 and 810 nm 

 

Figure 4.5 shows the measured maximum temperature rise ((Tmax − T0) appearing in eq 

13) of the Ag2S-GSH QD solution (concentration of 5 mg/mL) as a function of laser 

wavelength, averaged over three sets of measurements at each wavelength. Equations 13 

and 14 were used in the determination of the intrinsic and external heating efficiencies. 
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The average measured value of 0.58 °C was used for the maximum temperature rise (Ts 

− T0) of pure water at each laser wavelength. Two sources of error were identified in the 

efficiency calculations: error of δT = 0.37 °C in temperature measurements and 5% error 

in power measurements, leading to an overall error margin of ±2.8% in efficiency 

measurements, based on standard error propagation analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Averaged maximum temperature rise of the Ag2S-GSH QD solution measured 

with the thermal camera at different wavelengths between 720 and 810 nm. 

 

Figure 4.6a shows the average measured intrinsic photothermal conversion efficiency ηi 

as a function of irradiation wavelength for the Ag2S-GSH QDs between 720 and 810 nm. 

The results based on the analysis described in chapter 3 show that ηi is high for these 

nanoparticles ranging between 91 and 96% in this wavelength range. In the case of the 

external conversion efficiency ηext, there is a monotonic decrease of the conversion 

efficiency from 82 to 70% in the 720−810 nm wavelength window. The reduction in 

external conversion efficiency with increasing wavelength primarily stems from the 

wavelength dependent absorption. We note in passing that low input powers around 200 

mW were preferred in this experiment to limit the maximum temperature rise so that the 

linearized model could be used in the analysis of the experimental heating data. By 

increasing the incident power or reducing the sample size, higher temperature rise can be 

achieved, as was demonstrated in our earlier PTT experiments with Ag2S-GSH QDs. 
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Figure 4.6 Measured (a) intrinsic (ηi) and (b) external (ηext) photothermal conversion 

efficiency of AgS2-GSH QD solution between 720 and 810 nm. 

4.1.2 Results of PAA-SPIONS 

The measured time dependent heating curve recorded with the thermocouple and the 

resulting steady-state IR camera image of the PAA/SPION solution are shown in Figure 

4.7a, b, respectively. The heating time averaged over six measurements came to 355 s. 

The average intrinsic and external efficiencies of the PAA/SPIONs were determined to 

be 83.4 and 73.4%, respectively, at 810 nm. The standard deviation in the efficiency 

values was 0.6%, indicating that the method proposed in this study is highly repeatable.  

 

 

 

 

 

 

 

 

 

 

Figure 4.7 (a) Measured time-dependent heating curve recorded with the thermocouple 

and (b) the resulting steady-state IR camera image of the PAA/SPION solution. 
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4.1.3 Results of at 640 nm 

To demonstrate the solution-set up working and resultant efficiency polyacrylic acid 

coated superparamagnetic iron oxide (PAA-Fe3O4) was irradiated with 640 nm fiber 

coupled diode laser for approximately thirty minutes. The resultant heating curve and its 

corresponding FLIR camera image that is displayed in figure 4.8a,b. The incident 

reflected and transmitted powers were 215, 08, 76 mW respectively. The average 

temperature increase measured within the area shown (figure 4.8(b)) in thermal camera 

images with a square box ABCD was 10.3℃ while thermocouple measured localized 

temperature increase was comparatively 3.2℃ higher. Time constant (τh) was measured 

to be 389s. Average solution mass was 0.722 g. By inserting all the experimental results 

into the equation 13 and 14 in chapter 3, we found intrinsic and extrinsic efficiency of 

this nanoparticle to be 76% and 63%. 

      

 

 

 

 

 

 

    

 

 

Figure 4.8 (a) PAA-Fe3O4 time dependent heating curves at 640 nm (b) the resulting 

steady-state IR camera image of the PAA-Fe3O4 solution.  

4.2 In vivo Experimental Results 

Four mice were taken for the experiment. One mouse that was only injected with 10 

mg/kg Ag2S-GSH-Herceptin QDs that reached 39.6 ℃ after 10 minutes of laser 

irradiation and room temperature was 25.8 ℃. The body temperature increase was 6.2 ℃. 

Figure 4.9 (a, b, c) shows temperature increase by FLIR camera over time. 
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Figure 4.9:  IR camera image for subcutaneously injected mouse with 10 mg/kg Ag2S-

GSH QDs (a) without irradiation (b) 5 minutes of irradiation (c) 10 minutes of irradiation  

 

The second mouse was also injected with 10 mg/kg of Ag2S-GSH-Herceptin but along 

with Cisplatin. Temperature reached up to 41.6 ℃ while room temperature was 27 ℃. 

So, 6.2 ℃ temperature increase was observed with respect to body temperature. The 

temperature variations over the time in Figure 4.10 indicate that Cisplatin is not playing 

any role in temperature rise. 

 

 

 

 

 

 

  

Fig 4.10: IR camera image for subcutaneously injected mouse with 10 mg/kg Ag2S-GSH-

Herceptin QDs and Cisplatin (a) without irradiation (b) 5 minutes of irradiation (c) 10 

minutes of irradiation. 

 

Another set of experiments was performed with the mentioned set-up and parameters with 

a different QD concentration (20 mg/kg of QDs) with and without Cisplatin (Figure 4.11 

and 4.12). The mice were injected subcutaneously 24 h before laser treatment. The 

temperature in the animal with QD-Cisplatin was increased from 30.2 ℃ to 39.6 ℃ whilst 

the temperature enhanced from 34.3 to 43.5 ℃ in the animals treated with only QDs. The 

reason attributes to the fact that high absorbance of the QDs at NIR region could cause 

temperature increase upon irradiation while cisplatin lacks absorbance at 808 nm. This 
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clearly demonstrates that the major heating comes from QDs that would lead to mild 

hyperthermia. 

 

 

 

 

 

Figure 4.11: IR camera image for subcutaneously injected mouse with 20 mg/kg Ag2S-

GSH-Herceptin QDs (a) without irradiation (b) 5 minutes of irradiation (c) 10 minutes of 

irradiation. 

 

 

 

 

 

 

 

Figure 4.12: IR camera image for subcutaneously injected mouse with 20 mg/kg Ag2S-

GSH-Herceptin QDs and Cisplatin (a) without irradiation (b) 5 minutes of irradiation (c) 

10 minutes of irradiation. 

 

Furthermore, to investigate the effect of laser intensity within the safe range on 

temperature rise, the intensity was increased from 1.48 W/cm2 to 1.59 W/cm2. The 20 

mg/kg dose was injected in a mouse subcutaneously 24 h prior to the laser irradiation. As 

shown in Figure 4.13, the temperature improved from 31.6oC to 47.5oC (ΔT = ~15oC) at 

1.59 W/cm2. In general, higher power intensity enhances the delta-T. However, it may 

cause irritation, redness, and other side effects in the mice after laser treatment. To make 

sure that increase in the laser intensity did not cause any significant side effects, animals 

were monitored for 14 days after PTT. No symptoms of burn, dehydration, and weight 

loss were observed after 14 days.  
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Figure 4.13: IR camera images of mouse irradiated with 1.59 W/cm2 (a) without 

irradiation (b) 5 minutes of irradiation (c) 10 minutes of irradiation. 

 

QDs were administered to the mice intratumorally, intravenously, and subcutaneously.  

Animals that received QDs subcutaneously showed higher temperature increase 

compared to the others. Since the size of the tumors were small, lower nanoparticles were 

injected to the mice intratumorally. Therefore, the ΔT was observed less than expected 

amount resulting due to the lower concentration of QDs in the site of tumors. In the case 

of intravenous injection, due to the distribution of nanoparticles in the other organs, the 

final concentration of QDs in the tumor were less than subcutaneous injection causing 

lower temperature to increase after PTT.  
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CHAPTER 5: 

CONCLUSION 

We presented an accurate experimental method for the determination of the photothermal 

conversion efficiency of nanoparticles in solution. Two different photothermal 

conversion efficiencies, namely, intrinsic and external conversion efficiency, were 

introduced to relate the induced heating power of the nanoparticles to the absorbed and 

incident laser power, respectively. Measurement of the maximum temperature rise was 

performed using an infrared camera, where averaging over the cuvette surface minimizes 

the measurement error due to the specific positioning of the thermocouple inside the 

solution. The model used in the analysis of the data was also reviewed, and explicit 

formulas were provided for the calculation of the intrinsic and external conversion 

efficiencies in terms of the parameters measured in the experiments. The method was 

applied to Ag2S-GSH QDs, and a tunable Ti3+:sapphire laser was used to investigate the 

variation of efficiency over the 720−810 nm wavelength range. The results show that the 

intrinsic photothermal conversion efficiency of Ag2S-GSH QDs was very high, exceeding 

91% over this spectral window, making these quantum dots especially suitable for 

photothermal therapy applications with near-infrared laser irradiation. This approach was 

also adopted to PAA/SPIONs, which have become quite popular as PTT agents in recent 

years. The average intrinsic and external efficiencies of the PAA/SPIONs were 

determined to be 83.4 and 73.4%, respectively, at 810 nm. The intrinsic and extrinsic 

efficiency measured for PAA/SPIONs with 600 µg/ml concentration of Fe came out to 

be 76% and 63% at 640 nm. We expect that the systematic experimental approach 

described in this thesis should prove useful for the evaluation of a wide variety of potential 

nanoparticles for photothermal therapy applications. 

 

After extensive study of photothermal conversion efficiency of Ag2S-GSH Herceptin 

QDs were injected into the tumor SKBR3 bearing nude mice. The QDs were injected 

subcutaneously, intratumorally and intravenously and temperature rise was observed with 

well calibrated FLIR camera. In this thesis, we discussed results of subcutaneously 

injected QDs. Two dozes 10 mg/kg and 20 mg/kg of Ag2S-GSH Herceptin were studied 

at 1.49 W/cm2 with and without cisplatin. Temperature increase of only QDs was 6.2℃ 

for 10 mg/kg of doze with and without Cisplatin and for 20 mg/kg temperature increase 
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was ~9℃ for both only QDs and with Cisplatin. It was obvious that cisplatin has 

insignificant absorption at 793 nm. When the laser intensity was increased from 1.49 

W/cm2 to 1.59 W/cm2 and applied for 10 minutes on a mouse, the temperature rise was 

measured as 15℃. 
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Appendix A. Heating curves and their corresponding FLIR camera 

images between 720-810 nm 

 

  

 

 

 

 

 

 

 

Figure A-1 (a) Measured time-dependent heating curve recorded with the thermocouple 

at 720 nm and (b) the resulting steady-state IR camera image of the PAA/SPION solution 

at 720 nm. 

 

 

 

  

 

  

 

 

 

 

 

Figure A-2 (a) Measured time-dependent heating curve recorded with the thermocouple 

at 730 nm and (b) the resulting steady-state IR camera image of the PAA/SPION 

solution at 730 nm. 
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Figure A-3 (a) Measured time-dependent heating curve recorded with the thermocouple 

at 740 nm and (b) the resulting steady-state IR camera image of the PAA/SPION 

solution at 740 nm. 

 

 

 

 

 

 

 

 

 

Figure A-4 (a) Measured time-dependent heating curve recorded with the thermocouple 

at 750 nm and (b) the resulting steady-state IR camera image of the PAA/SPION 

solution at 750 nm 
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Figure A-5 (a) Measured time-dependent heating curve recorded with the thermocouple 

at 760 nm and (b) the resulting steady-state IR camera image of the PAA/SPION 

solution at 760 nm 

 

 

 

 

 

 

 

 

Figure A-6  (a) Measured time-dependent heating curve recorded with the thermocouple 

at 770 nm and (b) the resulting steady-state IR camera image of the PAA/SPION 

solution at 770 nm 

 

 

 

 

 

 

 

 

 

 

 

Figure-A-7 (a) Measured time-dependent heating curve recorded with the thermocouple 

at 790 nm and (b) the resulting steady-state IR camera image of the PAA/SPION 

solution at 790 nm 
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Figure-A (a) Measured time-dependent heating curve recorded with the thermocouple at 

800 nm and (b) the resulting steady-state IR camera image of the PAA/SPION solution 

at 800 nm 
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Appendix B: TIME-DEPENDENT HEATING CURVE RECORDED 

WITH THE THERMOCOUPLE FOR PURE WATER AND 

THERMAL CAMERA IMAGE AT 770 AND 790 NM 

 

 

 

Figure B-1 (a) Time-dependent heating curve recorded with the thermocouple for pure 

water at the wavelength of 770 nm, (b) thermal camera image of the cuvette at time t1, 

and (c) thermal camera image of the cuvette at time t2. 
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Figure B-2 (a) Time-dependent heating curve recorded with the thermocouple for pure 

water at the wavelength of 790 nm, (b) thermal camera image of the cuvette at time t1, 

and (c) thermal camera image of the cuvette at time t2. 
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