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Abstract 

  Theranostics is a prominent medicine field involving nanoscience and 

nanotechnology in a single multifunctional formulation for efficient therapeutic effect 

and diagnosis. Moreover, the advances in nanomedicine have manifested the 

development of imaging-guided drug delivery, a promising methodology to improve the 

therapeutic efficiency of nanomedicine.  

This work aims to address the obstacle of the “false positive” PA signal, 

practically an “always on” situation, by developing some novel theranostic nanoplatforms 

through a smart design and good application of nanomaterials with specific properties. 

Chapter three presents the work on engineering novel gold nanoprobe with aggregation 

behaviour induced by pH sensing in the tumor microenvironment (TME) for PAI. The 

design details for targeted nanoprobe in chapter three are listed as follow. The gold 

nanoparticle surface was decorated with two thiol conjugate ligands for stabilization in 

circulation and normal tissues. The ligands respond to the tumor’s acidic extracellular pH 

by aggregation. The pH-responsive active tumor-targeting c(RGDyk)-

MHDA/LSC@AuNPs nanoprobe was easily fabricated and demonstrated an enhanced 

contrast effect to achieve in vitro and in vivo PAI. 

One of the advantages of PAI is its capability to differentiate different kinds of 

contrast agents according to their unique absorbance profiles simultaneously in a single 

mixture. Chapter four is devoted to developing the pH-sensitive near-infrared (NIR) Croc 

dyes-loaded copolymeric polyethylene glycol (PEG) - PLGA NPs for in vivo multiplexed 

PAI and pH-responsive photothermal therapy (PTT) in a triple-negative breast model. 

Based on the in vitro and in vivo data, the class of PLGA nanoparticles, such as iRGD-
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PLGA/Croc815 (PPC815) and Cys-PLGA/Croc770 (CPC770), could become a new 

generation of nanoplatforms capable of assisting multi-spectra unmixing of PAI. In the 

field of PAI-based diagnosis, PLGA NPs have various advantages, such as excellent 

biocompatibility in biological media and water solubility in the physiological 

environment with no noticeable morphology change over one week. The PLGA 

nanoparticle could also trigger real-time diagnosis by monitoring PTT responsiveness for 

pre-clinical translation.  

Chapter five discusses the development of an “all-in-one” system of iRGD-

PLGA-encapsulated gold nanocages (AuNCs) / Epigallocatechin-3-gallate (EGCG) 

nanoprobe for syngeneic inhibition of hypoxia-inducible factor-alpha (HIF-1α) assisted 

multispectral optoacoustic tomography imaging (MSOT) guided PTT combined 

chemotherapy. The integration of EGCG and AuNCs into the targeted polymeric system 

can kill cancer cells by inhibiting the HIF-1α pathway with induction of apoptosis 

combined PTT and chemotherapy. These results demonstrated the feasibility of iRGD-

PLGA/AuNCs/EGCG (PAuE) NPs as nano-theranostics agents in MSOT guided 

PTT/chemotherapy combination therapy for theranostics. 

 Scope of work 

Despite the establishment of contrast agents for theranostics, they are still limited 

by some drawbacks, such as low stability and complicated procedures in designing it to 

be “all-in-one”, and low sensitivity to generate responsive signal for accurate diagnostics. 

As a result, these limitations paved the way for the development of responsive strategy, 

which are beneficial to the biomedical field by providing an alternative for stable, simple 

and sensitive image platform. Referring to the aforementioned problems, this project aims 

to develop a new generation of gold-based and PLGA nano platforms for theranostics 
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using PAI and PTT. Those nano-platforms are able to provide high sensitivity, low cost 

and real-time imaging of the tumor site accurately. The inherent merits of gold 

nanoparticles are combined with the targeted ligand and pH responsive ligands as novel 

design to maximize the performance of the pH activated systems by increasing the 

stability and specificity of the PAI systems. Moreover, the developed polymeric nano-

system is loaded with different small molecules, such as organic dyes or chemo-drug to 

evaluate its feasibility as future therapeutic agents for clinical applications. Chapter one 

introduces the fundamental working principles and knowledge of PAI, MSOT and PTT 

and introduces state-of-art nanotechnology regarding different contrast agents and PTAs. 

Also, comprehensive reviews on the status of multimodal bioimaging, bio-detection, PTT 

and drug delivery in the field of nanomaterial are given, and current challenges and future 

developments are discussed. Finally, the gold-based and PLGA polymeric nanoparticles 

project is briefly introduced. 

 In chapter two, the synthetic route for gold nanoparticle-based contrast agents and 

PLGA based polymeric nanoparticles is introduced. The fundamentals and mechanisms 

of the one-step and ligand exchange in synthesis are presented. Moreover, the chapter 

depicts the principles of different characterization techniques and instruments.  

After that, chapter three presents the work on optimizing and evaluating the 

c(RGDyk)-MHDA/LSC@AuNPs nanoprobe system, which provides new insight into the 

targeted gold-based photoacoustic detection. The work aims to address two important 

concerns, particularly in addressing “false positive” PA signal long-term stability of gold 

nanoparticles. The designed AuNPs exhibit absorption at the UV region at around 680 

nm via aggregation by NIR laser and generated PA signal in vivo and in vitro via a 

noninvasive pathway.  
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The preparation of PLGA nano-system described in chapter four fosters the new 

PLGA core-shell detection scheme for both contrast agents and photothermal transducers.  

Croc dye's high pH sensitivity overcome the drawback of background signal from blood 

via a clear distinguishing signal for the TME for multispectral unmixing in one animals 

via different surface modification nanoparticles. Furthermore, this project would provide 

a new insights in vivo spectral unmixing techniques that can utilize the distinct maximum 

absorptions peaks to study biology on a molecular imaging level via two types of pH-

activated probes, CPC770 and PPC815.  

The developed polymeric system in chapter four is improved and hence fosters 

the new targeted polymeric combined treatment scheme in chapter five, which argues that 

the PLGA-based NPs, acting as an “all-in-one” system, was used to obtain 3D MSOT 

images of the test mice.  This work was the first to design a novel PLGA system co-loaded 

with AuNCs and EGCG acts as PAuE NPs. PAuE NPs archives to solve three important 

issues, specifically in addressing the complication in designing “all-in-one” system, 

difficulty in  activated dual cancer cell death pathway and technical limitation in real-

time monitoring NPs via 3D image.  MSOT technology can also track the PAuE NPs in 

vivo to provide evidence for their pharmacokinetics upon administration. Also, the laser 

radiation induces a local temperature increase that contributes to the destruction of tumor 

tissues via mild PTT. This chapter intends to utilize the inhibition of HIF-1α pathway by 

EGCG and activate apoptosis via synergistic treatment effect. Finally, chapter six 

summarizes the thesis and provides a future direction of strategies integrating PTT or 

PTT‐based multimodal theranostics that could achieve synergistically enhanced 

therapeutic outcomes of both primary tumors and metastatic lesions, prevent cancer 

recurrence, and prolong the survival period via multispectral optoacoustic tomography. 
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1. Introduction 

1.1 Photoacoustic imaging (PAI)  

Malignant tumors appear to own the ability to recruit normal tissue cells that 

contribute to the tumorigenesis process by creating the tumor microenvironment (TME). 

A photoacoustic and photothermal therapeutic agent can change in their absorbance 

responsive to the tumor microenvironment to allow high potential to diagnosis and ablate 

malignant tumor potentially. PAI converts safe, non-ionizing light to ultrasound waves, 

with high penetration to study biology on a molecular imaging level. Size-dependent and 

shape-dependent optical properties of gold-based probes produce a spectrally distinct 

aggregation, resulting in a red-shift of the gold-based probe absorption to near-infrared 

(NIR) PAI. Combined with a contrast agent, PAI can generate high temporal and spatial 

resolution signal at a low cost; utilizing iRGD peptide could further increase the contrast 

signal in specific tumor sites and enhance the pH-responsive photothermal therapy 

reaction. There are two hallmarks for malignant tumors: one is angiogenesis and the other 

is mild acidity. Mapping malignant tumors via overexpression of various integrins, such 

as αvβ3 in angiogenic vessels or tumor acidity, is essential for understanding the processes 

involved in cancer progression. Unfortunately, current methods have the problems of 

invasiveness, poor resolution and low specificity. This field is driven by the advancement 

in nanoparticulated probes capable of generating multiple functionalities. By utilizing 

powerful nanotechnology, the possibility of using non-invasively imaging modality with 

biocompatibility nanomedicine for theranostics could achieve a real-time diagnosis of 

malignant tumors, such as pH-responsive agent targeted nanoprobe for PAI by visualizing 
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non-invasively delivery on specific molecular targets to improve the efficiency of 

therapeutic effect. 

Imaging tumors by visualizing cancer drug accumulation and distribution at 

tumor sites is crucial to increasing cancer patients’ survival rate. Currently, most of the 

methods of pH-sensitive probes visualizing solid tumors are based on fluorescence 

imaging. However, traditional organic near-infrared fluorophores (NIRF) have severe 

intensive limitations, such as poor water solubility, poor tissue penetration. They could 

be easily functionalized with various biological molecules to cause rapid 

photobleaching.8 Those limitations retard their potential to be a suitable probe for 

longitudinal in vivo study for molecular imaging. The drawbacks of the current 

fluorescence imaging method for in vivo cancer imaging are the low specificity and 

sensitivity. Although many non-fluorescence imaging modalities, such as X-ray, 

radiography, ultrasound, magnetic resonance imaging (MRI), and positron emission 

tomography (PET), can provide information about organ function, they are not providing 

vital information on cancer early detection at a molecular level with a high cost of the 

treatment. 

 

Figure 1  Typical jabłoński diagram depicting the origin of signals in fluorescence, 

photoacoustic, and phosphorescence imaging. Absorption, intersystem crossing 

(ISC), and emission events are indicated by solid lines, whereas nonradiative 
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processes are depicted by dashed lines.  

PAI is a novel noninvasive and non-ionizing imaging modality that could solve 

the problems as mentioned earlier based on the photoacoustic effect.9 In brief, optical 

excitation of an optical absorber can absorb laser irradiation to generate the mechanical 

wave detects photoacoustic coupling signal generation by the transducer to map the 

original optical energy deposition.3–5 Optical irradiation of a biology subject with light to 

generate an excited state that could get back to its ground state via radiative emission or 

nonradiative decay is considered the PA effect (Figure 1). In part of non-radiative 

relaxation, the optical absorber that releases energy in heat to generate high temperature 

in the local area. The rising in temperature produces the thermoelastic expansion which 

creates a change in pressure propagating through a biological medium as an acoustic wave. 

An array of ultrasound transducers converts the detected sound to electronic signals, 

reconstructed to afford three-dimensional images.13 PAI offers promising high temporal 

and spatial resolution; those signals emerge as sources to generate specific molecular 

information of biological tissues via exogenous contrasts.14 This thesis will focus on the 

fabrication design, surface modification via covalent binding, and core-shell structures of 

pH-activated nanoparticles-NIR probes, such as dye-containing PLGA nanoparticles as 

contrast agents for diagnosis and treatment. 
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Figure 2  Schematic drawing of the thermal expansion system in tissue (Purple 

arrows indicate laser light) and the green circle represents the acoustic wave; the 

yellow dot represents the absorbers, the blue box represents the transducers to 

detect and transfer mechanical wave to acoustic signal respectively. 

PAI can utilize the surface proteins or small molecule biomarkers to further 

increase the contrast signal in specific tumor sites and image particular biological 

processes. The PAI principle is based on the “light in sound out” effect rather than the 

“sound in sound out” conventional ultrasound imaging. First, the energy source of the 

PAI is a nanosecond-pulse laser. The laser beam irradiates the biology sample which 

absorbs laser energy to change local temperature and pressure and cause thermal 

expansion, as shown in Figure 2. The commonly used excitation laser source is located 

in 680 nm to 1000 nm, which is the so-called visible and NIR region; light can penetrate 

through skin and organs in a live sample than visible light range within this range due to 

the decrease of hemoglobin absorption and tissue scattering.15 An array of ultrasound 

transducers convert the detected sound to electronic signals, which are reconstructed to 

afford three-dimensional images.13 
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Figure 3 Schematic illustrations of advantages of PAI against other imaging 

modalities, respectively. 

1.2 Multispectral optoacoustic tomography (MSOT) 

One of the most instructing features of PAI is the application of tunable light 

sources to achieve multispectral imaging which maps the blood oxygen saturation (SO2) 

in tumor hypoxia. Generating maps of tumor hypoxia within a living model via PAI offers 

high contrast, deep penetration imaging compared to optical imaging. Clinical research 

exploits multispectral optoacoustic tomography (MSOT) to accurately depict a tumor’s 

dynamic oxygenation behavior, including breast cancer detection and thermal therapy 

monitoring. The working principle of MSOT is similar to PAI. The thermoelastic 

expansion of contrast agents absorbing electromagnetic energy will generate acoustic 

signals.11 According to optoacoustic imaging, dependent on detecting acoustic signals, 

which do not scatter in tissues, a few millimeter resolutions can be observed for clinical 

usage.16–18 Tomographic detection of MSOT is characterized by the acquisition of signals 

from different angles around the living model, while linear detection captures movements 

from a single side.  
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Different kinds of nanoparticles can be modified to act as a contrast agent to 

enhance MSOT imaging and double as a targeted drug delivery vehicle, as shown in 

Figure 4. Polymeric nanoparticles or gold nanoparticles-based contrast agents are ideal 

for this type of system because they are physically customizable, non-toxic, and safely 

carry the drug in vivo. Furthermore, in MSOT imaging, multispectral unmixing has 

become a promising method applied to deconvolute the ultrasound waves from various 

exogenous contrast agents, such as gold nanoparticles-based contrast agents, and 

visualize each contrast agent be separate. The single wavelength 2 dimensions (2D) 

‘anatomical’ image can be used to show tissue background, and the multispectral 

information can be overlaid on top of it to obtain one more dimension. Thus, 3 dimensions 

(3D) imaging can be realized by volumetric imaging technique or by rendering stacks of 

2D images into 3D MSOT images, which could exploit the tumor core.19 MSOT as 

spectra optical technique has more advantages than PAI; utilizing it to tract 

optoacoustically active drugs real-time can help diagnose, predict, stage, and monitor 

diseases’ development.20  

Moreover, MSOT enables quantitative measures of dynamic oxygenation 

phenomenon to study hypoxia mechanism in detail of the whole tumor tissues via pulsed 

laser illumination with high spatial resolution.  
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Figure 4 Intensity-based contrast-enhanced strategies 

 Contrast agents for MSOT have significantly increased the contrast signal to the 

tumor site within the biological window called the NIR range. Besides, the contrast agents 

should be effective in low-dose and non-toxic conditions. There are commonly two types 

of contrast agents, endogenous contrast and the other is exogenous contrast agents, such 

as dye and gold nanoparticles. Hemoglobin and melanin represent endogenous contrasts, 

which are generally absorbed in the infrared region. However, exogenous contrast agents, 

such as nanoparticles (NPs), will always generate high signals than endogenous contrast 

since hemoglobin/melanin is dominant on the normal adjacent tissue site.21  The 

nanoparticles targeted strategy can delineate molecular functional information, such as 

hemoglobin oxygen concentration and hemoglobin oxygen saturation in solid tumors via 

multispectral optoacoustic tomography. 

 

One of the standard exogenous contrast agents is indocyanine (ICG). It is 
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approved by the American Food and Drug Administration (FDA).22 The PAI signal 

essentially depends on the exogenous contrast agent such as nanoparticles and dye. The 

small organic NIR fluorophores, such as ICG and Cy 5.5, are one type of photoacoustic 

contrast agent. They can offer deep tissue penetration after intravenous injection and 

known pharmacokinetic. However, they have the disadvantages of rapid clearance, poor 

photostability and negligible focus absorption on cross-section areas. The other type of 

contrast agent for PAI is nanoparticles.  

Advanced nanotechnology offers high resolution and stable signals in 

biomedical imaging. One of the most exciting and rapidly developed parts is that they can 

be covalently bound to various targeting ligands to reach the tumor site. This active 

targeting strategy becomes emerging at the molecular level for early state cancer imaging 

based on nanoparticle probes. They can also get the tumor site through the tumor 

microenvironment's enhanced permeability and retention effect (EPR effect). More 

specifically, solid tumor’s common characteristic, the increased secretion of lactate and 

proton, causes an acidic tumor microenvironment in tumor migration and invasion. The 

anti-tumor effective immune cells will also lose their function in an acidic tumor 

microenvironment and then the human self-protected mechanism will collapse. Therefore, 

for long-term therapeutic applications, biocompatible nanoparticles are highly desirable 

for in vivo molecular imaging and theranostics. pH activatable nanoprobe can match these 

two requirements: first, it can reach the tumor site by mapping the local pH value; second, 

it is likely to apply pH-responsive therapy in the acidic tumor microenvironment.  
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1.3 Classification of PAI contrast agents  

1.3.1 Gold nanocrystal-based contrast agents  

 

 

Figure 5 Classification of gold nano-based contrast agents. 

One of the well-built optical-absorption nanomaterials is gold nanomaterials: the 

typical material is gold nanoparticles which have been popularly recognized as PA contrast 

agents for their simple fabrication process, high performance in long-term 

biocompatibility and simultaneously increasing absorption in the NIR range.23 

A variety of gold nanostructures with changeable size and specific morphology, 

such as gold nanocages,24–26 nanorods,27,28 nanostars, and aggregates of nanoparticles29,30 

have been offered a promising PAI within the NIR window as illustrated in Figure 5. One 

merit of gold nanocrystals for optoacoustic imaging signal production is the mechanism 

related to the nanoparticles acting as a macroscopic dipole, resulting in an extinction 

coefficient a few times of magnitude greater than that of small organic dyes.31 

Furthermore, these plasmonic gold nanostructures are both novel and well-known 
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for PAI because nanoparticles can be accumulated through EPR or activated targeting for 

ratiometric detection of cancer through receptor-mediated binding. As previous research 

indicated, many groups utilized gold nanoparticles to induce a tremendous increase of PA 

signal by the nonlinear photoacoustic, leading to thermal coupling induction, localization 

of temperature elevation, and plasmonic nanoparticle-induced aggregation.32 Nevertheless, 

the endogenous contrast agent such as oxygenated hemoglobin (OxH) and deoxygenated 

hemoglobin(deOxH) would generate high PA signals to lessen the nanoprobe signal. 

Besides, the representative anisotropic nanocrystals, gold-nanorods and gold-nanocages 

cannot distinguish from the endogenous contrast signal as they can absorb NIR light in 

the same range. However, the typical nanoparticle size of over 100 nm could limit efficient 

endocytosis into cancerous cells and weaken the in vivo behavior.33 

Moreover, other authors report that the facility to generate a high spatial ratio in-

depth for differentiating normal tissues and tumor region in vivo diagnosis and therapeutic 

application is still a significant obstacle for the recent nanotechnology, as the imaging 

agents with the non-activated signal. Herein, stimulus-responsive nanoparticles act as an 

active contrast agent that induces a prescribed signal change, presented as a red-shift to 

NIR wavelength, response to a biological event in a specific area to drive the attraction 
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because they minimize the influence of the background signal from endogenous 

chromophores and thus have the potential for high sensitivity of detection.34       

Kim et al. elicit a hypothesis that the small gold nanoparticles with huge active 

surfaces possess a long time in blood circulation and a relatively short biological lifetime 

than their bulk counterpart of AuNPs. Nevertheless, spherical gold nanoparticles with a 

size smaller than 50 nm have low NIR absorption, which reduces their ability for pre-

clinical therapeutic applications such as PAI and plasmatic PTT. Surprisingly, nano-size 

gold nanoparticles' intrinsic optical absorption wavelength could be well tuned into the 

NIR absorption range, minimizing inherent blood and normal tissue absorption and 

maximizing PA imaging depth.35–37  

Nanoparticle-based stimulate-responsive integrative systems represent an 

emerging approach to cancer imaging. However, the diagnostic sensitivity, treatment 

efficacy, and bioavailability of nanoparticles and the heterogeneity and drug resistance of 

tumors pose tremendous challenges in amplifying pathophysiology signals for various 

biomedical applications, such as targeted optoacoustic imaging, gene delivery platform 

and multi-therapeutic.38 The mild acidic tumor microenvironment is among the most 

common hallmarks for cancer, regardless of tumor size, types and stages. These chemical 
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characteristics an effect of the activatable probe in the only tumor microenvironment to 

increase the specific targeting for PA imaging, nanoparticles switchable size, controlled 

drug release in therapy, and so on.39,40  

Based on the proposal of all the pH-sensitivity systems, on the way to high affinity 

to TME, Liu et al. have developed advanced pH-sensitive mixed-charge zwitterionic 

AuNPs. The pH-induced aggregation effect increases accumulation, retention, and cell 

uptake of zwitterionic AuNPs in tumors compared with non-sensitive PEGylated 

AuNPs.41 Moreover, a variety of studies have investigated that the mixed-charged AuNPs 

enhanced the simultaneously aggregation-enhanced photothermal efficacy in vitro during 

the aggregation process.42  

Sun et al. utilize an assembly-based PA probe induced by the salt-induced 

aggregation of AuNPs in biology buffer to form nanopots. Nanopots exhibit highly intense 

heat generation ability and act as long-term stability NIR photothermal transducers for 

PTT and PAI.29 This is a dynamic and effective way to build up a novel class of NIR 

photothermal transducers but is restricted by intratumoral administration ofAuNPs. A year 

ago, the Kim group proposed “smart” AuNPs with the surface decoration of hydrolysis-

susceptible citraconic amide.30,43 The citraconic amides are effectively changed to 
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positively charged amines by hydrolysis under mildly acidic conditions. The particle 

surface acquires both positive and negative charges attributed to particles aggregating 

simultaneously via electrostatic attraction. The aggregation results in a redshift of the 

absorption of AuNPs to NIR because of the appearance of coupled plasmon modes. The 

aggregates of nanoparticles show potential for PTT and PAI. Therefore, a comprehensive 

imaging platform is developed by conjugating highly sensitive acid labile ligand with 

AuNPs to simultaneously achieve accurate cancer diagnosis in vivo. 

1.3.2 Organic nanoparticles 

The most used organic fluorophores for PAI that can provide high resolution 

are polymethine, porphysomes, etc. In general, organic polymeric nanoparticles possess 

a better pharmacokinetic profile and biodegradability. Thus, it has a high potential to be 

a flexible carrier for loading organic fluorophores.  Researchers are taking inspiration to 

synthesize nanoparticles based on nature and biocompatible material as a source of 

contrast.  

Interestingly, nanoparticles are fabricated by thermal and acidic degradation of 

cotton cellulose. Researchers are also inspired by materials used to visualize the tumor 

pH as tumor diagnosis, and prognosis agents can achieve pH-responsive therapy in a mild 

acidic tumor microenvironment (TME). Stimuli-responsive nanoparticles have been 

assigned to produce a signal in the presence of a specific condition, such as pH value, 

temperature etc. In one example, human serum albumin (HSA) was coupled with a 
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croconaine dye (Croc) with appropriate pH-sensitive NIR absorption to induce self-

assembling of albumin proteins for albumin-dye nanoparticles (HSA-Croc). These HSA-

Croc nanoparticles also have good stability due to the hydrophobic interaction with the 

albumin; the absorption peak of HSA-Croc can be switched between the protonated form 

(~790 nm) and the deprotonated form (~680 nm). As a result, they utilize the unique 

property of pH-activated absorption of Croc dye. They would visualize the timely change 

of pH in tumors by dual-wavelength ratio-metric PAI in vivo study.44 

 

1.3.3 Polymer-encapsulated nano platform 

   Polymers are used extensively in contemporary biomedical imaging because of 

their biocompatibility, biodegradability and functionality. The NIR dye-containing 

polymeric nanoparticles acting as nano-carriers are the high payload of NIRF organic 

dyes in inorganic matrix-based nanoparticles. This nano-carrier can benefit the cancer 

drug payload system and deliver pH-activated probes to TME for molecular imaging and 

therapy. One of the most common nano-carriers is the core-shell NIR dye-containing 

nanoparticles. The NIRF dye would be embedded inside the nanoparticles by inducing 

self-assembling of the copolymer block or covalently bond with functionalized 

nanoparticles. Those nano-carriers are highly attractive for in vivo cancer imaging; they 

can enhance the biocompatibility and photo-stability due to the shell protection of the 

NIR dyes from the quenchers in the outside environment.   

    Nanotechnology has merged lots of the inorganic shell materials with the 

hydrophilic lipoprotein material resulting in the increased dispensability in aqueous 

material. With inorganic material such as silica nanoparticles, it is much easier to 
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functionalize various biomarker or pH activated sensors on the core surface than a pure 

NIR dye system. Among the inorganic materials and dye, the most frequently used nano-

carriers for NIR dye are NIR dye-containing PLGA nanoparticles. The design of such 

nano-carriers is illustrated below.  

The rest of this chapter describes the most emerging materials for PAI, including 

inorganic NIR probes such as Au nanocluster and Ag nanocluster, which will generate 

significant NIR absorbance in mild acid conditions. In this part, the synthetic routes (i.e., 

surface modification), in vivo application and development of the pH-activated nano-

probes for multimodality imaging will be discussed. Polymer encapsulated nano-system 

always acts as a coating and platform to load different therapeutic agents, such as anti-

cancer drugs and organic molecules for target neoplastic tissues for anti-cancer therapy, 

as indicated in Figure 6. That polymer encapsulated nano-systems include diagnosis and 

therapy function and act as imaging tubes in the same system.  

There are four perspectives’ directions for the application of the polymer 

encapsulated nano-system. The first one is the facilitation of the design validation of 

polymer encapsulated nano-system for drug delivery. The utilization for both diagnosis 

and molecular imaging is the second aim. The third one is the development of a polymer-

based biosensor. The last one is the supervision of the therapeutic effects with the 

excellent biocompatibility of polymer encapsulated nano-system.  
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Figure 6 Simplified schematic diagram to illustrate different usages for polymer 

encapsulated nano-system. 
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1.4 Overview of Photothermal Treatment (PTT) 

The conventional cancer treatment methods include surgery, radiotherapy and 

chemotherapy. However, thousands of patients still suffer from severe side effects and 

long-term treatment with unsatisfactory outcome.38,39 It is urgent to develop highly 

efficient therapy combined with imaging modalities to fight cancer. The developing 

therapies to treat cancer include gene therapy,45,46 immunotherapy47 and photodynamic 

therapy.48 And PTT makes use of localized heating by light absorption for specific cancer 

regions.49,50 For the PTT treatment, near-infrared light is the preferred light source to 

penetrate the biological tissue, accounting for low scattering by hemoglobin and water in 

tissue within the transparent biological window (650 nm-900 nm). The key factor in 

determining PTT's treatment effect is photothermal transduction agents (PTAs), which 

absorb light energy and then convert light energy into heat to raise the local temperature 

and the nearby area to kill the cancer cell.51,52 In the past decades, the researchers reveal 

that PTT offers several advantages compared to other therapies: it is one of the non-

invasive therapies with high efficiency to eliminate different cancer cells, and the 

adjustable dosage of PTAs can be precisely located at tumor region and minimize the 

damage to the healthy cells.53 Scientists spend huge efforts to improve the PTT 

performance at the clinical level, yet the apparent obstacles or biological barriers 

restricting the PTT treatment’s performance arise.54,55 So it is urgent to solve PTT’s main 

problem - the limited depth of light penetration that causes the solid tumor’s partial 

ablation. Other disadvantages include low delivery efficiency of PTAs in the tumor region 

and unexpected damage to normal tissues due to overheating.52  
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Tremendous progress has been made to solve those limitations, such as 

changing laser dosage,56–58, utilizing the second NIR window and regulating the 

nanoparticles’ size, shape, and surface chemistry.59–61 Besides, combined with imaging 

modality to overcome these disadvantages, PTT can effectively kill cells with 

photothermal effect with PAI guided theranostics.62 The designed imaging modality could 

integrate the alternative imaging method for precise tumor diagnosis and detect the 

change of biological relevant signals in the tumor microenvironment, such as reactive 

oxygen species (ROS), certain enzymes, acidic pH.63,64 Moreover, the PAI combined with 

the PTT treatment strategy can also assist the long-term treatment after surgery to kill all 

the cancer cells. The readiest material for biomedical application is gold nanoparticles, 

one kind of design of PTAs called “smart” PTAs for PTT and PAI.65–68 

 

Figure 7 Plot of working principle of PTT. (a) Scheme of the transition and light 

scattering via illumination in well dispersion solution. (b) Scheme of absorption and 

scattering and the extinction spectrum. (c) Scheme energy transfer mechanism.1 
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1.4.1 Inorganic and organic PTAs  

 

Figure 8 Classification of nano photothermal transduction agents.2 

PTAs can generally be divided into two big groups, nanoparticles and small 

molecules, as illustrated in Figure 8. Nanoparticles are composed of organic/polymeric 

materials (e.g., liposomal nanoparticles, PLGA nanoparticles). Inorganic PTAs include 

gold nanoparticles (AuNPs) and carbon nanoparticles. Small PTAs involve porphyrins 

and NIR-responsive dye molecules. 

PTAs can transform the absorbed light energy into heat energy to raise the local 

temperature around the whole tumor area. After ideal PTAs and NIR laser irritation, the 

solid tumor size is reduced to minor damage to normal tissues. PTAs are usually adapted 

between 750 nm to 1320 nm to achieve this goal called a tissue-transparent window. 

Recently, exogenous PTAs have been developed, consisting of inorganic nano-structures 

(e.g., gold nanoparticles and palladium nanoplates)69, carbon material (e.g., carbon 
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nanotubes and graphene oxide), the organic compound (e.g., indocyanine green and 

porphyrin, copper sulfide nanoparticles and transition-metal dichalcogenide nanosheets). 

In general, inorganic PTAs behave with enhanced PCE and higher biocompatibility than 

organic nanoparticles. However, organic nanoparticles own better biodegradability and 

biocompatibility. For different types of nanomaterials, researchers made a great effort to 

improve PCE significantly for photothermal cancer therapy with NIR light and overcome 

the previous limitation by adjusting the nanostructure of PTAs.  

  

1.4.2 Photothermal conversion efficiency (PCE) 

Building a design of photothermal cancer therapy depends on various factors, 

such as the best treatment time, effective radiation dosage, the tumor accumulation of 

different PTAs and PCE of PTAs.2 The laser power intensity will strongly affect the cell 

death mechanism after PTT, and the overdosage of the laser will induce the overheat and 

unexpected death of the healthy tissue. The PTAs’ structure and physical properties are 

strongly related to their time-dependent accumulation inside a whole-body after 

medicated administration. Meanwhile, a non-invasive imaging modality is suitable for 

locating the highest accumulation time point for treatment. Besides, laser light intensity 

gets weaker when the tumor penetration depth increases and lowers the effect of the 

tumor’s local temperature change.70 Therefore, increasing the PCE of the PTAs could 

significantly increase the PTT effect and develop the PTAs agent, which locates in the 

NIR-II window to benefit the tumor penetration. Lastly, the concentration of PTAs in the 

tumor region is crucial for determining the PTT effect.2 Besides, increasing the 

accumulation of PTAs in tumors can increase the effectiveness of PTT treatment. 
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In theory, NIR laser light owns a longer wavelength and more vigorous intensity 

than visible light and thus induces deeper penetration. However, just a moderate laser 

light wavelength could not reach the best outcome for PTT. Researchers need to control 

the proper laser energy to better the PTT effect and minimize health tissue damage.71 PTT 

induces cell death pathways such as apoptosis and necrosis and can be controlled by 

monitoring laser power.52 Moreover, higher laser intensity always leads to necrosis and 

lower laser power induces a higher population of dead cells from apoptosis. In the process 

of necrosis, the cell member will be destabilized and break down to induce the release of 

intracellular contents. The effects of necrosis include primary eliminating cancer cells 

and reducing resistance to PTT.52 Nevertheless, necrosis might weaken the treatment 

performance by triggering a pro-inflammatory response and stimulating the growth of the 

cancer cells. Contradictorily, the integrity of the cell member would be conserved during 

apoptosis. This therapy is related to the mechanism of cell shrinkage, oligonucleosomal 

fragmentation of nuclear DNA, swelling and leaky mitochondrial membrane and 

chromatin condensation.72 The enhanced PTT treatment performance is induced by the 

integrity of the cell membrane. The dying cells would be distinguished and replaced by 

phagocytic cells at a specific time to decrease the undesired inflammatory response. The 

limitations of apoptosis-induced PTT are the resistance similarly seen in chemotherapy 

and radiotherapy.  Considering the difference in biological response induced by different 

applications or therapies, the laser dosage should be changed accordingly.2  

 

PTT is a minimally invasive therapeutic strategy, and most researchers utilize 

thermal cameras to monitor the temperature change in the tumor region. Besides, the 
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thermal cameras could regulate the irradiation dosage and avoid overheating to destroy 

the normal tissues.2 However, those thermal cameras are not enough to generate accurate 

mapping for the whole tumor and minimize overheating for a specific region. The thermal 

camera just monitors the entire process in temperature change of the whole organs, which 

could not reveal the non-uniform distribution of PTAs in tumor and the attenuation of the 

laser light with the increase in the penetration of the depth.2 Thus, it is necessary to reduce 

minor damage to nearby tissues and tissues closer to the surface with overheating and 

massive heat transfer during PTT. The advanced method needs to confirm additional 

regulation on the energy output information from the NIR laser. 

 

The ability of PTAs to transform light energy into heat is described by PCE.2 

Several studies have highlighted the increase of the PCE via different PTAs.73,74 In 

general, just some part of the light energy can be transferred into heat while other 

competing energy is converted into different kinds of energy. The light extinction is 

composed of absorbing and scattering light under laser illumination, as shown in Figures 

7 A and B. The plasmonic PTAs, such as gold nanoparticles, their absorption, scattering, 

and extinction coefficient can be summarised from experimental studies or theoretical 

calculations affected by the particles’ dimension, morphology, and composition.73,74 To 

achieve the enhancement of the PCE, increasing the absorption and decreasing the 

scattering of the PTAs could be a suitable way.73,75 Besides, the excited electrons of the 

PTAs could relax and transfer energy through radiative decay and non-radiative decay 

pathways; radiative decay leads to luminescence emission, part of non-radiative decay 

induces heat generation. In conclusion, to increase the PCE, the better design platform 
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for the PTAs should decrease light scattering and increase light absorption with the energy 

conversion way through nonradiative decay.2 

 

The second factor called molar absorption coefficient represents the PTAs’ 

ability to absorb light.74 For plasmonic NPs, such as gold nanoparticles, their absorption 

would dramatically increase while the illumination light matches their LSPR peaks. Due 

to the urgently needed NIR light in PTT, different research teams have focused on 

investigating NIR-absorbing plasmonic NPs.76 For example, the well-developed synthetic 

techniques produce plasmonic nanoparticles, such as gold nanocages, gold nanorods, and 

gold nanodisks. Those plasmonic nanoparticles with the LSPR peak can be tuned to 

desired wavelengths.77 Both tuning the nanoparticles’ plasmon wavelength and adjusting 

plasmon coupling could increase the absorption of PTAs. For example, Duan et al. 

designed hyperbranched blackbody plasmonic NPs with intraparticle solid coupling.78 

The computer model simulated results revealed that absorption reached 98.5% of total 

extinction. One of the review papers indicates that the absorption of cross-sections of 

plasmonic PTAS is related to their shapes.2 Xia’s research team compared PCE of 

different gold nano-structures, such as gold nanorods, nanocages and nano-hexapods. 

Among them, gold nanocages (AuNCs) performed the highest PCE per Au atom, 

followed by nano-hexapods and nanorods. Generally, the dissipation pathways induced 

by light-emitting material have radiative and nonradiative decay; just part of nonradiative 

decay results in light to heat energy conversion.2 Therefore, encouraging the conversion 

of energy through a non-radiative decay pathway could increase PCE.  
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1.4.3 Targeted strategy for PAI and PTT 

 

 Figure 9 (A) Scheme of the synthesis of PEG coating PLGA nanoparticles 

accumulates in tumor via passive targeting.2 (B) Scheme of accumulation of targeted 

nanoparticles in tumor region by active targeting.3 (C) Scheme of synthesis of Dox 

NPs@ICG@CCC NPs with a cancer cell membrane coating.4 

Another critical factor in achieving PTT is enhancing the delivery efficiency of 

PTAs in the tumor region to achieve a high concentration of tumor accumulation. In 

general, the accumulation of nanoparticles in tumors is related to the EPR effect.   

The impaired lymphatic system induces abnormal tumor blood vessels, and 

extended retention of nanoparticles in tumors accelerates the penetration of NPs.79 

However, many biological barriers restrict the delivery route of NPs to the target site. 
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Those barriers consist of the mononuclear phagocyte system (MPS), which utilizes the 

elevated intratumorally pressure, inducing blood vessels penetration into tumors.80 

The interaction between the NPs and the biological system is strongly related 

to their interface, which influences the in vivo fate of NPs.81 The first part of interacting 

with the biological system is the surface of the NPs, including ligands, coating and charge. 

By utilizing a neutral or slightly negatively charged surface, the NPs have a longer 

circulation time in the body. Besides, the surface coating of NPs is necessary to retain the 

dispersity and biostability of the nanoparticles in a biological medium by the 

mononuclear phagocyte system. Therefore, increasing the surface coating could increase 

the tumor uptake of the NPs. The frequently used stabilizing agent for surface coating is 

Polyethylene glycol (PEG), PEG could provide a steric hindrance to NPs to maintain their 

biological medium dispersibility. Figure 9A shows the notable recent study for self-

assembling of amphiphilic PEG composed of PPV.2 The majority of PTAs, such as MoS2, 

graphene oxide, AuNPs, offer high photothermal performance.82 With a suitable coating 

agent, NPs would not easily aggregate due to the strong ionic strength inducing the 

screening electrostatic repulsion forces in a biological environment.2 The antifouling 

property of PEG is related to their PEG density, affecting blood circulation and 

biodistribution.83,84 Moreover, apart from the PEG, other coatings such as zwitterionic 

ligands have also been demonstrated to act as surface protect ligands for PTAs to increase 

the biostability and antifouling properties.41,85–88 However, there are still limitations 

regarding polyethylene glycol or charged ligands as protecting agents, such as decreasing 

the interaction between nanoparticles and cancer cells. Other selective targeting strategies 

are needed to enhance the PTA’s interaction with higher penetration in the tumor region. 
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Previous research indicates that TME is strongly related to tumor invasion and migration 

to induce multidrug resistance (MDR) against traditional chemotherapy by interrupting 

the activities of harbor p53 and p-glycoprotein.89,90 Various optical nanomaterials have 

been applied to detect tumor metastases91 and for treatment monitoring, such as gold 

nanocluster,92 reduced graphene oxide,93 upconversion nanoparticles,94 small molecules 

dyes95 and semiconducting polymer nanoparticles (SPN).96 However, the accumulation 

of nanomaterials will be blocked by heterogeneous vessel permeability and dense 

extracellular matrix remains an unresolved issue in TME.97 

A polymeric nano-system with a typical core-shell structure is formed by 

embedding a high payload of NIR dyes or drug molecules into the core of polymeric 

nanoparticles to covalently or noncovalently improve blood-circulation time.8 

Poly(lactide-co-glycolide)-b-poly(ethylene glycol) methyl ether (mPEG-PLGA) is one of 

the most commonly used biodegradable amphiphilic block co-polymers (ABCs) for 

hydrophobic drug delivery applications.98 PLGA has worldwide approval as a degradable 

matrix material used in a controlled drug delivery system to enhance the thermal and 

aqueous stability of organic dye and drug molecules.5,6,99,100  

Generally, conventional modification, such as Tween 80 conjugation, 

poloxamers and PEGylation on the PLGA nanoparticles surface with appropriate amount 

can avoid the phagocytic uptake by the reticuloendothelial system (RES).101 Varieties of 

ligands such as peptides102, aptamers,103 antibodies104 and small molecules105 can be 

conjugated on the surface of PLGA nanoparticles to enhance the targeting effect of 

PLGA-based drug delivery system on the tumor sites, which is acknowledged by specific 

receptors overexpresses on cancer cells and binding cancer cells through ligand-receptor 
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interactions. Successful conjugation of different targeted ligands results in the enhanced 

accumulation of PLGA based nanoplatform on the disease site via receptor-mediated cell 

uptake. 

 

Targeting molecules on PTA’s surface could enhance different types of cancer cell 

uptake efficiency of PTAs and increase longer accumulation time and higher uptake of 

PTAs in tumors to reduce damage to normal tissues and improve PTT treatment effect. 

The most common target propose strategies are the usage of antibodies and small 

molecules as conjugation groups. With the high affinity to the integrin of the cancer cells, 

the cell uptake efficiency of PTAs is dramatically increased. For example, Wang et al. 

designed one type of PTA (PFOB@IR825-HA-CY5.5) by encapsulation of perfluorooctyl 

bromide (PFOB) into hyaluronic acid (HA) NPs. Figure 9B shows the nanoparticle’s core 

is conjugated with Cy5.5 and IR 825 on the surface. The obtained PTAs combine PTT 

functions and triple modal imaging.3 Their research result revealed the HA with a high 

affinity to CD44 overexpressed in many types of cancer cell membranes. With the 

conjugation of target molecules, the HA exhibit higher cellular uptakes after one-hour 

incubation by HT-29 cancer cells than HUVEC normal cells. In recent decades, cell 

membrane camouflage was first raised by Zhang et al. Different kinds of surface capping 

ligands can be derived from cancer cells, as shown in Figure 9C, or macrophage red blood 

cells.2,82  

In summary, many efforts have been devoted to rendering the targeting 

molecules for significantly increase cellular uptake of PTAs towards tumor sites. The 

statistics data reveal that targeting ligands increases overall 50% tumor accumulation of 
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nanoparticles compared to different passive targeting ligands published from the previous 

research. Overall, cell membrane camouflage and target molecules could be an advanced 

coating strategy in nanotechnology. 

              

1.5 Gold nanocrystals synthesis techniques and surface modification 

1.5.1 Chemical reduction synthesis mechanisms 

 

Figure 10 Summary of different chemical reducing methods for gold nanocrystal 

synthesis.         

All synthesis techniques belong to two basic nanoparticle preparation strategies 

“Bottom-Up” and “Top-Down” methods,106 as shown in Figure 10. The “Botton-Up” 

generally includes the chemical reduction of gold ions from a solution. Typically, the 

synthesis of AuNPs comprises two major parts, (i) reducing agents, such as citrate, 

borohydrides, sulfites. They will produce Au0, the electric state for nanoparticles from 

Au3+ and Au+ via electron transfer. (ii) use stabilization agents or capping agents and 

surfactants like trisodium citrate dihydrate or sulfur ligands, CTAB. It is possible to avoid 
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aggregation of nanoparticles by imputing a repulsive force to form a metallic precipitate. 

“Top-Down” method generates nanoparticles by shattering from bulk gold, and the 

“Bottom-Up” method involves building up nanomaterials starting from the atomic level. 

The top-down strategy includes physical methods like ion sputtering,107 laser ablation,108 

arc discharge, UV and IR radiation,109,110 aerosol technology.  

In the nanotechnology field, the most used synthesis methods include Seed 

Growth, Turkevich Method, Synthesis with NaBH4, Brust-Schiffrin, Green Synthesis, 

Synthesis by Ascorbic Acid and synthesis using other reducing agents as shown in Figure 

11.111 Nowadays, the fabrication of AuNPs have been developed in different shapes for 

not only spherical AuNPs but also nanorods,112 nanocubes,113 nanocages,114 nanoprisms, 

triangular,115 and hexagonal shaped nanoparticles.116 

 

Figure 11 Summary of different chemical reducing methods for gold nanocrystal 

synthesis.53  

1.5.2 Charge stabilization 

The “Bottom-Up” synthesis technique and the “Top Down” synthetic routes 

require surface ligand treatments for hydrophilicity to meet the demand for biological 
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applications. There are many valuable surfaces for biological conjugations, such as a self-

assembled monolayer (SAM), a ligand shell, and targeted molecules. The following 

diagram summarises different surfaces and strategies for biological conjugations. There 

are mainly two categories for bio-functionalization of the AuNPs, which are charge 

stabilization and steric stabilization. Charge stabilization is induced by salts’ presence, 

modulated by the absorbing charged ligands, such as citrate, on the surface of the gold 

nanoparticles.  Owing to the charge on the nanoparticles’ surface, they repel each other 

against the particle’s aggregation. One promising candidate for protecting agents for 

AuNPs is the alkyl thiols. The thiol molecules form a self-assembled monolayer (SAM) 

on the surface linked to the metal through a thiol-gold bond. Numerous thiolate groups 

can act as ligand shells, attached by place-exchange117 or directly by synthesis.118 

Monolayer protecting can be achieved by a mixture of ligands on a gold surface. It is well 

known that mixed ligands can stabilize nanoparticles with ligands phase into random 

domains.119 

1.5.3 Polymer-stabilised gold nanoparticles 

The coating gold nanoparticles surface reaches the steric stabilization via large 

molecules such as polymers, which prevent them from touching each other by steric 

effects.106 In addition to being a surface coating agent, polymers can stabilize 

nanoparticles by serving as a scaffold to immobilize the nanoparticles that achieve the 

biomedical application of AuNPs in different biological media. Other polymer types are 

essentially a platform for controlling nanoparticles' size, shape, and organization in 

stoichiometric amounts. They convert the bulk surface into a polymer-coated surface via 

a one-step reaction to synthesis very stable gold and silver nanoparticles in aqueous media 
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using polyvinylpyrrolidone (PVP), where it serves the roles of both a reducing and a 

protecting agent. This reaction has a few advantages by changing shape, size, and optical 

properties via various reaction conditions like the PVP/metal precursor ratio.120 Another 

approach is to use block co-polymers for the control of the gold nanoparticle formation. 

The oxidation by block co-polymers produces different morphologies like spheres, rods, 

lamellae, vesicles, and complex aggregates of micelles that can convert the surface into 

nano-sized compartments. 

 

1.5.4 Targeted molecules strategy  

            Active targeted strategy is another surface modification strategy that utilizes the 

ligand’s interaction with the receptors overexpressed onto the tumor cells. Therefore, the 

intelligent ligand should be directly tumor-targeting or targeting the mildly acidic 

TME.121  Two typical examples for active targeted AuNPs are pH-sensitive ligand and 

decoration with PEG and peptides (RGD and nuclear-targeted peptide). The PEG 

interacts with the cell surface to increase the NPs circulation in the bloodstream.122  This 

method is relatively simple because it allows the targeted ligand to react directly with the 

tumor. Still, one should note that the ligand’s hydrophobic part is sensitive to chemical or 

biological microenvironments. Hence, stability at high ionic strength and a variable pH 

environment may be critical for biological applications. 
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1.6  PLGA nanoparticles synthesis technique 

1.6.1 Polymerisation 

           In the most popular polymerization method for forming polymeric nanoparticles, 

the organic solvent dissolving monomers and organic dyes is well dispersed into stable 

and tiny oil droplets with an emulsifier in an aqueous solution added through ultra-

sonification, such as sonication probe. Typically, in the next step, solvent evaporation is 

required to obtain the uniform-dispersed polymeric nanoparticles. In this preparation 

method, the emitters could be either non-reactive or reactive to monomers.  

 

Figure 12 Summary of polymerization methods for polymeric nanoparticles 

synthesis. (i) emulsifier contains monomers and emitters; (ii) sonication to well 

disperse monomers and emitter; (iii) monomer polymerization via initiator to 

fabricate polymer nanoparticles. 5 
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1.6.2 Emulsion 

 

Figure 13 Summary of fabrication of polymer encapsulated organic nanoparticles 

from the emulsion.6  

In other typical methods, emulsions can be divided into three types based on the 

droplets' sizes: macro-emulsion, mini-emulsion, and micro-emulsion. Microemulsion and 

mini emulsion usually are exploited to form nanoparticles size smaller than 500 nm. 

Generally, the homogeneous solution developed by the emitters is dissolved in an organic 

solvent. The typical organic solution used for emulsion is immiscible with water, such as 

ethyl acetate (EA) or chloroform. The organic solvent containing polymer is added 

dropwise into an emulsifier-containing aqueous solution under vigorous stirring or ultra-

sonification. The “oil-in-water” emulsion is produced while the emulsifier stabilizes the 

tiny organic droplets. The organic solvent needs to evaporate under pressure or vigorous 

stirring. The stable suspension of polymer encapsulated nanoparticles in water is formed, 

and the surface of these nanoparticles requires further functionalization with various 

ligands for biomedical usages.  
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1.6.3 Nanoprecipitation 

As this chapter introduced above, nanoprecipitation is different from emulsion 

in the organic solvents as an alternative way for nanoparticle formation. 

Nanoprecipitation requires a solvent such as dimethyl sulfoxide (DMSO) or acetone to 

be miscible with water, and there is no emulsifier addition in the aqueous phase. So, in 

the nano-precipitation reaction, the encapsulation matrix containing drug or dyes with a 

solution of emitters in an organic solvent (e.g., DMSO) is rapidly dropped into a large 

amount of water ultra-sonification. The dramatic decrease in solvent hydrophobicity leads 

to aggregation of emitters and hydrophobic segments of the encapsulation matrix towards 

nanoparticle formation. The polymeric matrix's hydrophilic chains orient into the aqueous 

phase at the outer surface, which is essential for conjugating different functional groups 

for biomedical applications.  

 

Figure 14 Summary of illustration of the preparation of polymer encapsulated 

organic nanoparticles from nanoprecipitation.99 
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1.7  Biological applications based on gold nanocrystals 

         The advance in synthesis, surface modifications, and conjugations techniques has 

provided the opportunity for AuNPs to prove their abilities for future nanoprobe-based 

biological applications. In fact, AuNPs span a spectrum of biological applications; the 

following session will review the recent advances of multimodal bioimaging, 

biodetection assays, phototherapies, and drug delivery. 

 

1.7.1 Biodetection 

       Before reviewing the biodetection systems, it is crucial to clarify the role of detection 

assays. The detection assay is responsible for the readout part in the detection flow; hence, 

the detection assays based on AuNPs sensors include colorimetric, fluorescence sensors, 

and electrochemical. 

 

Figure 15 General picture of the flow of colorimetric sensing detection. (a) 

colorimetric assay based on naked AuNPs.7 
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Figure 15 shows the conventional picture of colorimetric sensing.  Colorimetric 

sensing is simple, fast and usually performed in a liquid phase without a laborious 

washing process.123 Storhoff et al. first designed DNA/RNA-based diagnostics.124 After 

a couple of years, Baptista and coworkers created Non-Cross-Linking Approach as 

illustrated in Figure  15.  The color change of DNA-modified gold probes was detected 

after salt addition. The presence of a complementary target does not allow nanoprobe 

aggregation. The solution retains the original red color; non-complementary/mismatched 

targets allow gold nanoprobe aggregation and the color of solution changing to blue.125 

This strategy is well applied in further clinical usage.126 Colorimetric sensors are also 

used for environmental pollutant detections, such as mercury (MeHg+),127 copper (Cu2+) 

and cyanide (CN-) ions. The presence of these pollutants in water will kill marine and 

ultimately affect human beings. The detection of Cu2+ ions in water has been 

demonstrated using L-cysteine functionalized AuNPs in an aqueous solution. Rhodamine 

B hydrazide is used as a probe to capture Cu2+ ions. Upon exposure to Cu2+, the AuNPs 

solution changes from red to blue due to aggregation formation via a 2:1 sandwich 

complex between L-cysteine and Cu2+. This colorimetric sensor allows a rapid 

quantitative assay of Cu2+ down to 10−2 mM concentration range.128  Therefore, the 

visible color change from red to blue is used as an internal standard for ratiometric 

detection. The benefit for such detection is the remove of environmental factors.  

 

Fluorescence-Based Sensing is well known for its high sensitivity, but tedious 

washing steps are essential to ensure non-contamination. One of the critical principles 

that manifest luminescent bio-detection is called FRET. Commonly known fluorescence 
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resonance energy transfer (FRET)129 was first illustrated decades ago, but it is still widely 

used in biomedical research and biosensing. Generally speaking, FRET is a distance-

dependent process that requires spectral overlapping of the energy donor and quencher 

energy acceptor.130 

 

Figure 16 Schematic energy level diagram of FRET. The donor is the fluorescence 

dye that emits green emission while the acceptor is AuNPs.  

Figure 16 serves as an example to explain FRET using a donor-acceptor FRET 

pair with fluorescent as donor and AuNPs as acceptor. There are two fundamental criteria 

for FRET to occur; the first one is the donor's emission spectrum should overlap with the 

acceptor's absorption spectrum as much as possible. It can ensure efficient energy transfer 

from the donor to the acceptor. Apart from wavelength, the distance between the donor 

and acceptor is another consideration to facilitate FRET.  

  One of the well-known examples is to measure the distance between two active 

sites on a protein. Different proteins have been labeled with suitable donor-acceptor 

chromophores.  The conformational changes have been monitored through the amount of 

FRET between the fluorophores. In this work, the FRET mechanism serves as the 

fundamental for visualizing the virus oligo's presence. The change in AuNP intensities is 

recorded due to the FRET upon DNA oligo hybridization of the probe and target oligo. 
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Figure 17 Schematic illustration of FRET-based DNA detection using AuNPs based 

molecular beacon, showing the conformational changes of 

dye−oligonucleotide−AuNPs conjugates before and after hybridization with the 

target DNA. 

The nucleic acid sensor conjugated with a chromophore acquires a hairpin 

structure on AuNPs and has effective FRET fluorescence quenching. When the target 

DNA forms complementary hybridization, the hairpin structure changes to a rodlike 

structure which inhibits the FRET and thus results in an increase in the fluorescence of 

the chromophore. Dubertret et al. produced AuNPs labeled hairpin and FRET-based 

systems to sense DNA, as illustrated in Figure 17. However, it is essential to note that the 

chosen donor does not need to be fluorescent, like semiconductor quantum dots. As a 

result, this provides additional freedom to design different optical detection systems of 

metal ions, sugars, proteins and DNA.131 

 

 

1.7.2 Multimodal bioimaging 

The inherent imaging modes of AuNPs are photoacoustic imaging (PAI), 
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magnetic resonance imaging (MRI) and X-ray imaging. According to the physical 

properties of the AuNPs, such as strong resonant absorption and scattering characteristics. 

PAI-based gold nanoparticles show advantages over conventional dyes regarding 

chemical stability, photostability and tailored infrared plasmon resonance absorbing 

properties. The tailored infrared plasmon resonance absorbing properties stem from high 

scattering cross-sections of the gold nanoshell, which can be tuned to the NIR spectral 

region between 700 nm and–1100 nm.132  

Functional molecules or groups are conjugated to the AuNPs to form nano 

compositions to meet the great demand for multimodal bioimaging. Additional imaging 

modes, such as positron emission tomography (PET), single-photon emission computed 

tomography (SPECT), ultrasound imaging (USI) and PAI, are combined with the 

fundamental imaging modes to demonstrate multimodal bioimaging.133 Moreover, 

injecting a single contrast for multi-modal imaging can avoid unwanted side effects due 

to multiple contrast agents' injection. 

   The advantages of PAI include high spatial resolution and sensitivity. However, 

the imaging depth is shallow. Hence gold nanoparticle’ contrast-based imaging is an 

excellent option to compensate for such weakness. MSOT offers high resolution, non-

invasive and three-dimensional (3D) structural and functional information. The proof-of-

concept work indicates the potential for further small animal imaging. A critical criterion 

for in vivo imaging application is the protection of the contrast agents; PEGs are stable, 

inert and biocompatible capping agents for most small molecules. Moreover, PEG 

molecules' two ends can be modified with different functional groups for bioconjugation 

and microenvironments adaptations. As a result, the PEG-capped gold nano-shells such 
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as AuNC can be stable even at high salt concentrations and various types of solvents in 

addition to water and also conjugated with different peptides for FRET-based fluoresce 

imaging. PEGs can also passivate the surface by preventing non-specific binding to 

molecules and increasing circulation time in the blood circulation system by masking the 

AuNCs to the immune system. Liu et al. reported a PEG-modified AuNC with MMP2 

peptide targeting function to image U87MG subcutaneous tumor. Apart from the imaging 

results, the role of target function of MMP2 peptide is shown: the PAI contrast at the 

tumor is significantly enhanced compared to the imaging results of bare PEG-modified 

AuNCs. The clearance pathways of the AuNCs are excretion and urination after 14 days 

of circulation.15 

 In addition to bimodal PAT/Fluorescence systems, low-to-middle X-ray photon 

energy can be used to the AuNPs for X-ray and CT imaging.134 These imaging modes are 

established in the hospitals to reveal the organs' functional information at lower patient 

doses, with better sensitivity and reasonable specificity. From the above discussion, one 

should realize the significance of clearance after bioimaging despite the number of modes. 

Naked surface AuNPs and AuNCs are highly unstable to the tumor region because of their 

surface plasmon property. After PEGylated modification, the stability increases 

significantly to an acceptable level. In summary, surface passivation and shell capping 

techniques are essential to improve biocompatibility and facilitate the efficient clearance 

of the injected gold nanoprobes from the in-vivo model.  

In general, ligand-coating and polymer shell capping of AuNPs and AuNCs have 

been shown to improve the biostability in numerous proof-of-concept AuNPs, AuNCs 

and related composite structures. Chang et al. present their in-depth in vivo distribution 
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and cytotoxicity of AuNR/DOX/poly (lacticco-glycolic acid) (PLGA) nano complexes 

using a mouse model. After injecting 15 mg/kg of AuNR/DOX/poly (lacticco-glycolic 

acid) (PLGA) nano-complexes, they are absorbed and accumulated at the spleen and liver. 

The body weight, histological, hematological and biochemical analysis are used as the 

standard to survey the toxicity in a week.135 In another study, polyetherimide-conjugated 

PEGylated AuNCs ternary nano-complexes (PPHGNCsTNCs) are used for fluorescence 

and photoacoustic tomography imaging.  

The Fluorescence imaging/PAI suggests the long retaining time of 

PLGA/AuNCs/EGCG  in the liver in an orthotopic mouse model.136 In a  more recent 

study, gold nanocages (AuNCs) and gold nanoclusters (AuClusters) are integrated with 

one nanosystem for fluorescent and optoacoustic tomography imaging. Furthermore, they 

show that the polylysine-modified AuNCs (AuNCs–LA–PLL) are cleared via metabolism 

in the liver and spleen after 24 hrs. They estimate the AuNCs in tumors last for more than 

12 hrs. The above discussion shows the AuNPs or AuNCs can be effectively retained in 

tumors and cleared from the in vivo model by PEGylation, PLGA or ligand 

modification.19 

. 

1.7.3 Photothermal therapy and drug delivery  

Different interesting properties of functionalized AuNPs achieve various 

biomedical applications. Specifically, their in vitro and in vivo experiments have 

investigated the targeted therapeutic application, with several imaging modalities based 

on the strong resonant absorbing and scattering characteristics.137 Hyperthermic therapy 

is one of the highly localized photothermal heating ways upon laser illumination, causing 
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tumor cell death that could be exploited by the resonant absorbing properties of metallic 

nanoparticles. Nowadays, the main challenges in cancer therapy are related to the 

following fields: (i) understanding the mechanism of occurrence of cancer, (ii) early 

detection of cancer and (iii) effective treatment with fewer side effects. Various 

approaches are being investigated for nanotechnology-enabled cancer diagnosis and 

treatment, utilizing the most popular optical properties.138 

The AuNPs absorption is not only for biomedical imaging and diagnosis purpose 

but also for triggering therapeutic systems.  According to most drug delivery systems, the 

term “active” represents the stimuli-responsive systems responsive to external stimuli, 

such as temperature, pH, and light.139 For example, Wu et al. present the hollow structured 

gold nanocages (AuNCs) with gold nanoclusters (AuClusters) and optical properties as 

drug carriers.  The hollow structure enables a high loading capacity for the anti-cancer 

drug (EA–AB). The AuCluster@BSA exhibits a pH-dependent drug release profile, in 

which the drug release is monitored by fluorescence imaging.19  

 Apart from controlling the release, the AuNCs can perform therapeutic functions 

by conjugating with some light-responsive species. Phototherapy comprises two main 

types, photothermal therapy (PTT) and photodynamic therapy (PDT).140 The former 

relies on heat generation to kill cancer cells, while the latter depends on the generation of 

reactive oxygen species (ROS) to increase cytotoxicity leading to cancer cell death. NIR 

triggers the phototherapy process, and the AuNC@MnO2 generates a massive amount of 

oxygen to boost the PDT effect of AuNCs nanoparticles.140 

Increasing the PTT efficacy for destroying tumors, the clearance of stimuli-

responsive gold materials-based PTT agent is also an important issue. Alternatively, other 
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metals can be post-deposited on the surface of AuNCs to monitor the clearance process. 

For example, radioactive 64Cu can be incorporated into walls of AuNCs through seed-

mediated growth with co-reduction of HAuCl4, CuCl2, and 64CuCl2 in the presence of 

AuNCs. The concept of the stimuli-responsive system is also applied in an advanced PTT 

scheme. They also utilize the PET ability of the Cu2+ ions-doped CNCs to monitor the 

PTT process.141 

On the other hand, NIR laser radiation activated  PTT and matches the absorption 

range of AuNCs. Upconverting nanoparticles (UCNP), gold plasmonic nanoparticles and 

silver nanoparticles are well known for demonstrating photothermal properties. The use 

of gold plasmonic nanoparticles as highly enhanced photo absorbing agents has 

introduced a much more effective therapeutic strategy for the preclinical application 

called plasmonic photothermal therapy (PPTT).  

PPTT utilized the changeability of gold plasmonic nanoparticles' size and 

photothermal properties, indicating more feasibility to conventional treatment methods. 

The most effective absorption maxima of gold nanoshell structures are tuned to 800 nm 

to match NIR laser of about 50 -100 nm and gold shell with thicknesses of about 4-8 

nm.142 Localized heating effect occurs in the cancer cells upon 800 nm laser excitation. 

In addition to PTT, AuNCs are a new nanomaterial class for multimodal synergistic 

photodynamic/photothermal/chemotherapy platforms. Wang and co-workers combined 

the PDT and PTT effect by fabricating AuNCs based composite consisting of 

photosensitizers for PPT/PDT, creating local hyperthermia and PTX chemotherapeutic 

agent. The combined PTT/PDT/Chemo strategy shows a synergistic effect to improve 

therapeutic efficacy.143 
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A more advanced and intelligent system exhibits a dual response to controlling 

the release of anti-cancer drugs in later work, as reported by Chen et al. Especially, 

AuNCs/PCM system has been used for controlling the release of calcium chloride (CaCl2) 

into cancer cells and thereby triggering cell death upon near‐infrared (NIR) irradiation.144 

Moreover, in the PCM (phase-changing materials) system, brushes of poly(N-

isopropylacrylamide) or its derivatives, a type of thermally responsive polymer 

conjugated with AuNCs via gold–thiolate chemistry could block the pores in the walls 

and keep the payloads inside the cavity. Under laser radiation, the polymer possesses a 

structure change at high temperatures. The swelling and de-swelling state of the 

copolymer can control the release of the drug at tumor sites.145 

1.8 Biological application based on PLGA platform. 

1.8.1 Combinatorial therapy  

The combinatorial therapy based on the PLGA nano platform is a promising 

approach used for anti-cancer treatment. More than one anti-cancer therapeutic agent 

would be deployed into cancer therapy incorporation and drug delivery together. This 

strategy has been developed as a response nanoplatforms for controlled drug release.146  

The flexibility of different formulation methods can optimize and scale up the 

synthesis parameters to form multiple functional delivery systems with low toxicity and 

high therapeutic effect. The represented therapeutic agents can be loaded individually 

onto PLGA nanocarriers either by covalent conjugation or encapsulation to the polymer 

or the lipid precursor prior to the self-assembling step.147,148 On the other hand, in the 

covalent conjugation, the anticancer drug be electrostatically adsorbed on the 
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polymer/lipid shell. In contrast, different types of medicine are entrapped inside the 

PLGA nanoparticles’ core. Arya et al. have designed combinatorial other chemo drugs 

into one system by covalently conjugating Gencitabine and Paclitaxel via hydrolyzable 

linkers. In the delivery process, the conjugated linkers have been hydrolyzed to release 

individual Gencitabine and Paclitaxel upon reaching the pancreatic cells. The 

combinatorial drug system has led to a dramatic increase in the cytotoxicity of the chemo 

drug.149 

The past decades have witnessed nanomaterial‐based photothermal therapy 

(PTT) emerging as an alternative to solid tumor clinical practice. PTT presents non-

invasive, non-destructive, and non-ionizing features compared to other treatment 

strategies against the malignant tumor. Nevertheless, monotherapy of PTT cannot 

eliminate the whole tumor due to its recurrence and distal metastasis.150 

In recent years, cancer therapy combined with PTT and chemotherapy in the 

polymer system has attracted widespread attention due to its capability to maximize the 

effect of curing disease. In 2015, Fang et al. developed magnetic PLGA microspheres that 

contained DOX (DOX-MMS) for combined chemotherapy and hyperthermia. In an 

animal experiment, the co-workers revealed that DOX-MMS treated with hyperthermia 

showed effective tumor inhibition effect in the breast cancer tumor model (4T1).151  

 

1.8.2 Theranostic therapy: diagnostic + therapeutic  

Theranostics is the combination of effective diagnosis and therapy for 

nanoplatform. Theranostics shows the trend of nanomedicine developed for personalized 

imaging and multiple nanomedicine platform to increase anticancer treatment. Successful 
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treatment plan applies appropriate drug dosage to the target area at the right time by 

molecularly imaging the evolution of the whole disease process while monitoring the 

real-time therapeutic efficacy.  

            The proper intelligent combination of diagnosis and therapy in nanomedicine has 

been widely studied and evaluated to minimize undesirable and maximize therapeutic 

effects.152 To design a safe, biocompatible, easy-fabrication nano platform, poly(D, L-

lactic-co-glycolic acid) (PLGA) acting loading agent to encapsulate small drug and small 

dye molecules as imaging agents in the drug delivery system.  The utilization of PLGA-

based nano platform for remotely triggered cancer therapy is composed of ultrasound-

triggered, photo-triggered and magnetic field-triggered cancer therapies. Photo-triggered 

cancer therapy is one of the most popular theranostic strategies for solid tumor ablation. 

The photo-triggered system includes PDT, PTT and photo-triggered controlled release of 

chemotherapy drugs.  

             PAI has been extensively employed in diagnosis systems due to its high-

resolution in-depth tissues endowing PLGA-based nano-platform to locate the tumor 

region and apply PDT and PTT simultaneously to achieve effective treatment outcomes. 

This work can combine two separate processes into one, such as combining the clinical 

diagnosis of cancer and anti-cancer treatment when utilizing one nano-system. A 

multifunctional nano platform with diagnostic PAI could trigger the best time to treat 

diseases. The entire process of chemotherapy will be monitored in real-time to ensure the 

most effective delivery. 101 
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1.8.3 Targeted PLGA nanoparticle 

Targeted drug delivery aims to accumulate the therapeutic agent at the site of 

interest to increase therapeutic efficacy, lower drug dose and side effects. Passive 

targeting via the EPR effect has been widely utilized in PLGA nanoparticles for tumor 

targeting. Due to the abnormal architectures and impaired functional regulation of tumor 

blood vessels, this effect is the hallmark of solid tumor vasculature. It is related to the 

selective transport of NPs into the tumor.  

Targeted drug delivery has abundant potential in cancer chemotherapy. Most of 

the anti-cancer drugs are non-specific and cause damage to normal tissues. Utilizing 

targeting vector molecules is one of the most common strategies for targeted cancer 

chemotherapy. Fortunately, iRGD follows a multistep tumor-targeting process to assists 

NPs to penetrate/accumulate on tumor sites with a high affinity to breast cancer cells.153 

The most excellent participation of active targeted therapy in polymeric nano-system is 

to apply the foremost biocompatible therapeutic agent to the targeted cancer cells, ensure 

the drug exposure to this tissue, and minimize the side effect on normal tissue. The 

targeted strategy would significantly increase effective drug delivery to reduce the dosage 

of chemotherapy medicine. 

            In conclusion, the PLGA nanoparticle-based drug delivery system has been 

reviewed and discussed; most of them are still in preclinical studies and still need to 

overcome long-term biosafety obstacles as a reliable approach for tumor diagnosis and 

therapy in a non-invasive manner.  To maintain the reproducibility and large-scale 

formation of the nanoparticles, it will need to further develop a reliable fabrication 

method in the simple and low-cost way for tumor therapy and provide high drug loading 
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capacity of PLGA-based nano platform.  

 

1.9 Motivation of research 

The above introduces a non-invasive diagnosis and therapy study using 

nanomedicine. Fabrication of biodegradable and biocompatible nanomaterials has paved 

the way for developing noninvasive diagnosis and therapy, which are beneficial to the 

biomedical field by providing an alternative for rapid, simple, and non-invasive diagnosis 

and treatment processes for cancer patients. Based on a previous study, this thesis aims 

to expand and improve the design of targeted nanoprobe for theranostics by ligand 

modification or encapsulation into PLGAs and labeled targeted peptides, allowing long-

term retention and in vitro/ in vivo tracking for potential pre-clinical usage.  

 

 

 

- To optimize gold nanoparticles, fabrication is used as contrast agents, which could 

shift in NIR range via particles aggregation upon NIR laser’s radiation acidic 

environment to transfer into an acoustic wave.  

- A polymeric nano platform is applied as activatable probes for in vivo spectral 

unmixing and therapeutic agents of PTT. This work aims to utilize Croc770 and Croc815 

dyes encapsulated PLGA NPs to deconvolute acoustic signals from an individual.  

- Optimize the PLGA formulation to load various therapeutic agents and the PLGA 

carriers' functionalization for theranostics. This work aims to formulate PLGA NPs 



  

              

 

 Page 49 

 

to improve tumor accumulation and increase EGCG loading and AuNCs in one 

system. 
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2. Methodology 

            This chapter will describe the routes for synthesis and modifications of AuNPs, 

AuNCs and PLGA nanoparticles for non-invasive biomedical imaging and cancer 

treatment. The inorganic synthesis is straightforward, non-toxic, and requires no post-

synthesis treatment for hydrophilic AuNPs and AuNCs with regular morphologies and an 

exciting high coefficient. However, surface ligand engineering is needed for 

hydrophilicity and targeting. Polymeric nanoparticles have been characterized by 

incorporating tunable functionalities and increased capacity to load various small 

molecules. Moreover, different small molecules with varying hydrophobicity could be 

encapsulated into PLGA NPs to provide a synergy of combination therapy. After that, a 

series of characterizations were performed to evaluate the modified PLGA nanoparticles' 

physical and chemical properties prior to PAI and drug delivery. 

 

2.1.1 Turkevich method  

The one-step reduction synthesis of spherical AuNPs are obtained from the 

reaction of hydrogen tetrachloroaurate(III) (HAuCl4) in DI water with trisodium citrate 

as golden method frequently used since 1951.156,157  In this method, HAuCl4 was used as 

gold ions forms and then a solution of trisodium citrate dihydrate was used as an anionic 

source for the formation of the AuNPs. The rational choice of surfactant was essential 

because it determined the surface and controlled the size of the AuNPs. As illustrated in 

Figure 18, HAuCl4 was heated up to 100 °C trisodium citrate dihydrate solution was 

rapidly added into a round bottle flask under vigorous stirring. After 1 to 3 mins, the color 
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first changes from blank to wine-red. The reduction reaction was completed within one 

hour then colloidal suspension of gold was obtained with the size around 10 to 15 nm. 

The stabilization ligand,16-mercaptohexadecanoic acid (16-MHDA), was chosen 

because it would not interact with the substrate and facilitate immobilization. To improve 

the morphology, targeted efficiency and biocompatibility of AuNPs, AuNPs were surface 

modified by the self-assembled monolayers with a mixture of 4-(2-(5-(1,2-dithiolan-3-

yl)pentanamido)ethylamino)-2-methyl-4-oxobut-2-enoic acid (LSC) and cyclic RGDyK 

peptide conjugated 16-mercaptohexadecanoic acid (c(RGDyK)-MHDA) for tumor-

targeted PA imaging. The “smart” ligand LSC bears a dithiol with one end attached to the 

AuNPs while the other contains a pH-responsive citraconic amide. The pH-responsive 

active tumor-targeting c(RGDyk)-MHDA/LSC@AuNPs nanoprobe was obtained with 

proper surface ligand composition to evaluate the effect of nanoparticles’ aggregation for 

in vivo photoacoustic imaging in chapter 3. 

 

 

Figure 18 Photographs of the one-step AuNPs synthesis. Part two illustrates the 

surface modification of AuNPs.  

 



  

              

 

 Page 52 

 

2.1.2 Template-engaged galvanic replacement   

The template-engaged galvanic replacement reaction provides a simple easy and 

reproducible method for preparing hollow nanostructures of noble metals including Pd, 

Pt or Au based on silver nanoparticles as templates.158 According to previous literature, 

gold nanocages (AuNCs) were prepared by reducing HAuCl4 on the silver nanoparticle 

framework with some modifications.159 The galvanic replacement reaction will occur 

when silver nanoparticles are titrated with HAuCl4  aqueous solution. In theory, 

AuCl4
− oxidizes silver nanoparticles to AgCl attributes to the standard reduction potential 

of the AuCl4
− /Au (0.99 V) higher than AgCl/Ag (0.22 V). Au atoms can grow on the 

surface of the Ag template according to the shared face-centered cubic structure. 

2.1.3 Emulsification and nanoprecipitation technique   

In anti-cancer drug delivery, polymeric nanoparticle preparation techniques have 

got an emerging research interest in nanotechnology. Among all biodegradable synthesis 

polymers, poly-DL-lactic-co-glycolic acid (PLGA) is one of the most common materials 

in achieving tunable functionalities in biomedicine and increasing the biocompatibility of 

a biological system. When encapsulating hydrophobic compounds, the most widely used 

technique is a solvent displacement or nanoprecipitation. 

The emulsification technique will utilize the emulsion between volatile non-

water miscible solvents, such as dimethylformamide (DMF), chloroform and an aqueous 

solution for example, polyvinyl alcohol (PVA) as dispersing agent. under strong shear 

force.  The method is commonly applied to encapsulate one or more hydrophobic 

compounds; the whole process evaporates a mixture of a volatile non-water miscible 
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solvent and water-miscible solution. In comparison, the nanoprecipitation technique 

recognized as a valuable and versatile strategy for miscible solvents and nanoparticles' 

formation will be completed in one simple step. The advantages of nanoprecipitation 

include simplicity of its procedure, good reproducibility, and low reproductivity cost. 

 

 

 

Figure 19 Photographs of the one-step PLGA polymeric nanoparticles synthesis 

under sonication via ultrasound probe.  

           The synthesis protocol was followed by the well-known method in this project, 

emulsification-solvent evaporation.160,161 MAL-PEG-PLGA nanoparticles for Croc dye 

were synthesized by the single emulsion. The MAL-PEG-PLGA (40 mg) and 20 mg Croc 

dye were dissolved in 200 ul chloroform. Then prepared dispersion with a constant flow 



  

              

 

 Page 54 

 

rate of 1 ml/hrs to add into 20 ml 1% PVA under probe sonication. (TELIN.CHINA) The 

resulting solution was stirred for 30 mins at room temperature and transferred into 

ultrafiltration (MWCO 3000 da) and centrifuge at 14000 rpm for 15 mins three times, 

which resulted in the final final result MAL-PEG-PLGA/Croc Nanoparticles. The final 

nanoparticles were dried using a freeze dryer overnight to calculate the percentage of drug 

loading and entrapment efficiency.  

The percentage of drug loading and encapsulation efficiency was calculated 

using the well-known formula discussed in Chapter 4. 

 

2.2 Characterization techniques 

 Different characterization techniques investigated the optical, morphological, 

phase and surface properties of the as-prepared AuNPs. The surface characterization part 

played an essential role in the work because the ligand and targeted peptide's conjugation 

onto the surface of the AuNPs determined the photoacoustic imaging system's 

functionality. 

 

2.2.1 Electron microscopy 

Transmission electron microscopy (TEM) is essential to reveal the size, phase and 

compositions. TEM (JEM-1210, JEOL Ltd., Tokyo, Japan) were used to study the 

morphologies of AuNPs and PLGA NPs. The high voltage electron beam strikes on the 

carbon grid with AuNPs to give different secondary signals, such as transmitted electrons, 

diffracted electrons and X-rays. The transmitted electrons are used to observe the 
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morphologies of the AuNPs while the diffracted electrons interact with the samples to 

give electron diffraction patterns. The patterns are analyzed to confirm the crystalline 

structures of the AuNPs. The energy dispersive X-ray mode in TEM utilizes X-ray 

transitions in elements to reveal the type and atomic ratio of different doped ions in the 

AuNPs or PLGA NPs. TEM samples were prepared by placing and drying one drop of 

the corresponding AuNPs or PLGA NPs dispersion on a copper grid at room temperature. 

On the other hand, scanning electron microscopy (SEM) can provide 3D 

information of the composite samples. The magnification and resolution are inferior to 

TEM because of relatively low accelerating voltage. The scanning electron beam strikes 

on the pieces to give a secondary electron signal for imaging; the scan speed determines 

the results' quality and detail. However, it should be noted that prolonged scan time leads 

to charge up and destruction of samples. 

 

2.2.2 Ultra-performance liquid chromatography-tandem mass spectrometry 

(UPLC-MS) 

The working principle of UPLC–MS is called the van Deemter principle. It 

means the flow rate of smaller particles is much faster than large particles and unfolding 

the correlation of flow rate and plate height.162 Agilent 1290 UHPLC-Agilent 6540 

QTOF-MS (Agilent SB-C18 RRHD column, 1.8 um, 2.1x100 mm). The c(RGDyk) mass 

properties-MHDA and hybridized samples were measured in Electrospray Ionization 

Triple Quadrupole Mass Spectrometer. This system is most suitable for quick 

characterization of synthetic chemical compounds as shown in Figure 19. The parameter 

setting of the UPLC-MS machine is acquisition m/z range: 100–3000, fragmentor V, was 
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set as 175 V; the flow rate was applied to 0.3 ml pre minutes during the whole process.  

 

 

Figure 20 Photographs of Agilent 6460 liquid chromatography-electrospray 

ionization triple quadrupole mass spectrometer. 

 

2.2.3 DLS and zeta potential () 

Although FTIR can reveal organic groups' presence, it cannot indicate the 

surface charge of the functionalized AuNPs. Zeta potential () can be used for the 

measurement of the surface charge properties,  is defined as the charge on the particle at 

the shear plane (Figure 14).163 The parameter reflects the nanocrystals' colloidal stability 

in a particular solvent; hence, the measurements can help understand dispersion, 

aggregation, and flocculation. The surface charges of the functionalized AuNPs are 

essential for further conjugations and the implication of successful conjugations. For 

example, the conjugation of c(RGDyK)-16MHDA ligands onto the citrate AuNPs 

resulted in a stark change of negative to bare negative surface. DLS (dynamic light 
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scattering) yields the mean diameter and the polydispersity index (PI), measuring the size 

distribution width.  

 

Figure 21 Schematic representation of ξ. (Horiba, SZ-100 Brochure) 

 

2.2.4 UV-Vis spectroscopy 

The absorption property of the contrast agent for PAI is critical for facilitating 

the NIR absorption for optoacoustic signals in deep tissue. As a result, the UV-Vis 

spectroscopic technique was chosen to evaluate the absorption properties. UV-Vis 

absorption spectroscopy is the measurement of the attenuation of light after it passes 

through the sample. The light source's wavelength was selected by a monochromator and 

subsequently absorbed by the measuring sample; the absorbance at a specific wavelength 

manifested the absorption spectra for analysis. The absorbance was used to calculate the 

concentration of the number of molecules or particles in the sample by using Beer-

Lambert’s Law, 
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A=εcl  (1) 

 

A is the absorbance, ε is the extinction coefficient, c is the concentration of molecules or 

particles in the sample, and l is the cuvette's optical path. 

 

2.2.5 PA instrumentation 

  Biomarker research contributes photoacoustic imaging to simultaneously 

visualize and differentiate multiple species according to their unique absorbance profiles 

and validate treatments. For the Vevo system, using exogenous contrast agents can be 

visualized deep tissues living animals in 2D or 3D with resolutions. PA intensity and two-

dimensional photoacoustic image (PA mode) and two-dimensional ultrasound image (B 

mode) images were acquired with a Vevo LAZR Photoacoustic Imaging System (Vevo 

VisualSonics). Table 1 summarized the main features and technological Superiority of the 

Vevo LAZR system. The Transducer LZ250 (21 MHz) would apply both different animal 

models to view for better orientation & to see larger structures via 3D Imaging & Volume 

Analysis.
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Figure 22 Photographs of the Vevo LAZR high-frequency ultrasound platform.  

 

 

 

 

 

 

 

 

 

Table 1 Overview of Vevo LAZR PAI system 
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2.2.6 Multi-spectral optoacoustic tomography (MSOT)  

           Multi-spectral optoacoustic tomography (MSOT) is a novel imaging technique 

composite of NIR laser and a multispectral optoacoustic tomography scanner (iThera 

Medical).  In theory, short pulses generate ultrasound pressure, less than ten ns of light 

from a NIR tunable oscillator laser in the optical spectral range (680- 950 nm). The 

spherical array transducer simultaneously detected the optoacoustic induced signals with 

128- elements upon 10 MHz detection bandwidth (Figure 23 A). During the in vitro and 

in vivo experiment, the light penetrates through a flexible and open-architecture system. 

For the whole-body (includes live, spleen and kidneys) imaging, both the transducer and 

the animal were merged into a water tank to enhance the propagation of the 

optoacoustically- produced pressure waves.  The animals were scanned with a step size 

of 0.3 mm. 680, 700,720, 750, 780, 800 nm and 900 as the background was chosen in the 

in vivo experiment. Whole tumor imaging in cross-sectional MSOT images provides 

increased frame rates, superb contrast, and unrivaled detail resolution. A wider field of 

view and linear spectral unmixing was proposed to separate individual signals from 

exogenous contrast agents and endogenous contrast agents. 

          In the data processing part, a standard back-projection algorithm reconstructs 

individual image frames for the above illumination wavelength. Images obtained from 

multiple wavelengths were then analyzed with a traditional linear unmixing method to 

estimate the distribution of oxygenated hemoglobin (Oxy) and deoxygenated hemoglobin 

(DeOxH) as well as the oxygen saturation (sO2).164 
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Figure 23 (A) Photographs of the MSOT imaging platform (iThera Medical). (B) 

Imaging workflow: user-friendly animal preparation followed by fully automated 

data acquisition. 
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The MSOT inVision is a novel optoacoustic imaging system for small animal 

imaging. It acquires cross-sectional images, with high resolution, in vivo and in real-time. 

The outstanding property of the MSOT InVision to visualize and quantify optoacoustic 

contrast throughout the whole animal, from head to tail, makes it a very attractive choice 

for many scientists. Optionally, ultrasound computed tomography can add further insights. 

Figure 23 B illustrates the custom-design station for animal preparation including the key 

elements are an injection pad and an animal holder that allows repeatable positioning and 

anesthesia supply. Following the positioning of the animal, the animal holder is inserted 

into the imaging chamber of the water. The MSOT inVision software then facilitates fully 

automated image acquisition. Table 2 Table 1 summarized the main features and 

technological Superiority of the MSOT InVision system. 

 

 

 

 

 

 

 

 

 

 

Table 2 Overview of MSOT InVision system 
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2.2.7 Laser-Induced Heat Generation Study 

The photothermal conversion efficiency of PLGA/Croc and PLGA/AuNCs was 

determined according to previous literature.165 To measure the photothermal performance, 

NPs were irradiated by NIR laser (808 nm, 1.0 W/cm2, 5 min) and a thermal imaging 

camera (FLUKE Ti450) was applied to take thermal images. 

The detailed calculation was given as follows:  

Based on the total energy balance for this system: 

QNPs is the photothermal energy input by PLGA/Croc or PLGA/AuNCs: 

𝑄𝑁𝑃𝑆 = 𝐼(1 − 10−Aλ  ) η                         (2) 

where I is the laser power, Aλ is the absorbance of PLGA/Croc and PLGA/AuNCs at the 

wavelength of 808 nm, and η is the conversion efficiency from the absorbed light energy 

to thermal energy. 

Qs is the heat associated with the solvent's light absorbance measured independently to 

be 25.2 mW using pure water without PLGA/Croc and PLGA/AuNCs.  Qloss is thermal 

energy lost to the surroundings 

𝑄𝑙𝑜𝑠𝑠 = ℎ𝐴ΔT                                          (3) 

where h is the heat transfer coefficient, A is the surface area of the container, and ΔT is 

the temperature change, which is defined as T-Tsurr 

At the maximum steady-state temperature, the heat input is equal to the heat output 

Qs+ QNPs= Qloss= hAΔT                           (4) 

𝛈 =
𝒉𝑨𝜟𝑻𝒎𝒂𝒙 − 𝑸𝒔

𝟏(𝟏 − 𝟏𝟎−𝑨𝝀  )
 

In the above equation, Equation 4, the unknown factor is hA for calculation. To get the hA, 
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it needs to introduce θ, which is defined as the ratio of ΔT to ΔTmax 

𝛉 =
𝚫𝐓 

𝚫𝐓𝐦𝐚𝐱
  (5) 

Equation 5 indicated the linear time data from the cooling period vs –lnθ to get hA. By 

substituting hA value into Equation 1, the photothermal conversion efficiency (η) of 

PLGA/Croc and PLGA/AuNCs can be calculated.  

2.2.8 Inductively coupled plasma mass spectrometry (ICP-MS) 

 

 

Figure 24 Photographs of the Agilent 7500 series of inductively coupled plasma mass 

spectrometer (ICP-MS). 

ICP-MS is used to analyze samples via inductively coupled plasma. The 

ionization source for ICP-MS can fully decompose a sample into its constituent elements 

and transforms those elements into ions. This work mainly utilizes ICP-MS to the 

concentration of gold. The gold concentration in the solution of each gold nanoprobe was 

determined using an Agilent 7500 series of ICP-MS. Prepare the working Au standard 

solution 0.5,1,2, 5, 10, 20, 50 ppb with indium as internal standard.   
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3. pH-responsive targeted AuNPs for in vivo PAI of tumor 

microenvironment  

3.1 Introduction 

Tumor growth and metastasis are angiogenesis-dependent. Overexpression of 

integrin αvβ3 in angiogenic vessels and various malignant human tumors suggests the 

potential of suitably labeled nanoparticles of this adhesion receptor is an emerging 

approach in the anti-cancer field. Unfortunately, current methods in biomedical imaging 

have the problems of invasiveness, poor resolution and low specificity. This chapter 

designs a way to endow gold nanoparticles with aggregation behavior induced by pH 

tuning and extracellular matrices such as cancer cells for PAI to address this obstacle. The 

two additional thiol acts conjugate molecules on a gold nanoparticle surface ~13 nm in 

diameter, reacting as a pH-responsive agent for PAI in preclinical animal tumor models. 

Due to the presence of coupled plasmon modes. Size-dependent and shape-dependent 

optical properties of cyclic arginine-glycine-aspartic acid tripeptides 

(c(RGDyk),(c(RGDyk)-MHDA/LSC@AuNPs produce a spectrally distinct aggregation, 

resulting in a red-shift of the absorption of c(RGDyk)-MHDA/LSC@AuNPs to red and 

NIR for PAI. c(RGDyk)-MHDA/LSC@AuNPs exhibits selectivity for high expression of 

αvβ3 integrin in U87MG cancer cells. Therefore, investigation of the U87MG tumor-

bearing nude mice with the smart nanoprobe intravenous administration reveals PA 

imaging contrasts almost 3-fold higher than for the control group. Collectively, 

quantitative results showed that 9.7 g/g of nanoprobe accumulated in the U87MG tumor 

4 hrs after injection to reach the peak level compared to other main organs. Highly 
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accumulating in cancer cells, it exploits stimuli-responsive activated PA imaging to 

achieve long-term cancer therapy stability. By far, this study is the first to describe an 

effective strategy with pH-responsive active tumor-targeting ligands for forming a new 

generation of intelligent and targeted contrast agents with high efficiency for PAI and 

PAI-guided therapy for cancer diagnosis and treatment.  

3.2 Fabrication and optimization of c(RGDyk)-MHDA/LSC@AuNPs 

3.2.1 Synthesis of LSC ligand 

Firstly, N-(2-aminoethyl)-5-(1,2-dithiolan-3-yl) pentanamide was formed as a 

product, (±)-α-Lipoic acid (500 mg, 2.42 mmol) was dissolved in anhydrous chloroform 

(5 mL). 1,1- carbonyldiimidazole (700 mg, 4.31 mmol) was added to the solution and 

stirred for 15minutes in an ice bath. Then, Ethylenediamine (1.2 mL, 16.7 mmol) was 

added to the solution quickly. The solution was stirred in an ice bath for 30 minutes and 

40 minutes more at room temperature. The crude product was diluted with 30 mL by 

chloroform and washed with 15 mL of 10% NaCl solution three times and 10 mL of water 

twice. Then it was dried with Na2SO4 and the chloroform was removed. The purified 

product, yellow viscous liquid, was obtained with a yield of 69% (420 mg). 

Secondly, the purified product 1 shown in Figure 25 A (~420 mg, ~1.7 mmol) 

was dissolved in 5mL of anhydrous chloroform. Citraconic anhydride (0.30 mL, 3.4 

mmol) was added to the solution and stirred overnight at room temperature. Product 2 in 

Figure 25 A as 4-(2-(5-(1,2-dithiolan-3-yl)entanamido)ethylamino)-2-methyl-4-oxobut-

2-enoic acid was collected and washed by chloroform, and the yellow-powder fine 

product was obtained. The yield was 63% (390 mg). Lastly, the LSC ligand was the final 
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product; product 2 (10 mg, 28 mol) was dissolved in NaOH solution (pH=13.3, 500 L). 

NaBH4 (3 mg, 81 mol) was added to the solution. It was stirred for 45 minutes, the color 

of the solution turned to colorless form pale yellow. Finally, the product 2 ligand was 

dissolved in NaOH solution (pH=13.3, 500 L) to form the LSC ligand. It was stirred for 

45 minutes, the color of the solution turned to colorless form pale yellow. The colorless 

LSC solution was used to modify the AuNPs directly without further purification. 1H-

NMR (400MHz, D2O with 0.5M NaOH): δ1.23-1.37(m, 2H), 1.45-1.67(m, 4H), 1.84(s, 

3H), 1.75-1.97(m, 1H), 2.07-2.17(t, 2H), 2.29-2.42(m, 1H), 3.00-3.15(m, 2H), 3.18(s, 

4H), 3.48-3.62(m, 1H), 5.44(s, 1H). 

 

3.2.2 Synthesis of c(RGDyK)-MHDA  

                c(RGDyK)-MHDA synthesized through the reaction of 14.4 mg MHDA with 

five equivalents of the NHS, and EDC acted as reactants for activating the carboxylic 

group, as shown in Figure 25 B. c(RGDyK) reacted with 5 mg MHDA-NHS ester in an 

equal molar ratio in 20 mM Na2HPO4 solution and stirred overnight. UPLC-MS: m/z = 

890.5 [M+H] +; calculated mass for c(RGDyK)-MHDA =890.2 as shown in Figure 25 

and D.  
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Figure 25 Schematic of preparation(A) LSC ligand (B) c(RGD)yK-MHDA ligand (C) 

The UPLC-MS spectra of prepared cyclic c(RGDyk)  and (D) c(RGDyk)-MHDA  

 

3.2.3 Conjugation of c(RGDyk)-MHDA/LSC and MHDA/LSC on AuNPs  

The conjugation in series of mixed self-assembly monolayers (SAMs) as 

protecting agent for AuNPs with varying feed ratio of the two thiol-containing conjugate 

molecules with total thiol concentration unchanged. The feed ratio X: Y is referred to as 

MHDA/LSC@AuNPs conjugated ratio (X: Y means the feed ratios of MHDA to LSC). 

In brief, MHDA/LSC@AuNPs 1:96 act as the optimum conjugation ratio for achieving 

pH-sensitive AuNPs aggregation in the NIR range. The reaction condition for the 

conjugation should be kept at the pH 9 of the solution with 1 molar NaOH with better 

solubility in alkaline conditions.  

According to the absorption peak of the AuNPs red-shifted in the NIR range, it is 
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a particular manner to induce acoustic signal. The AuNPs were functionalized with LSC 

and MHDA/LSC molecules. The optimal surface conjugate molecules ratio 96:1 

exhibited the most fabulous red-shifted to remain stable for in vivo application compared 

to molecules ratio 64:1 and molecules ratio 128:1 as indicated in Figure 29. The resultant 

product, MHDA/LSC@AuNPs was stored at 4 °C in storage condition. The excess linker 

molecules were removed by centrifugation. The remaining functionalized AuNPs were 

collected and redispersed in sterilized PBS. The c(RGDyk) (12 µM) was added to 

conjugate with functionalized AuNPs for cancer detection.  

Figure 26 1H NMR spectrum of 4-(2-(5-(1,2-dithiolan-3-yl) pentanamido) 

ethylamino)-2-methyl-4-oxobut-2-enoic acid (LSC) ligand in D2O. 
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The simple one-step reaction with the LSC and c(RGDyk)-MHDA molecules with 

conjugate molecules ratio 96:1 is ideal for preparing targeted nanoprobes for a long-term 

in vivo application. The c(RGDyk)-MHDA/LSC@AuNPs was obtained as a resultant 

product then stored at 4 °C for further application.  For in vitro and in vivo experiments, 

the final c(RGDyk)-MHDA/LSC@AuNPs was redissolved in PB buffer solution. As the 

control group, the non-targeted probe was fabricated as previously except using MHDA 

instead of c(RGDyk)-MHDA.  

 

3.2.4 Cell experiment  

             U87MG cells were seed at a cell density of 5 × 103 in a 96-well plate. Cell 

viability is assessed by performing a viability assay with 3-(4-5-dimethylthiazol-2-yl)-

2,5- diphenyl tetrazolium bromide (MTT). Both cell types were incubated for 24 hrs at 

37°C and 5%of CO2. After this period, culture supernatants were substituted with cell 

culture media(serum-free medium) containing increasing doses of nanoprobe so as the 

concentration to reach 5, 10, 20, 40 and 80 nM (n = 3). The MTT assay was performed 

after 24 hrs of incubation of the smart probe, and the absorbance of the resulting formazan 

crystals diluted in DMSO was determined at 490 nm. Cell viability is the percentage of 

viability compared with the control conditions (without nanoprobe). 

 

3.2.5 Tube and tissue-mimicking phantoms preparation for PA measurement 

    The PA signals of 1.44 nM nanoprobe in 10 mM pH 5.8, 6.5, 7.4 and pH 8.0 

PBS buffer were recorded and analyzed via Vevo analysis software. To characterize the 

PA spectral profiles of the targeted nanoprobe, the solutions were mixed with 1% agar as 
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a tissue-mimicking phantom. Using a scalpel, cut off the front of 20 ml syringes with an 

internal diameter of 2 cm. Heat in hot water bath 1.0 ml of intralipid (Sigma I141-100 

ml). Pour the solution (15 ml) of the mixture into a plastic adapted syringe having a 

diameter of 2 cm. Cool at room temperature for 1 hour. Store the agar phantom in the 4-

degree fridge.  

            The U87MG and MCF-7 cells were plated with a density of 1 x 105 cells/well in 

a 6-well plate. After overnight, the cells were mixed with 14.4 nM c(RGDyk)-

MHDA/LSC@AuNPs and incubated in a different time interval. The 

MHDA/LSC@AuNPs were used as a control group. Cells that contained c(RGDyk)-

MHDA/LSC@AuNPs were centrifugated for 5 min at 1500 rpm to remove the suspension. 

The cells were blended with 1% agarose gel (400 l) in equal volume into plastic adapted 

mold as indicated before. 

 

3.2.6 In vivo PA signal measurement of c(RGDyk)-MHDA/LSC@AuNPs 

BLAB/c mice were (5-6 weeks of age, n=3) followed by subcutaneous injection 

of 107 U87MG glioblastoma cells suspended in 200 l MEM on the right hind limb. When 

the tumor reached 5 mm in its diameter, as measured with a digital caliper (within two 

weeks of subcutaneous injection of U87MG), c(RGDyk)-MHDA/LSC@AuNPs (144 nM; 

200 L) was administrated into the subject through tail vein and imaged continuously for 

two days, every two hours per image.  
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3.2.7 Spectra unmixing and 3D image from Vevo LAZR software 

  The Vevo LAZR software demonstrated spectra unmixing according to the 

photoacoustic spectra for the c(RGDyk)-MHDA/LSC@AuNPs (as described from the 

imaging of nanoprobe in the tissue-mimicking phantom).  The signal distribution of oxy- 

and deoxy-hemoglobin in blood was obtained, multiplexed and overlaid on the ultrasound 

image (B mode).166 Regions of interest (ROIs) were drawn around the tumor region to 

receive the resulting PA images for all unmixed components quantified via Vevo software 

in different slides. Image analysis was performed on each slide within the suspected tumor 

regions. While the effective LZ250 transducer covers the entire tumor, the whole tumor's 

high spatial and temporal resolution and surrounding areas were imaged by the NIR laser 

scanning the array in 2D and 3D mode. PA multispectral images were recorded at 

multiwavelength (680,710,750,800 and 850 nm) to achieve accurate tumor 

microenvironment mapping.  

3.2.8 Real-time PCR of U87MG and MCF cell lines 

PCR products were analyzed by CFX Connect™ Real-Time PCR Detection 

System. The total RNA was isolated from U87MG tumor (αvβ3 integrin-positive) and 

MCF7 cells (αvβ3 integrin-negative) using Trizol reagent according to manufacturer’s 

instruction, and then reverse-transcribed with a mixture of random hexamer primer, 5 × 

room-temperature buffer, DTT, and 50U of M-MLV reverse transcriptase. The sequences 

of the forward and reverse primers of αv were 5′-GAAAAGAATGACACGGTTGC and 

5′-TAACCAATGTGGAGTTGGTG, respectively. 
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3.3 Result and discussion  

3.3.1 Detection scheme based on the nanoprobe 

 

Figure 27 pH sensitivity detection scheme for the c(RGDyk)-MHDA/LSC@AuNPs. 

The chemical modification steps were shown below. 

            Figure 27 presents the detection scheme of the c(RGDyK)-MHDA by using 

AuNPs nanoprobe. The pH active nanoprobe with tumor targeting molecules, c(RGDyK)-

MHDA/LSC@AuNPs, was fabricated by conjugating the pH-sensitive LSC conjugate 

molecules and c(RGDyK)-MHDA ligand stimulates onto 13 nm citrate-capped AuNPs. 

c(RGDyK)-MHDA ligand was fabricated via a coupling reaction between the amine 

group of the peptide and the carboxylic group of MHDA as the conventional  NHS/EDC 

conjugation. The susceptible citraconic amide moieties of the LSC ligand will exhibit pH-

responsive charge conversion via hydrolyzation. In acidic TME, it will lead to a charge 

inversion of MHDA/LSC@AuNPs by hydrolyzing the leaving group on LSC. The 

hydrolyzation of LSC ligand as a negative surface potential changed to positive as its 
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terminal functional group changes from a carboxylate anion to a protonated amine. The 

opposite electrostatic attraction, therefore, promotes aggregation within the tumor cells. 

The c(RGDyK)-MHDA specific ligand was immobilized of the AuNPs as the nanoprobe; 

the ratio of c(RGDyK)-MHDA and LSC can bring AuNPs to the proximity of pH 

sensitivity nanoprobes for in vivo application. As a result, this manifested the condition 

for active tumor-targeting ability based on c(RGDyK)-MHDA/LSC@AuNPs. The LSC 

and MHDA concentration change acted as the reporting PA signal to validate the 

nanoprobe's pH sensitivity. Note that the NIR-shifted nature of AuNPs causes optical 

absorption wavelength tuned into the NIR region to overcome the intrinsic tissue 

absorption in the local area for PAI and improve good biocompatibility to apply PAI-

guide-PTT as an emerging strategy against malignant tumors. 

3.3.2 Size, charge morphology of the c(RGDyK)-MHDA/LSC@AuNPs, 

MHDA/LSC@AuNPs 
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Figure 28 (A) TEM image of MHDA/LSC -modified capped AuNPs. (B) High-

resolution TEM image of MHDA/LSC -modified AuNPs. (C) The size distribution 

of AuNPs (D) ξ value of citrate-capped AuNPs, MHDA/LSC@AuNPs and 

c(RGDyk)-MHDA/LSC@AuNPs. 

 

The MHDA/LSC@AuNPs functionalized AuNPs were prepared by the one-step 

ligand exchange method with branched MHDA as a stabilization agent. The branched 

MHDA ligand is a linker for targeted peptides and endows repulsion between AuNPs; 

therefore, the MHDA/LSC-modified AuNPs can form a stable colloidal in water, as 

shown in Figure 28 A, with a high-resolution image as shown in Figure 28 B. Notably, 

the nanoprobe attributes to an active tumor-targeting ability through the function of the 

cRGD peptide, as it and its derivatives are widely investigated for targeting the αvβ3 

integrin on angiogenic vessels. The mean size of the AuNPs was obtained by counting 

the length of 16.4 nm; the scope's distribution of AuNPs is shown in Figure 28 C. The 

distribution also presented a Gaussian-like shape with a mean of around 16 nm. A control 

experiment using MHDA@AuNPs as a non-targeted nanoprobe since MHDA itself was 

not sensitive to pH-dependent hydrolysis.  The pH-responsive aggregation would not 

happen by slightly colloidal instability of the carboxylic acid surface for the non-targeted 

group, attributed to its different zeta potential compared to c(RGDyk) 

MHDA/LSC@AuNPs as shown in Figure 28D. The critical function of the c(RGDyK)-

MHDA ligand is to maintain the stability of nanoparticles according to longer carbon 

chain n-alkane thiolates attributing to high reactive binding probability to gold 

nanoparticles surface. Given the excellent dispersibility and high yield, c(RGDyk)-
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MHDA/LSC@AuNPs around 16 nm were selected for pH-responsive aggregation with 

improved PA signal. 

 

Figure 29 (A) Time evolution of UV-vis spectrum of nanoprobes as soon as they are 

added in PB solution (10 mM, pH 5.8). (B) UV-vis spectrum of nanoprobe at pH 7.4, 

6.5 and 5.8 after 1hr incubation. (C) UV-Vis spectrum of nanoprobe incubated in the 

PB solution (10mM, pH 7,4), DMEM culture medium with 10% FBS pH 7.4 and 

serum (plasma). (D-F) TEM distribution pH 7.4, 6.5 and 5.8 PB buffer solutions. (G-

I) pH-induced aggregation behaviours of MHDA/LSC@AuNPs can be tailored by 

changing the feed rations of LSC to MHDA ligands attached to AuNPs’ surface at 

pH5.8  
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To optimize and regulate the response time of AuNPs aggregation in mildly 

acidic TME, various ratios of LSC to MHDA were firstly used to modify 13 nm AuNPs 

and obtain different feed ratios of MHDA/LSC on AuNPs. Previous research suggested 

that the citraconic amide's hydrolysis lifetime is 120 mins at pH 5.5 buffer solution at 35 

°C, adequate for the in vivo application in PA imaging.47 The molar ratio of MHDA/LSC 

(96:1) could induce a particular redshift in the NIR range in mild acidic condition with a 

steady rate, as indicated in Figure 29 A. When pH value decreased, the aggregation 

phenomenon became more intensive (Figure 29 B). Moreover, this nanoprobe could keep 

relative biostability in a separate buffer such as DMEM, PBS and plasma as shown in 

Figure 29 C. This stability test could give a piece of evidence for long-term application 

with clinical translation. This MHDA/LSC@AuNPs aggregation phenomenon was 

monitored by TEM at mildly acidic solutions, which justifies the pH-dependent 

aggregation over time, as indicated above. With the proper modification ratio (96:1) of 

the AuNPs, it will behave intensive aggregation in a mildly acidic environment. Whereas 

in a neutral environment, the AuNPs remain well dispersed in an aqueous solution. The 

TEM images from Figure 29 D to F also confirmed this result whereas the NPs exhibited 

different aggregation statuses in different pH values. In contrast, the other feed ratios 

failed to provide such constant performance. The detailed study was illustrated below as 

shown in Figure 29 G-I. The feeding molar ratio of LSC to MHDA ligands ranges from 

64:1 to 128:1. The AuNPs with LSC ligands exhibited different aggregation statuses. The 

absolute UV intensity was recorded to assess modified AuNPs, UV sensitivity with LSC 

molarity ranging from 64 to 128 while MHDA molarity was kept at 1. It was noted the 

AuNPs conjugated with a molar ratio of 64:1 could disperse nicely at the normal tissue 
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pH 7.4 (Figure 29 G) while slightly aggregated in response to the tumor acidic pH 5.8 

after 2 hrs incubation. When the molar ratio of MHDA/LSC was increased to 96:1, the 

modified AuNPs presented while quickly aggregated at pH 5.8 after 2 hrs of incubation 

(Figure 29 H). When the molar ratio was further increased to 128:1, the modified AuNPs 

aggregated at both pH 7.4 and pH 5.8 solutions (Figure 29 I) which is non-specific for 

pH-responsive nanoprobe for tumor microenvironment. Noticeably, the kinetics of 

hydrolysis is the crucial factor for influencing the behaviour of nanoprobe. If the 

aggregation starts quickly, e.g. within few minutes, it would not able to prevail the various 

interferences by electrostatic attractions with biomolecules or easily influences by 

enzyme or other small molecules. 

 The MHDA/LSC@AuNPs should maintain a monodispersed spherical 

morphology before use for the formation of aggregates tuned in the NIR range for in vivo 

PAI experiments. Efforts have been made to maintain the in vitro study of the feeding 

ratios of MHDA/LSC@AuNPs and determine the conditions which would affect this 

quality. This will gain an advantage for in vivo multispectral unmixing to separate its 

signal from the background signal. As the result, the study of different ratios of the 

MHDA/LSC is critical for designing activated nanoprobe to overcome the limitation of 

the “always-on” strategy. In Summary, molar ratio of 96:1 was selected for in vivo 

experiment. It is proved that the acidic tumor microenvironment leads a charge inversion 

of MHDA/LSC@AuNPs by hydrolysing the leaving group on LSC inducing the change 

in surface charge from positive to negative charge. Therefore, the surface of the 

nanoparticle exhibits both positive and negative charge after the charge conversion. The 

opposite electrostatic attraction activates the aggregation within the tumour cells. 
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In addition to studying the nanoprobe size distribution, DLS analysis indicated 

that c(RGDyk)-MHDA/LSC@AuNPs nanoprobe was monodisperse in deionized water 

with a hydrodynamic radius of 16.4 nm while becoming aggregates with significantly 

increased hydrodynamic radii of over 500 nm at pH 5.8 at 120 mins, as showed in Table 

1.  

 0 mins 30 mins 60 mins 120 mins 240 mins 

Size (nm) 16.4 ± 0.8 53.3 ± 0.2 77.1 ± 0.5 1392±116.5 2148 

Zeta 

potential 

(mV) 

 

-0.06 

 

-30.2 

 

-30.8 

 

-18.5 

 

10.8 

Table 3 DLS measurement and zeta potential of c(RGDyk)-MHDA/LSC@AuNPs in 

DI water and pH5.8 phosphate buffer (10 mM) in different time points.   

3.3.3 Photoacoustic properties of the c(RGDyk)-MHDA/LSC@AuNPs  

             

Figure 30 (A) Solution PA images of nanoprobe (14.4 nM) after mixing with 10 mM 
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PB solution for 1hr in PE tubes. Dashed lines indicate the position of PE tubes. (B) 

Time evolution of PA signals of nanoprobe after mixing with a various buffer 

solution at 680 nm. 

After purification and separation, the c(RGDyk)-MHDA/LSC functionalized 

AuNPs were dispersed in buffer media to form a stable colloidal for PA measurement.     

In addition to the UV spectrum observed above, the plasmonic absorption of AuNPs plays 

an essential role in the PA cell phantom system as the contrast agent. The absorption 

property of AuNPs is size-dependent; the increase in the crystalline size of the AuNPs 

result in the redshift of peak absorption wavelength in the visible to NIR range. The PA 

spectrum was measured using a colloidal of 14.4 nM c(RGDyk)-MHDA/LSC@AuNPs 

under 680-950 nm laser excitation. Figure 30 A presents the nanoprobes' distinct PA signal 

in mildly acidic buffer incubated with targeted nanoprobe. Moreover, 680 and 800 nm 

were selected as distinct pecks for PAI in this work. It could be observed that PA signals 

of nanoprobe at 680 nm were more potent than 800 nm at mildly acidic conditions (Figure 

30A). 

In contrast, the PA signals were of negligible intensity at pH 8.0 and pH 7.4. In 

Figure 30 B, the enhancement in PA intensity of c(RGDyk)-MHDA/LSC@AuNPs in 

different pH media for 2 hrs was investigated. The nanoprobe at pH 5.8 demonstrated a 

significant enhancement in the PA signal during the first 30 min at pH 5.8 and pH 6.5, 

followed by a slow increase until 2 hrs. Nevertheless, the PBS as control showed a barely 

detectable signal increase over time. Comprehensively, the PA intensity of the targeted 

nanoprobe at pH 5.8 and pH 6.5 was approximately 3.6 times higher than that of the 

nanoprobe test at pH 7.4 after 120 mins of incubation. 
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3.3.4 In vitro photoacoustic imaging of c(RGDyk)-MHDA/LSC@AuNPs 

 

 

Figure 31 Absorption spectra of targeted and non-targeted AuNPs in mimic tissue 

phantom consisting of U87MG (A) and MCF-7 cells (B) co-incubated with 14.4 nM. 

(C, D) PA images and quantitative measurement of targeted nanoprobe phantom 

containing same U87MG cells with and without pre-injection of 5 µl of 0.1 mM 

c(RGDyK) inhibitor at 680 nm. 
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Figure 32 Photoacoustic activities of nanoparticles. Photoacoustic activity-

wavelength profiles of the targeted nanoprobe in pH 5.8 (A) and pH 8 (B) phosphate 

buffer (C and D) in tissue-mimic phantom. 

 U87MG and MCF-7 cancer cell lines incubated with c(RGDyk)-

MHDA/LSC@AuNPs nanoprobe was then centrifuged to remove excess NPs. The next 

step is to mix with agar solution to form a customized PA tissue-mimicking phantom. The 

quantitative PA intensity was recorded in Figure 31A and B during the entire period. A 

short period after the targeted nanoprobe's reaction with a U87MG cancer cell, a sharp 

increase in PA signal was observed from 0 to 12 hrs. Furthermore, the extinct absorption 

signal in PA of the c(RGDyk)-MHDA/LSC@AuNPs are shown in Figure 31 A at 680 nm 

for the PA signal obtained from cancerous U87MG cells. The as-synthesized AuNPs 

displayed peak absorption at 12 hrs for targeted nanoprobe of PA signals received from 

cancerous U87MG cells increased more rapidly than the non-targeted group and 3.5-time 

PA signal higher non-targeted group. This enables an efficient PA signal of targeted 

nanoprobe c(RGDyk)-MHDA/LSC@AuNPs for cancer detection via PAI. Comparted to 
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the negative control cell line (MCF-7) as indicated in Figure 31 B, the targeted group 

incubated in MCF-7 cell lines revealed minor PA signal change from 0 to 12 hrs while 

minor PA signal change in the non-targeted group. In contrast, the PA signal increased 

over time upon the targeted probe in the U87MG cancer cell line. After capturing the 

target peptide, the absorption peak of the c(RGDyk)-MHDA/LSC@AuNPs shifted 

strongly as previously indicated in the UV spectrum. This also served as an indicator for 

successful conjugation for the cyclic RGD peptide. Therefore, this chapter further 

illustrated the targeting ability of c(RGDyk)-MHDA/LSC@AuNPs nanoprobe. 

Competitive inhibition was set as a negative control group using free c(RGDyK) peptide 

for co-incubation to inhibit the nanoprobe’s binding to U87MG cells. The PA intensity 

enhancement of phantom containing the equal cell number after incubation with 0.9 

mg/ml targeted nanoprobe with and without the free peptide is shown in Figure 31 C. In 

Figure 31 D, the PA signal performance was recorded for targeted nanoprobe and inhibitor 

+ targeted nanoprobe. It revealed the PA quantitative intensity measurement of each tissue 

mimic phantom consisting of U87MG co-incubated with nanoprobes at the same cancer 

cell lines. Only targeted probe without inhibitor demonstrated high PA signal at 4 hrs 

post-incubation.  

Despite the simplicity of ultrasound imaging, its sensitivity is insufficient for a 

modular approach to guide the preclinical carrier development while guaranteeing a more 

superficial contrast.  PAI is well-known for its deep tissue penetration (up to 5 cm) and 

high spatial resolution (as low as 5 mm) due to the much weaker scattering of ultrasonic 

signals in tissue than optical signals. Hence the AuNPs based contrast agent was used as 

the nanoprobe to fabricate the bio-detection in TME for PAI in vivo. Noticeably, this work 
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utilized AuNPs smaller than 50 nm as the smart probe for supporting a high PA signal-to-

noise ratio. The hypothesis was supported by the same amount of c(RGDyk)-

MHDA/LSC@AuNPs in a piece of tissue mimic phantom in different buffer media to 

evaluate the influence of penetration depth.  

The c(RGDyk) detected concentrations-MHDA/LSC@AuNPs were calculated 

using this condition for in vitro study. Figure 32(A and B) shows the c(RGDyk) PA 

spectrum of c(RGDyk)-MHDA/LSC@AuNPs nanoprobe in phantom under 680-950 nm 

laser excitation in mildly acidic or base condition. The control spectrum for comparison 

was 14.4 nM c(RGDyk)-MHDA/LSC@AuNPs probe in pH 8 is shown in Figure 32 D. 

The PA intensities decreased with increasing depth of c(RGDyk)-MHDA/LSC@AuNPs 

in phantom; the wavelength-dependent optical attenuation can explain this as in the skin. 

Since the maximum absorption was observed at around 680 nm at pH 5.8 with an image 

in Figure 32 C, the PA intensities at that wavelength were recorded and extracted further 

to analyze the absorbers' pH sensing efficiencies and linearity.  The c(RGDyk)-

MHDA/LSC@AuNPs was found to enhance by 10-folds in the pH 5.8 buffer compared 

to that of pH 8 buffer in the same depth; such enhancement may be attributed to the 

increased capturing of LCS ligands in the nanoprobe.  
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Figure 33 Photoacoustic activities of nanoparticles. Photoacoustic activity-

wavelength profiles of the targeted nanoprobe in tissue mimic phantom merged with 

U87MG and MCF-7 cell lines. 

 

A targeted-responsive nanoprobe specificity is equally important as its depth 

sensitivity. Non-specific binding to other biological species will possibly result in false-

positive PA signals at different depths. Figure 33 presents the specificity test using 

negative control cells and αvβ3 integrin overexpressed U87MG positive protein 

expression cells for 0 to 12 hours of incubation. The U87MG cell line demonstrated an 

overexpressed αvβ3 integrin level, while MCF-7, which exhibited a low expression of αvβ3 

integrin was also examined as a control. The discrimination between the two types of 

disturbance was at least 50 % as indicated in tissue-mimic phantom along with different 

time points.  

 

 

 

 



  

              

 

 Page 86 

 

3.3.5 Cell viability test for AuNPs 

 

Figure 34 Viability of U87MG cancer cells incubated with different concentrations 

of c(RGDyk)-MHDA/LSC@Au for 24 hrs and 48 hrs.  

 The PA signal enhancement provided insight for the c(RGDyk) 

MHDA/LSC@AuNPs smart probe for enhancing the pH sensitivity of cancer detection. 

Figure 34 depicts the cell viability test of c(RGDyk)-MHDA/LSC@AuNPs towards the 

U87MG cell. The results proved that the targeted nanoprobes exhibited no apparent 

cytotoxicity at a concentration of 1.8 nM at 24 hrs and 48 hrs incubation. Nevertheless, 

c(RGDyk)-MHDA/LSC@AuNPs showed moderate toxicity when the concentration was 

up to 28.8 nM, with a prolonged incubation time of 24 hrs, 48 hrs in the U87MG cell line.  
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3.3.6 Measurement of αv or β3 in cancer cells  

              

Figure 35  RT-PCR determined expressions of αvβ3 in U87MG tumor and MCF7 

cells. Error bars represent standard deviation. *p<0.05 

 

In real-time PCR assay, the PCR data indicated in Figure 35, a significant number 

of fragments being detected from the expression of αv mRNA and β3 mRNA in U87MG 

tumor. U87MG had high levels of αvβ3 receptor while MCF-7 had low detectable 

expression. In contrast, a small amount of αv or β3 mRNA fragments were found from 

MCF7 cells to confirm the previous PA mimic phantom result. U87MG had high levels 

of αvβ3 receptor while MCF-7 had negligible detectable expression. The results suggest 

that U87MG cells can be selective targeted using c(RGDyk)-MHDA/LSC@AuNPs 

nanoprobe based on αvβ3 integrin receptor antagonists as the cRGD peptide. Furthermore, 
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the high PA signal of the cRGD conjugated probe has potential as targeted strategies of 

cancerous tissue associated with PAI-guided PTT. 

3.4 Detection of in vivo photoacoustic signal of the nanoprobe 

3.4.1 Photoacoustic activities of nanoparticles in tumor 

          

 

Figure 36 In vivo multiplexed imaging of targeted nanoprobe accumulation in U87 

MG tumor. (A) An in vivo ultrasound image of a subcutaneous implanted U87MG 

tumor. (B) PA image from targeted nanoprobe injected in mice implanted with a 

U87MG tumor (green). (C) Spectra unmixing image of oxygenated hemoglobin (red) 

and deoxygenated hemoglobin (blue) of the same U87MG tumor. (D) Overlaid with 

ultrasound image with oxygenated hemoglobin, deoxygenated hemoglobin PA 

signals of targeted nanoprobe. 

The PA multispectral unmixing was performed to compare with the 

performance of the endogenous and exogenous contrast agents. The c(RGDyk)-

MHDA/LSC@AuNPs provided new insight to AuNP-based smart probes by exploring 
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the impact of gold-based nanomaterials for in vivo bioimaging. The citrate surface of the 

AuNPs was replaced with c(RGDyk)-MHDA and LSC to bind with the gold surface to 

form the targeted nanoprobe. The targeted peptide coating was revealed by in vivo PA 

imaging; Figure 36 B shows a c(RGDyk)-MHDA/LSC coated AuNPs’s strong 

absorbance maximum at 680 nm from aggregated AuNPs, which facilitated the 

deconvolution from other tissue signals. The coating of ligands was uniform, and the 

contrast was high because the aggregation of the gold nanoparticles induced a strong 

absorption peak at 680 nm in PAI. The formation of such oxygenated hemoglobin (OxH) 

and deoxygenated hemoglobin (deOxH) was due to the endogenous contrast as Figure 36 

C.14
   As presented in Figure 36 D, ultrasound image and PA signal of targeted nanoprobe, 

oxygenated haemoglobin, deoxygenated haemoglobin, the PA signals of the nanoprobe 

could be easily distinguished from endogenous contrast agents to be focused 

predominately around the periphery of the tumor. The deoxygenated hemoglobin (deOxH) 

signal was predominantly on the tumor core, whereas oxygenated hemoglobin (OxH) was 

located on the tumor's surface. In conclusion, the targeted probe c(RGDyk)-

MHDA/LSC@AuNPs is a suitable contrast agent for studying the molecular biology of 

the tumor microenvironment. 
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3.4.2 Biodistribution of c(RGDyk)-MHDA/LSC@AuNPs 

             

Figure 37 Biodistribution of the targeted nanoprobes in U87MG tumor-bearing 

mice after 4, 24 and 48 hrs after i.v. injection (200 l). The gold concentration in dry 

organs was determined by ICP-MS (n = 4). 

 In addition to in vivo PAI, ICP-MS was also used to investigate the biodistribution 

of c(RGDyk)-MHDA/LSC@AuNPs. Prior to the experiment, it was predicted that the 

c(RGDyk)-MHDA/LSC@AuNPs should demonstrate the main signal in the liver and 

spleen. Figure 37 shows the gold concentration of various organs, including tumor, liver, 

spleen and kidney which ICP-MS determined at different time points, such as 4, 24 and 

48 hrs separately after one dose injection. Overall, the ICP-MS data revealed that 

c(RGDyk)-MHDA/LSC@AuNPs nanoprobe act as a contrast agent in the 

reticuloendothelial system (RES) for enhanced tumor imaging for PAI is safe. Apart from 

the live and spleen, the c(RGDyk)-MHDA/LSC@AuNPs nanoprobe showed high 
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accumulation at the tumor site at 4-hour post-injection as demonstrated in Figure 37. In 

general, the plasmonic contrast agent has the most significant obstacles as cytotoxicity in 

clinical translation for PAI. In this work, the ability to design gold plasmonic nanoprobes 

c(RGDyk)-MHDA/LSC@AuNPs with high biocompatibility to specifically optimize the 

PA response in acidly TME makes them highly desirable. 

3.4.3 Detection of c(RGDyk)-MHDA/LSC@AuNPs nanoprobe in vivo  

 

Figure 38 (A) Photoacoustic images and ultrasound images of nude mice bearing 

U87MG tumors were obtained before injection or at 4, 8, and 24 hrs after 

intravenous injection of target nanoprobe (1.8 mg/kg of mouse body weight.) (B) 

Average PA intensity increment at 680 nm as a function post-injection time of target 

nanoprobe in free c(RGDyK) pre-treated and untreated mice (n=3). The perspective 

views of 3D volume rendering of PA images shown in pre-injection (C) and 24 hr 

post-injection (D), in which the oxygenated hemoglobin is shown in red and 

deoxygenated hemoglobin in blue and the spatial distribution of c(RGDyk)-

MHDA/LSC@AuNPs in green.  
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  Notably, at each time point, the mice injected with targeted nanoprobe also 

exhibit higher stability with higher PA signal in the tumor than the non-targeted group 

and the inhibitor-treated group pre-injected with c(RGDyk) in two days test. After 4 hrs 

post-injection as shown in Figure 38 A and B, the mice injected with targeted 

nanoparticles showed a 2.8-fold higher PA signal in the tumor than the inhibitor pre-

treated group. In 3D images of change in tumor volume, as shown in Figure 38, C and D 

also indicated one of the cross-sections of the 3D tumor for the pre-injection and 24h 

post-injection. The pre-injection and post-injection volumes of tumors are 207.127 mm3 

and 225.647 mm3, showing no apparent toxicity after administering the nanoprobe. All 

the above results reinforce the biosafety of this formulation of nanocarriers for future 

clinical translational practice. The targeted nanoprobe shows high biocompatibility and 

can be used for PAI. 

 

3.5 Conclusion  

              pH-responsive bioimaging inherently possesses high sensitivity towards 

different types of targets in nanotechnology. Developing these strategies may be 

beneficial to the biomedical field by providing alternative detection routes and traditional 

fluorescence and optical techniques. PAI avoids the drawbacks of low penetration depth 

or low spatial resolution by utilizing NIR laser excitation. Therefore, AuNPs hold the 

promising key as a contrast agent in PAI. 

          Highly efficient targeting probes are desirable for disease diagnosis and functional 

imaging. The acidic microenvironment of tumor tissues has proven to be a significant 
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difference from other normal tissues. This herein introduced a way to endow gold 

nanoparticles with tunable pH-aggregation behavior by modifying the nanoparticle 

surface with mixed self-assembling monolayers, which can be stable with the pH of the 

blood and normal tissues but aggregate instantly in response to the acidic extracellular 

pH in tumors.  By adjusting the surface, ligand composition is used to study the PAI 

performance of tailing nanoparticles' pH-induced aggregation behaviour. With proper 

surface ligand composition, the pH-responsive active tumor-targeting c(RGDyk)-

MHDA/LSC@AuNPs nanoprobe is obtained to evaluate the effect of nanoparticles’ 

aggregation for in vivo PAI. 

 The smart nanoprobe is established to carefully control two thiol ligands' ratios 

for AuNPs surface decoration to achieve tumor-targeting PAI in living models. This work 

suggests that the c(RGDyk)-MHDA/LSC@AuNPs can act as a multifunctional contrast 

for PAI. It can also be employed as an imaging agent or utilized as a photothermal 

therapeutic agent. The conjugation of MHDA ligands also enhances the stability of the 

nanoprobe and prolongs its circulation time in vivo.  

Overall, its activatable nature effectively offers advantages over others “always 

on’ imaging strategies and overcomes the shortcomings of insufficient signal-to-noise 

ratio in-depth in PAI. The novel strategy for fabricating activatable probes for PA images 

provides a comprehensive approach to designing intelligent PAI-guided resection of 

tumors and a targeted strategy for post-therapy monitoring of controlled drug release of 

biomedical applications.  
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4. pH triggered PLGA nanoparticles assisted multiplexed PAI 

and Enhanced PTT 

4.1 Introduction 

 In recent years, the emerging of PAI significantly broadens nanomaterials' 

applications in the fields of real-time visualizing and differentiating different kinds of 

contrast agents based on the distinct absorbance profiles from other absorbers in a single 

mixture. However, the use of multiple spectra PA unmixing has been dramatically 

restricted by the availability of spectrally particular organic chromophores that can be 

simultaneously deconvoluted to provide quantitative information about different 

absorbers populations in tumor regions. This work first reported pH-sensitive NIR 

Croconaine (Croc) dyes-loaded copolymer PEG-PLGA NPs constructed by one-step 

single emulsion technique to yield the non-targeted CPC770 and iRGD-targeted PPC815 

NPs for in vivo multiple spectra PA unmixing imaging and pH-responsive PTT in triple-

negative breast cancer model.  

PAI-based theranostics essentially depends on the probe absorbing in the visible 

to NIR spectral region (650 nm-900 nm), where biological tissues exhibit low 

absorption.167Nevertheless, conventional absorbing dyes in this range have limited 

clinical applications due to their hydrophobicity, low stability, ease of coupling to 

biological molecules and so on. One of the drawbacks of conventional dyes is the poor 

photostability in the biological system, leading to delivery limitations in vivo.12 Moreover, 

most of them in vivo toxicity of NIR dyes are not investigated. Although organic optical 

dyes have been frequently used for PAI due to their convenient synthesis, relatively sharp 
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absorption peaks in the NIR window and low cost. Only Indocyanine green (ICG) is 

approved by the Food and Drug Administration (FDA) for long-term clinical usage.22 

Water-soluble ICG and its analogs have been utilized as PAI contrast agents due to its 

high absorption in the NIR range. Nevertheless, its limitations, such as in vivo low 

photostability, rapid clearing pathway, extensive serum protein binding, and water 

degradation, restrict their long-term biological applications.95,168  

A polymeric nanosystem with a typical core-shell structure is formed by 

embedding a high payload of pH sensitivity NIR dyes into the core of polymeric 

nanoparticles to improve blood-circulation time to reach TME that overcomes the major 

obstacle of drug resistance in a tumor.8 Compared to other small molecules for PAI-

guided PTT, nano-size NIR absorbing molecules have benefits such as biocompatibility 

and size-independent optical property.169 The intrinsic property of croconaine provides 

the feasibility to develop nanoparticles with the same size but different signal output for 

performing multiplex PAI at various wavelengths without any change in their 

pharmacokinetic property. NIR organic dyes, such as croconaine dyes (Croc) are well 

established by pegylated or encapsulated within the biocompatible polymer to neutralize 

their surface, resulting in ideal dynamic biodistribution in living animals.170 PLGA has 

worldwide approval as a degradable matrix material to be used in controlled drug delivery 

systems with an enhancement of thermal and aqueous stability of organic dye.171 

In this work, the copolymer PEG-PLGA is mainly chosen to form a 

biocompatible nano-platform to counter Croc's hydrophobicity, broadening its 

biomedicine applications. Moreover, a pair of Croc dyes Croc770 and Croc815 in two sets 

of NPs (non-targeted CPC770 and iRGD-targeted PPC815 NPs) enables in vivo multiplexed 
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PA imaging of two groups of NPs within the same animals. The photoacoustic efficiency 

of CPC770 and PPC815 NPs is significantly greater than that of hemoglobin in blood for 

separation of the PA signal to determine the NPs distribution within the same animals. 

The mice administered with targeted PPC815 NPs demonstrated significantly higher PA 

signal in the tumor than the CPC815 and CPC770 NPs. Impressively, effective photothermal 

ablation of tumors is realized with targeted PPC815 NPs. This work provides the concept 

of the facilitation of an effective theranostic nano platform for multiplexed unmixing PAI 

of CPC770 and PPC815 NPs and monitoring PPC815 NPs responsive PTT therapeutics for 

pre-clinical translation. 

4.2 Experimental 

4.2.1 Synthesis of croconaine815 (Croc815) 

                     (Z)-5-((3,3-dimethyl-5-nitro-3H-indol-1-ium-2-yl)methylene)-2-(((E)-3,3-

dimethyl-5-nitroindolin-2-ylidene)methyl)-3,4-dioxocyclopent-1-en-1-olate (Croc815) 

was synthesized according to a previously described method.37,170-171 2,3,3-trimethyl-5-

nitro-3H-indole (409 mg, 2 mmol) and croconic acid (145 mg, 1 mmol) were dissolved 

in 1-butanol (10 mL) and toluene (10 mL). The water was removed azeotropically using 

the Dean-Stark trap. The reaction mixture was refluxed for 22 hrs. During the reflux, the 

reaction mixture underwent a color change from transparent red to dark brown-black. The 

reaction was monitored by UV-vis/NIR spectroscopy until the complete disappearance of 

precursor bands. To ensure that all volatile solvents were removed, the solid was placed 

under reduced pressure overnight. The reaction mixture was kept overnight at -20 °C. The 

crystals were filtered out with cool ether. Further recrystallization with methanol gave a 
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high purity compound with 54% yield (212 mg). Finally, the Croc815 dye was dry under 

vacuum for further modifications. 1H NMR (500 MHz, DMSO, 25°C): δ 8.29-8.36 (m, 

2H), 8.20-8.25 (m, 2H), 7.39-7.44 (m, 2H), 6.09-6.31 (m, 2H), 1.60-1.62 (m, 12H) ppm. 

 

4.2.2 Synthesis of croconaine770 (Croc770) 

(Z)-5-((3,3-dimethyl-3H-indol-1-ium-2-yl)methylene)-2-(((E)-3,3-

dimethylindolin-2-ylidene)methyl)-3,4-dioxocyclopent-1-en-1-olate (Croc770) was 

synthesized according to a previously described method.174 2,3,3-trimethylindoleine (318 

mg, 2 mmol) and croconic acid (145 mg,1 mmol) were dissolved and heated under reflux 

in a mixture of 10 mL butanol and 10 mL benzene. The water was removed azeotropically 

using the Dean-Stark trap. The reaction was monitored by UV-vis-NIR spectroscopy until 

the complete disappearance of precursor bands. The reaction mixture was kept overnight 

at -20 °C. The crystals were filtered out with cool ether. Further recrystallization for 

Croc770 with methanol gave a high purity compound with 75% yield (322 mg). 

Croc770 dye C27H24O3N2, MALDI m/z 425.1 (M+H), found 425.1. 

 

4.2.3 Synthesis of PPC815, CPC815 and CPC770 nanoparticles 

     The Mal-PEG-PLGA (40 mg) and 20 mg Croc815 or Croc770 dye were dissolved 

in 200 ul chloroform then slowly added to 4 ml 1% PVA under probe sonication as 

previously before.175,176 Then, the prepared solution with a constant flow rate of 1 ml/hrs 

was added to 20 ml 1% PVA under probe sonication. (TELIN.CHINA) The obtained Mal-

PEG-PLGA NPs were washed three times, and the maleimide groups were further reacted 

with the sulfhydryl groups of iRGD to form iRGD-PLGA/Croc815 (PPC815). The 
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unreacted maleimide groups were quenched with cysteine. The excess cysteine was added 

to Mal-PEG-PLGA NP’s surface to create Cys-PLGA/Croc815 (CPC815) and Cys-

PLGA/Croc770 (CPC770). 

4.2.4 Encapsulation efficiency and drug loading  

             PPC815 NPs (1 mg) were dissolved into acetone (1 mL) and underwent solvent 

evaporation followed by the addition of methanol (1 mL) to extract the encapsulated dye. 

The mixture was sonicated and subjected to centrifugation to remove large polymeric 

debris. The supernatant was analyzed using mass spectrometry. The Croc's standard curve 

was obtained by plotting the concentration from 100 ppb to 500 ppb using methanol as 

solvent. The percentage of drug loading and entrapment efficiency was calculated by 

using the following formula.165 

Encapsulation efficiency (%)=
𝑨𝒎𝒐𝒖𝒏𝒅 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒓𝒆𝒍𝒆𝒂𝒔𝒆𝒅 𝒇𝒓𝒐𝒎 𝒕𝒉𝒆 𝒍𝒚𝒑𝒐𝒑𝒉𝒊𝒍𝒊𝒛𝒆𝒅 𝑵𝑷𝒔

𝑨𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒊𝒏𝒊𝒕𝒂𝒍𝒍𝒚 𝒕𝒂𝒌𝒆𝒏 𝒕𝒐 𝐩𝐫𝐞𝐩𝐚𝐫𝐞 𝐭𝐡𝐞 𝐍𝐏𝐬
× 𝟏𝟎𝟎 

Drug loading (%) =
𝑨𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒊𝒏 𝒕𝒉𝒆 𝒍𝒚𝒐𝒑𝒉𝒊𝒍𝒊𝒛𝒆𝒅 𝑵𝑷𝒔

𝑨𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒍𝒚𝒐𝒑𝒉𝒊𝒍𝒊𝒛𝒆𝒅 𝑵𝑷𝒔
× 𝟏𝟎𝟎 

 

4.2.5 In vitro release studies  

To evaluate the release of Croc from PPC815 NPs, the same amount (1 mg) of 

each conjugate was incubated in equal volume phosphate buffer solution (PBS, pH 

7.4,6.5,5.8 ionic strength 0.1 M), at 37 °C and under stirring (300 rpm). At fixed time 

intervals, 200 ul of the supernatant was withdrawn and replaced with fresh buffer. The 

amount of released Croc in the collected samples was determined using a high-

performance liquid chromatography (HPLC) system, consisting of a reverse-phase C-18 

column, with a mobile phase of acetonitrile-water (90/10,v/v) pumped at a flow rate of 
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0.5 mL/min. The following equation calculated the drug loading (DL) and encapsulation 

efficacy (EE).177 All experiments were performed in triplicate. 

 

𝑫𝑳 =
𝑪𝒓𝒐𝒄 𝒘𝒆𝒊𝒈𝒉𝒕

𝑻𝒐𝒕𝒂𝒍 𝑵𝑷 𝒘𝒆𝒊𝒈𝒉𝒕
𝑿 𝟏𝟎𝟎% 

 

4.2.6 NIR Laser-induced PTT effect  

The aqueous solution of Croc815, CPC815, PPC815 and PBS in 1.5 ml tubes were 

irradiated using a laser light (808, Laser Shanghai) at power 1.0 W/cm2 for 5 mins. Real-

time NIR imaging was recorded by the FLUKE camera and quantified by the Smart View 

4.3 software. The photothermal conversion efficiency, η, was obtained from the previous 

equation in Chapter 2.165  

 

4.2.7 In vitro photokilling efficiency and In vivo photothermal therapeutic efficiency 

of CPC815 and PPC815 

MDA-MB-231 (mice breast cancer cells) were seeded in a DMEM cell medium 

supplemented with 10% fetal bovine serum at 37°C in a humidified atmosphere of 5% 

CO2. Then, the cells were incubated with different concentrations of CPC815, PPC815 

dispersed in a culture medium at 37 °C for 6 hrs. Then the cells were washed three times 

with PBS and irradiated with 808 nm laser (1.0 W/cm2) for 3 mins. After the PTT, the 

cells were incubated with a fresh medium containing 10% FBS at 37 °C for 24 hrs. The 

cell viability tests were investigated by the standards CCK-8 kit.  

The health HKSAR government approved the experiment procedures. Female 
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nude mice (5 weeks old, 15-20 g) were anesthetized with 3% isoflurane followed by the 

subcutaneous injection of the 106 MDA-MA-231 breast cancer cells suspended in a total 

volume of 40 µL of medium and Matrigel (1:1 v/v) into the inguinal gland of the 

mammary fat pad. Mice were divided into three groups randomly (four per group): PBS, 

CPC815, PPC815 When the tumor reaches about a surface diameter of 4~5 mm with 50 

mm3 in volume, animals were treated with NPs equal to a Croc of 0.5 mg/ml by 

intravenous injection over 14 days under PTT treatment. The therapeutic efficacy was 

evaluated by monitoring tumor size. The volume of the tumor was calculated using the 

following formula.175 

𝐕 =
𝐚𝟐  × 𝒃

𝟐
 

Where b is the longest diameter, and a is the shortest diameter. Body weight was measured 

throughout the whole period to evaluate the toxicity of different groups. Finally, the tumor 

was harvested and weighted. The inhibition rate of tumor growth was calculated.  

 

4.2.8 Multispectral unmixing for tumor imaging  

For intravenous administration, tumor-bearing mice were injected with three 

groups of nanoparticles (CPC770, PPC815, PBS) and imaged after tail vein injection (0.5 

mg/ml, 200 μl) at different time points by PAI from 650-950 nm, 5 nm as step size. The 

region of interest (ROI) was drawn over the tumor area for quantitative calculation, and 

the average PA signals were measured.   

Multispectral PAI was acquired at multiple wavelengths (710, 750, 770, 815, 830, 

850 and 890 nm) and processed using the spectral unmixing software Multiplexer. 
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Spectral unmixing used multi-wavelength or spectra data from the system, then used Vevo 

Multiplexer to unmix different contrast agents simultaneously while locating these 

signals within high-resolution B-mode anatomy. Spectrally unmixed to contrast agent 

allows to be displayed live during multispectral imaging to separate internal hemoglobins 

signals for non-oxyHemo multi-wavelength datasets.166 

 

4.2.9 Biosafety test and blood analysis  

To further in vivo toxicity study of nanoparticles of PPC815, animals were 

sacrificed at the same time after treatment, and 1 ml blood was collected from the heart. 

It was composed in tubes containing 20 g/ml EDTA. Serum was collected from blood 

after centrifuged at 1500 rpm for 10 min for different biochemical assays, such as blood 

glucose (GLU), blood urea nitrogen (BUN), low-density lipoprotein cholesterol (LDL-

C), and aspartate aminotransferase (AST), High plasma uric acid (UA). Healthy mice 

were intravenously administered with a single dose of PPC815, and three mice received 

intravenous injection with PBS as a control group. Over 14 days period, the mice were 

observed for behavior changes, and body weight was monitored.  

  To further evaluate the toxicity, the organs such as the tumor, heart, liver, 

spleen, lung, and kidney were fixed in 4% paraformaldehyde, embedded in paraffin and 

process hematoxylin and eosin (H&E).178 10µm-thick sections covering the entire tumor 

volume were extracted. Immunohistochemistry was performed on the frozen sections 

using antibodies against CD31. Besides, at the end of the experiment, those organs of 

mice were harvested to calculate the organ coefficient was calculated using the following 

formula179: Organ coefficient = Weight of the organ (mg)/ Body weight (gm).  
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4.3 Result and discussion 

4.3.1 Chemical characterization of the CPC770, CPC815, PPC815 NPs 

 The previous chapter presented the ability of targeted gold nanoparticles as 

superior contrast agents for PAI. This chapter focused on the Croc dyes in polymeric 

nanosystem for multiwavelength PAI. The nitro-functionalized Croc dyes were 

synthesized from the Dean-Stark trap, and the Croc815 and Croc770 were encapsulated into 

the PLGA core by the efficient emulsion reaction. The chemical characterization consists 

of the TEM, size distribution and UV spectrum are shown in Figure 39 for PPC815. In the 

presence of the PLGA core, the hydrophobic interaction of the probes brings the PLGA 

and Croc closely, therefore, manifests the spatial condition for absorption of the dye. This 

formation is simple for handling, rapid and long-term stability. The main obstacle of Croc 

in long-term usage for PAI guide-PTT is the low stability in vivo; therefore, the PPC815 

NP was used PLGA as the carrier for in vitro and in vivo usage, reducing the side-effect 

and increasing the biostability. The PLGA/Croc composite forms the fundamental 

reaction platform for utilizing hydrophobicity dye for PAI. 
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Figure 39 Characterization of PPC815 NPs, (a) TEM image (The scale bar is 50 nm), 

(b) Size distribution of NPs (c) UV-vis-NIR absorption of Croc815 and PPC815 NPs 

(50 g/mL) at different pH values in 10 mM PBS buffer. (D) Release profiles of 

Croc815 from PPC815 NPs at different pH buffer solutions with or without laser 

irradiation 1.0 W/cm2 for 5 mins. 

 

4.3.2 Morphology and structure of PPC815, CPC815 and CPC770 NPs 

 The PPC815, CPC815 and CPC770 NPs were synthesized by the one-step emulsion 

solvent evaporation method. The products are all protected by a layer of cystine group or 

iRGD peptide because of the Mal molecules on the polymer shell. Hence, they can be 

dispersed in polar solvents, such as DI water, PBS or medium, to form a stable colloidal. 

Figure 39 a shows the morphology of PPC815,the PLGA shell presents a regular 
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morphology with high dispersity, a spherical uniform shape and small size distribution. 

The shape homogeneity is crucial to the shell layer's epitaxial growth because irregular 

morphology may not favor the conjugation of peptides in the shell due to high surface 

energy. The PPC815 NPs showed a polymeric round shape structure under TEM images 

with an average size of 135.1 ± 0.5 nm as shown in Figure 39 b. Due to the different 

surface states of NPs as measured by these two methods in which PPC815 NPs were fully 

dehydrated (shrunken) for TEM while PPC815 completed hydrated (swollen) for DLS 

analysis. Moreover, the DLS results compared to CPC815 clearly showed that the surface 

of PPC815 nanoparticles was smooth and round shape with an average size of ≈185.1 nm 

in DI water, indicating the successful formation of iRGD peptide onto the PPC815 (Table 

2). The UV-absorption spectrum for Croc815, PPC815 are presented in Figure 39 c. In 

comparison to these two spectra of the individual molecules, this work revealed that 

PPC815 exhibits the characteristic absorption features in pH 5.8 of all other PB buffer, 

namely, the broad absorption of pristine PPC815 (600-820 nm), the narrow absorption band 

of Croc815 (700-800 nm).  

Nano- 

particles 

Particles 

size (nm) 

Polydispersity 

index (PDI) 

Zeta-potential 

(mV) 
DL(%)  EE % 

CPC770 182.3 ± 3.0 0.09 ± 0.01  -24.2 ± 2.1 20.2 43.4 

CPC815 183.3 ± 2.1 0.10 ± 0.02 -21.2 ± 1.4 19.8 40.4 

PPC815 185.1 ± 3.3 0.07 ± 0.03 -1.2 ± 0.7 19.8 40.4 

Table 4 Comparison of the particles size and zeta potential of iRGD-PLGA/Croc815 

(PPC815) Cys-PLGA/Croc815 (CPC815) and Cys-PLGA/Croc770 (CPC770) 
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Nanoparticles 

Additionally, the covalent incorporation of iRGD onto Mal-PEG-PLGA is 

demonstrated by the change in zeta potential, as shown in Table 2. The free sulfhydryl 

group provided the possibility to connect iRGD to the maleimide group of Mal-PEG-

PLGA through maleimide reaction. This result provides further evidence of the formation 

of iRGD-PLGA/Croc; zeta potential reversed from far negative (−21.2 mV) to (-1.2 mV). 

Besides, the hydrodynamic diameter slightly increased from 183.3 ± 2.1 to 185.1 ± 3.3 

nm. The zeta potential (mV) of CPC770 and CPC815 was–24.2 ± 2.1 mV and –21.2 ± 1.4 

mV, as represented in Table 2. Higher negative zeta potential values were obtained for 

NPs formulation due to terminal carboxyl groups' presence on the PEG-PLGA polymer's 

shell. As the zeta potential increases in the PPC815 nano-system, the repulsive interaction 

will be more extensive, leading to more stable particles with well dispersion consistent 

with their relatively low PDI values (less than 0.11). Besides, a lower negative zeta 

potential represents the increasing the NPs stability by the peptide conjugation. The drug 

loading of both types of PLGA NPs ranged from 19.8 to 20.2%, and their corresponding 

encapsulation efficiency was 40.4 to 43.4% for this formulation. Moreover, the Croc815 

release property of PPC815 had been investigated upon laser irradiation of 1.0 W/cm2 

under different pH buffers (Figure 39 d), a small amount (20 %) of Croc815 was released 

from NPs in pH 7.4 buffer within 24 hrs. However, more than 40 % of the trapped Croc 

was released from NPs in pH 5.8 without laser irradiation within 30 hrs. The higher Croc 

release rate of PPC815 in mildly acidic conditions was attributed to the faster degradation 

rate of PLGA in TME. PPC815 demonstrated a faster-releasing rate and more (80 %) 
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release from PPC815 in pH 5.8 buffer upon laser irradiation. 

 

4.3.3 In vitro photothermal property of PPC815 NPs 

  After confirming the morphology and phase of the core-shell structure PLGA, 

a targeted iRGD peptide was functionalized on the PLGA shell's surface to form the 

PPC815. Besides, the UV absorption signal of PPC815 in the NIR region holds great 

promise to be a photothermal agent. To further investigate the photothermal capacity of 

PPC815, NIR laser irradiated PPC815 in PBS dispersion (with the concentration of 50 µg 

mL−1 based on Mass Spectra) for 5 mins with an 808 nm NIR laser (1.0 W/cm2) then the 

NPs were recorded the temperature using a NIR thermal camera. As depicts in Figure 40, 

the excellent PCE of PPC815 NPs was observed and lay a firm foundation to be applied in 

PTT, a rapidly developing method for cancer therapy.  
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Figure 40 (a) Temperature elevation curves of PPC815 NPs in different concentration; 

(b) Temperature elevation curves of PPC815NPs in (50 g/ml) under different laser 

power; (c) IR thermal images and temperature changes of PPC815 NPs under 

different pH under the 808 nm laser (1.0 W/cm2, 5 min); (d) Multiple heating cycles 

of PPC815 (50 g/ml) over three rounds of on/off cycling (808 nm, 1.0 W/ cm2); (e) 

Representative PA spectra of the PPC815 (50 g/ml) under different pH buffer 

solution in 180 mins; (f) PA signal intensity of PPC815 (50 g/ml) versus a function of 

time under different buffer. 
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Figure 40 a revealed the temperature of PPC815 NPs increased with 

concentration under 808 nm laser irradiation (1.0 W/cm2), whereas the well-dispersed PB 

buffer was set as a control group. In contrast, the PB solution only demonstrated 

negligible temperature change upon laser irradiation. As displayed in Figure 40 b, the 

temperature for the PPC815 solution exhibited significant enhancement with increasing 

laser power density. To evaluate the photothermal capability of PPC815 was contributed 

by Croc dye, the temperature elevation curves of PPC815 were recorded by irradiating 

them with 1.0 W cm2 laser for 5 min in different buffers. As shown in Figure 40 c, only 

PB buffer as control indicated a slight temperature increase (17 °C to 20 °C). In contrast, 

the temperature elevation of PPC815 NPs (50 g/ml) was significantly increased from 24.5  

°C to 62.3 °C in pH 5.8 and from 24.5°C to 58.1 °C in pH 6.5. Comparing to the 

equivalent number of NPs in pH 7.4 its temperature only reached ( 24.3°C to 46.1 °C). 

Noticeably, it was the Croc815 dye that contributed to the photothermal conversion in 

PPC815 NPs. The NIR thermal images given in Figure 40 d provide reliable photostability 

evidence by applying triple recycling temperature variations of PPC815 NPs solution. 

There is no more obvious heat energy deterioration after three recycles. Moreover, the 

photothermal conversion efficiency of PPC815 has been determined as 35 %, as mentioned 

in Chapter 2. This high photothermal conversion efficiency can perform an excellent 

thermal ability for subsequent PTT in vivo experiments. The PA absorption properties of 

the PPC815 were characterized in vitro using NIR laser via the Vevo LAZR, high-

frequency ultrasound and PAI capabilities system. As shown in Figures 40 e & f, it should 

be noted that the Croc815 in the PLGA core can be excited by the 808 nm laser owing to 

the unique PA spectra in the range of 650 nm to 980 nm. This was the visual evidence for 
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the increase of PA signal consisting of PPC815 in an acidic buffer as shown in Figure 40 

e. Figure 40 f shows the 808 nm excited PPC815 NPs at different buffers, respectively. The 

characteristic PA signals increased at around 60, 120, and 180 mins were similar to that 

of the previous in vitro laser-induced heat generation study; however, the peak intensity 

at 815 nm was more distinct.  

4.3.4 PA signal measurement of nanoprobe in cell phantom 

Low toxicity is a crucial criterion of any designed nanotherapeutic agent for 

biomedical applications. Thus, the cell viability of CPC815 and PPC815 NPs present and 

absent laser irradiation was further investigated for MDA-MB-231, as indicated in Figure 

41 a. The CCK8 assays proved their biocompatibility with no apparent cytotoxicity 

observed at a high concentration at 70 g/ml of CPC815 without laser irradiation at 24 hrs. 

In Figure 41a, the IC50 value (i.e., the drug concentrations required to induce 50% cell 

death within a certain period) of CPC815 and PPC815 NPs was 75.7 μg/ml and 60.2 μg/ml 

after 24 hrs without laser irradiation, compared to the CPC815 and PPC815 with laser 

irradiation was 27.8 μg/ml and 11.2 μg/ml at 24 hrs. The enhanced cell ablation effect of 

PPC815 and CPC815 against MDA-MB-231 cancer cells could be ascribed to the improved 

endocytosis-mediated uptake of the dye at different time points (Figure 41a) resulting in 

the increase of local temperature at both groups with laser irradiation and eventual cell 

death. Considering that the final target of the NPs is the overexpressed integrin avβ3, a 

negative control experiment using free iRGD as an inhibitor was performed in the cell 

viability test, 10 L of 10 mM iRGD was mixed with breast cancer cells at least three hrs 

before the incubation of PPC815 NPs. The competing group (PPC815 + inhibitor + laser) 

demonstrated lower cytotoxicity than the (PPC815 + laser) group. With these 
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considerations in mind, it showed that the iRGD pre-incubation presented to block all the 

surface receptors for binding with the PPC815 and proved that the targeting ability of the 

PPC815 NPs between iRGD and the avβ3 receptor.14 

               Moreover, PPC815 were incorporated by breast cancer cells to form agarose gel 

phantom for in vitro PA monitoring after several hours in culture medium as seen in 

Figure 41 b and c; notably, the cellular uptake was relatively higher of PPC815 during the 

testing concentration compared to CPC815 for MDA-MB-231 cancer cell along time ( 4-

fold PA signal increased at 24 hrs incubation), as the improved targeting efficiency of 

PPC815 than CPC815 in MDA-MB-231 cancer cells brought about by iRGD conjugated on 

the surface of NPs.  

 

Figure 41 (a) Cell viability of MDA-MB-231 cells cultured with various 

concentration of PPC815 with and without pre-incubation of 10 L 10 mM iRGD 
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inhibitor and CPC815 (non-targeted) with and without laser irradiation (n = 5) after 

24 hrs incubation. (b) PA response of each mimic tissue consisting MDA-MB-231 

with 50 g/ml PPC815 (targeted) and CPC815 (non-targeted) for different time points. 

(c) Quantitative measurement at 815 nm in different time points. P < 0.05. 

4.3.5 In vivo PA signal measurement  

According to the in vitro experiment, PPC815nanoprobe owns high NIR 

absorption per molar concentration, and its sharp peaks at 815 nm for PPC815 is useful for 

unmixing background absorption in vivo. For the diagnosis property, this work studied 

pH sensitivity prognosis PPC815 NPs combined with the PAI guide-PTT in TME to 

enhance the optimal therapeutic using a mouse model with breast cancer in the early stage.   

This study modified the iRGD peptide with an extra cysteine residue and was 

conjugated to the PEG-PLGA through the maleimide-thiol reaction. Previous animal 

studies based on the different cancer models, such as pancreatic and breast cancer models, 

revealed that iRGD conjugation significantly increased nanoparticles' penetration at the 

tumor site. Compared to the control group in other experiments, the iRGD group was 

multiple hundred μm close to tumor vasculature.180 To achieve the therapeutic outcome 

in this project, this work conjugated the iRGD peptide with an extra cysteine residue on 

the nanocarriers’ surface through maleimide-thiol reaction activate transcytosis at the 

tumor site. The iRGD motif first reacts with the αvβ3 or αvβ5 integrins which were 

overexpressed on the blood vessel around the tumor area with the endothelial cells and 

tumor cells. As NRP-1 is intensely overexpressed in breast cancer cells, a reasonable 

hypothesis that iRGD as a functionalized surface group could promote breast tumor tissue 
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accumulation.  

To compare the targeted result of PPC815 NPs, CPC815 and PBS as the control 

group was injected into MDA-MB-231 tumor-bearing mice, and their PA intensity was 

measured (Figure 42 a). As shown in Figure 42 b, quantality analysis of the PPC815 

nanoparticles tumor revealed that PA exhibited a strong signal along with different time 

points than the non-targeted group CPC815. The PA signal intensity of PPC815 

demonstrated the highest PA intensity at 24 hrs while the PA signal was 2-fold higher than 

CPC815. The PA signal intensity of CPC815 within the tumor peaked at 6 hrs post-injection, 

which then started to decline and returned to the post-injection level at the end, exhibiting 

a similar change trend of PA signal CPC770 NP as indicated below. Throughout the whole 

period, the targeted PPC815 NPs revealed more efficient tumor uptake than CPC815, 

whereas the PBS control group exhibited minor PA signal change during the entire period.  

The formation of targeted PPC815 and non-targeted CPC815 NPs that can be 

readily exploited to target the efficiency of iRGD enables the powerful application of 

multiplexed PAI with high signal-to-noise ratios of specific chromophore composition. 

iRGD conjugated αvβ3 receptor-mediated endocytosis may result in high accumulation in 

tumor according to the targeted specificity of targeted PPC815 compared to non-targeted 

CPC815 and CPC770 NPs, enhance Croc concentration inside the tumor, would attribute 

inhibition effect after PTT upon laser irradiation (808 nm). 

https://www.wordhippo.com/what-is/another-word-for/decline.html
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Figure 42 (a) Heat map of PA-US overlay images of mice tumor bearing MDA-MB-

231 orthoptic tumors after injection of PPC815 (5 mg/kg, 200 L) and CPC815 (5 

mg/kg, 200 L) at 0, 4, 6, 24, 48 and 72 hrs (n = 4) at 815 nm; (b) Quantification of 

the PA signals of the PPC815 and CPC815 at 815 nm with PBS as control group in 

different time points.  

 

4.3.6 PA spectra unmixing of PPC815 and CPC770 for molecular imaging  

 This work utilized those specific advantages to designing an iRGD- 

functionalized PEGylated Croc-loaded PLGA NP system (PPC815) and studied its in vivo 

pharmacokinetics properties against non-targeted CPC770 NPs as shown in Figure 43. On 

the one hand, the intravenous administration of targeted and non-targeted probe not only 

mapped local pH values but also prolonged its retention, allowing image two different 
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wavelengths of two types of particles real-time, each of them was functionalized with 

varying kinds of surface markers, provides a capability for screening multiple 

nanoprobe’s properties in the tumor at once as shown in Figure 43. The PA response signal 

was collected with a sequential tumor image at multiple wavelengths (710, 750, 770,795, 

815, 850 and 890 nm) as indicated in Figure 43a. 

The PA images at various wavelengths are used to unmix specific exogenous 

contrast agents, relying on distinct PA spectral signatures as indicated in Figure 43 b. The 

formation of targeted PPC815 and non-targeted CPC770 NPs that can be simultaneously 

and spectrally deconvoluted with non-invasive enables the robust application of in vivo 

multiplexed PAI with mixed NPs, according to their highly distinct absorbance profiles.  

 

Figure 43 Multiplexed PA tomography. (a) PA images acquired at multiple 

wavelengths; (b) PA spectra unmixing of CPC770, PPC815 NPs in pH 6.5 buffer 

solution with oxygenated hemoglobin (OxH, red) and deoxygenated hemoglobin 

(deOxH, blue); (c) Multiplexed PA images of CPC770, PPC815 NPs, OxH and deOxH 

within tumors when overlaid with the ultrasound image.  
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 The signal from targeted PPC815 and non-targeted CPC770 can be deconvoluted 

via PA multispectral scanning with two noticeable absorbance peaks at 770 and 815 nm, 

facilitating the deconvolution of endogenous signals (Figure 43b). Multispectral PAI can 

also distinguish the pH sensitivity of Croc815 and Croc770 dye from its zwitterionic acidic 

form (λmax~815 nm) or (λmax~770 nm) in pH 6.5 and relatively unvarying tissue 

background at these two wavelengths. By acquiring PA images at multiple wavelengths 

and estimating the Croc815 and Croc770 dye composition contributions based on each pixel, 

PA images of targeted PPC815 and non-targeted CPC770NPs, OxH and deOxH can be 

simultaneously measured and overlaid with ultrasound images, and image reconstruction 

was performed with the acquired data (Figure 43 c). 

               The surface modification of PEG-PLGA nanoparticles can be changed,for 

example, this work utilized the MAL surface chemistry to add iRGD peptide to achieve 

targeting delivery. To further investigate the targeting abilities of PPC815, the in vivo 

multiplexed PAI employed set of Croc815 and Croc770 dye encapsulated PLGA NPs were 

investigated via intravenous injection. This is demonstrated by simultaneous imaging a 

set of non-targeted particles CPC770 and iRGD targeted nanoparticles PPC815, each tagged 

with the same series of Croc dye with different peak maxima wavelength as indicated in 

Figure 44 a.  At each given time point, the targeted PPC815 NPs revealed a significantly 

higher PA signal intensity than CPC770 NPs (Figure 44 b). The PPC815 NPs achieved a 2.8 

times PA signal enhancement than CPC770 NPs at 22 hrs. As a result, the CPC770 NPs PA 

signal has relatively high retention around the tumor periphery, shown in Figure 44 c. The 

clearance of the CPC770 (orange color) through the vasculature of the skin that should be 

retained at the boundary of the tumor has also been seen in other nano-system.181,182 

https://www.wordhippo.com/what-is/another-word-for/noticeable.html
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                 Moreover, this noticeable absorbance peak of PPC815 at the mildly acidic 

condition and iRGD conjugation offers insight into tumor-targeting property's 

involvement in various aspects such as pharmacokinetic profile and selective tumor 

binding affinity. Therefore, the utilization of distinct absorbance characteristics with 

different surface modifications in PPC815 provides a capacity for synchronously screening 

and investigating the tumor’s microenvironment properties in vivo. 

 

Figure 44 Monitoring NPs accumulation with PA imaging. Heat map of PA-US 

overlay images of injected PPC815 and CPC770 NPs together (1:1 w/w, 5 mg/kg per 

each NP, 200 L) into the mice bearing MDA-MB-231 ductal carcinoma in situ after 

0, 2, 6, 22, 48 and 72 hrs NP accumulation in tumors, (b) Average PA signal intensity 

at 815 nm of PPC815 NPs and 770 nm of CPC770 NPs within tumors along different 

times points (n = 5). Measurements are averages and error bars are standard 

deviations of 50 slices of images of tumors; (c) Multiplexed in vivo tumor PA images 

of CPC770 and PPC815 NPs accumulation at the same single mouse over the post-

injection time. Heat map of PA-US overlay images after intravascular injection of 

CPC770 NPs (Orange) and PPC815 NPs (Green).  

https://www.wordhippo.com/what-is/another-word-for/noticeable.html
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4.3.7 In vivo PTT test of PPC815 and CPC815 

Considering the promising effect of in vitro PA signal and efficient effect in 

killing cells with a high photothermal conversion efficiency of PPC815, the next step is to 

proceed to the in vivo experiment. PTT's key factors include the best treatment time of 

laser irradiation, the enhancement of photothermal conversion efficacy of PTAs, high 

tumor accumulation of PTAs, and appropriate laser irradiation dosage. The five groups 

of PPC815, PPC815+ laser, CPC815, CPC815 + laser, PBS were randomly separated to 

investigate the impact of anti-cancer treatment via PTT as shown in Figure 45 a. 

  This work applied 1.5 W/cm2 laser irradiation after 24 hrs of intravenous injection 

for PPC815, CPC815 and PBS.  For mice injected with PPC815 (5 mg/kg, 100 l), the local 

temperature in the tumor increased to 46 °C within 3 mins, then up to 50 °C at 5 mins, 

reaching the damage threshold for irreversible tissue damage.183 The mild temperature 

rises from 40–45 °C can enhance tumor blood flow and oxygenation and expand the 

vascular permeability.184,185 However, the groups received CPC815 NPs + laser resulted in 

a temperature elevation to 45 °C at 5 mins. This suitable laser power could initially induce 

dramatic and fast temperature rise from nanoprobe to the entire tumor regions since laser 

irradiation overdose will also cause overheating and undesirable damage to normal 

tissues.72 On the contrary, no noticeable temperature change was observed in the PBS+ 

laser group. Those tumor inhibition results revealed that 14 days after PTT treatment, 

only the group of PPC815 (5 mg/kg, 100 l) + laser showed apparent necrotic tissue at the 

irradiation site. Fourteen days later, partial tumor destruction was achieved in the PPC815 

(5 mg/kg, 100 l) group, while the tumor's recurrence happened in the (5 mg/kg, 100 l) 

CPC815 + laser group with delayed growth. The tumor size was measured and analyzed 
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in Figure 45 d.  In contract, the other groups, PPC815, CPC815 and PBS without laser 

irradiation, tumors grew in an uncontrolled rate after two weeks.  

 

Figure 45 In vivo photothermal therapy of the MDA-MB-231 tumor-bearing mice 

after injection of PBS, CPC815 and PPC815 with laser irradiation after 24 hrs of 

injection (5 mg/kg, 1.5 W/cm2). (a) Photographs of the tumor region were time-lapse 

acquired and systematically administrated after 5 min of 1.5 W/cm2 NIR irradiation; 

(b) Thermal images and (c) corresponding temperature changes of tumor site after 

24 hrs post-injection; (d) Relative tumor-growth curve. Insert is the photographs of 

relevant tumors originated from each group in (d); (e) 3D volume of tumor before 

and after treatment; (f) Body weight after various treatments indicated in 14 days; 
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(g) H&E staining of tumor tissues after 14 days of treatment as shown, 

immunohistochemical analysis of the expressions of CD31.  

As previously shown in Figure 45 a, b and d, PTT treatment with PPC815 has 

further inhibited tumor growth to nearly vanish. This work next confirmed that the 3D 

volume rendering of PA images of tumors was significantly smaller for mice treated with 

PPC815 +laser, as shown in Figure 45 e. The large scale of cancer cells death was 

demonstrated in PPC815 +laser, which established the increased anti-tumor effect, as 

presented as tumor growth inhibition in the early stages. Figure 46 shows that after the 

injection of NPs, all animals maintain the body weight within average values for two 

weeks (no differences between groups at the end of the experimental period), with no 

significant morbidity and no potential adverse effects. Also, there was no significant body 

weight variation after a dose of PPC815 and CPC815 induced PTT treatment, as illustrated 

in Figure 45 f. The CD31 angiogenesis assay was tested on the tumor tissue of PPC815 

+laser and PBS+ laser group, the number of microvessels in tumor sections stained with 

CD31 and TUNEL assay (Figure 45 g) demonstrated the anti-angiogenesis effect of 

PPC815 under PTT.  The effects of PTT in vivo were estimated by immunohistochemistry 

with CD 31 and terminal deoxynucleotidyl transferase-mediated dUTP-biotin nickend 

labeling (TUNEL) assay. PBS + laser control group revealed the apparent formation of 

new blood vessels. On the contrary, immunoreactivity with CD 31 is significantly reduced 

in the PPC815 + laser treatment group. The TUNEL staining PPC815 + laser treatment 

shows that more apoptotic cells were observed in the mice treated with PPC815 + laser 

than PBS + laser group. The prominent PTT-augmented therapeutic outcome with 
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PPC815 NPs couple with laser irradiation holds excellent promise as an effective PTT 

agent for in vivo tumor therapy. 

 

4.3.8 Toxicity test of CPC815 and PPC815 NPs 

  

Figure 46 (a) The pathological changes of main organ evaluated H&E staining of 

different treatment groups acquired at 14 d after different treatment as indicated. 

No noticeable pathological changes were observed in these organs. (b) The 

biochemistry indexes included blood glucose (GLU), blood urea nitrogen (BUN), 
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low-density lipoprotein cholesterol (LDL-C), and aspartate aminotransferase (AST), 

High plasma uric acid (UA), which were acquired at 14 days after different 

treatment as indicated. 

To further assess the potential toxicity of non-targeted CPC815 and iRGD-

targeting PPC815 NPs in tumor-bearing nude mice, organs from MDA-MB-231 tumor-

bearing mice injected by these two nanoprobes were subjected to H&E analysis. There 

were no severe inflammation or damage among main organs, such as the heart, liver, 

spleen, lung, kidneys of CPC815 and PPC815 NPs after PTT as shown in Figure 46 a. The 

potential toxicity of different treated groups was also checked using healthy mice at a 

dose of (5 mg/kg) of the therapy dose. Neither noticeable abnormalities nor mouse death 

were observed in those mice. Besides, their biochemical assay was confirmed by the 

serum the blood chemical indexes such as alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), blood urea nitrogen (BUN), plasma uric acid (UA), blood 

glucose (GLU), and low-density lipoprotein cholesterol (LDL-C) levels after 14 days 

upon tail vein injection of CPC815, PPC815 with and without laser irradiation as shown in 

Figure 46 b to evaluate the potential toxicity compared with the PBS control group. No 

apparent decrease in blood biochemical indexes in the mice of CPC815 and PPC815 groups 

upon laser irradiation. Compared to the PBS group, the results demonstrated no 

significant toxicity. 

                 Simultaneously, blood sample tests to monitor potential liver and pancreatic 

toxicity show that none of the biomarker enzymes are significantly different between 

CPC815 and PPC815 upon laser irradiation groups and similar to those measured in non-
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laser treated mice suggesting a regular activity of these organs. 

 

4.4 Conclusion 

Unlike traditional optical imaging modalities, PAI offers high-resolution and 

deep-penetration optical visualization, significantly increasing patients’ survival rate in 

early tumor diagnosis. Polymeric nanoparticles as contrast agents have received increased 

attention in PAI for cancer diagnosis. They are characterized by incorporating tunable 

functionalities and a high capacity to load NIR light-absorbing agents. This work's core-

shell polymeric nanoparticles are innovatively designed with pH-activated NIR 

croconaine (Croc) dye as core and PEG-PLGA as a shell. It evaluated a Croc815 and 

Croc770 dye pair with a specific range of pH-sensitive NIR absorption into the PLGA 

shell's core due to its high hydrophobicity. Besides, the combination of PAI-guided PTT 

will significantly improve diagnosis accuracy and enhance the therapeutic efficiency for 

the early-stage tumor. The UV-vis-NIR absorption spectra of PPC815 nanoparticles reveal 

the characteristic peak at 815 nm as other CPC770 compared to a distinct peak at 770 nm 

at pH 6.5. The sharp absorption peaks of these two wavelengths with narrow bandwidths 

encourage large-amplitude switching of molar absorptivity.173 The hydrophobicity of the 

dyes allows their sequestration on the PLGA NP cores, which are especially advantageous 

in multiplexed PAI.166 The formed PPC815 nanoparticles serve as a multi-functionalized 

contrast agent for PAI guide-PTT. NIR dye Croc and targeted iRGD molecules are 

formulated in a MAL-PEG-PLGA nanosystem to achieve precise tumor localization and 

simultaneous PTT.91 This is the real-time multispectral PAI agent designed for diagnosis 
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and the use of a specific hand-held machine that combines multiple frames at different 

wavelengths into one image to identify other dyes. This project injected two pH sensing 

molecules, CPC770 and PPC815, into the same mice and mapped them at two wavelengths 

for the targeted delivery of nanomaterials based on the orthotopic tumor model. 

Meanwhile, the Croc815 dye can convert the NIR light into heat with high efficiency 

resulting in effective PTT. Local hyperthermia is used to damage and eliminate tumors 

by increasing the temperature to 42-48 °C. Administration of  PPC815 in tumors under the 

effect of a simultaneously PAI-guided can induce local temperature increase 

hyperthermia. Aside from PAI-guided hyperthermia, a targeted photothermal agent, 

PPC815, absorbs photo energy and dissipates it in gorm of heat, this heat encourages the 

disruption of cellular membranes and induces necrosis indicated in immunostaining result. 

In terms of injectable of PPC815 used for pH activated nanomedicine, this study is mainly 

focused on exploring PLGA nanoplatform as drug delivery devices due to their ability to 

deploy tumor diagnosis. 

 

In summary, this newly developed nanosystem represents a novel approach in 

combining the PAI diagnosis and PTT against early-stage breast cancer with target-

specific properties triggered by the environmental pH of the tumor microenvironment. It 

provides an effective treatment to vanish the tumor.177 
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5. iRGD-PLGA encapsulated AuNCs/EGCG for whole-body 

MSOT-guided PTT/Chemotherapy 

5.1 Introduction 

Recently, theranostics is an emerging anti-cancer field using PTT, chemo 

dynamic therapy (CDT), and chemotherapy with high selectivity combined with non-

invasive imaging modalities, such as MRI, PAI, and PET/CT.55,186,187 The major obstacle 

of CDT/PTT or chemotherapy/PTT synergistic therapy is the complex incorporation of 

chemotherapy drugs or contrast agents to realize “all-in-one” multifunction.188,189 

However, few efforts have been devoted to addressing this obstacle in a single nano-agent 

for whole-body MSOT. This chapter optimized the simple formulation of PLGA 

nanocarrier to encapsulate organic compounds as NIR light-absorbing agents for 

potential clinical translation. MSOT will be a powerful technique to guide and track the 

chemo drug-loaded PLGA NPs to the tumor when translated to the clinical setting. Any 

additional component to a theranostic carrier will significantly impact the manufacturing 

process and production cost. In this sense, this chapter's simple therapeutic formulation 

for MSOT-guided EGCG/AuNCs delivery combined PTT might be more feasible in 

nanomedicine clinical translation. 

EGCG, the main component in green tea, is a novel class of powerful 

antioxidants that interrupts the production and metastasis of various cancers such as lung, 

liver, and breast cancer.190 More and more studies proved that the EGCG anti-cancer 

mechanism is related to angiogenesis inhibition, tumor cell death induction and tumor 

growth inhibition.191–195 The cost of EGCG is low and it has high biosafety and can be 
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administered orally to be in direct contact with the digestive tract epithelial cells.196 The 

chemical structure of EGCG contains polyphenols and contributes to powerful medicinal 

properties such as anti-diabetic, anti-oxidant, and anti-cancer.197 As previously reported 

the hydroxyl group on the catechin molecules' phenol rings would induce rapid 

degradation in vivo. Despite the recent advances in the anti-cancer effect of EGCG, poor 

intestinal stability and low bioavailability and unstable neutral structure, which efficiently 

blocks in vivo biological application of EGCG.198 The inhibition of HIF-1α and vascular 

endothelial growth factor (VEGF) pathway has gained enormous attention for cancer 

therapy, as HIF-1α is overexpressed on many types of solid tumors and plays a significant 

role in facilitating cancer cell migration, metastasis and tumor angiogenesis.199 EGCG 

can significantly inhibit the expression of VEGF, bFGF, HIF-1α, and HIF-1β.200 It can 

also block VEGF signal transduction pathways to inhibit tumor angiogenesis and 

metastasis.201  

Gold nanocages (AuNCs) have a well-known hollow nanostructure with porous 

walls and desired optical property according to its tunable localized surface plasmon 

resonance (LSPR) peaks for thermal ablation of tumors with high-efficiency light-to-heat 

conversion.15,26,202 Moreover, they attracted much attention from researchers because 

their size can be easily tuned between 30-100 nm which readily accumulate in tumor 

tissues via the enhanced permeability and retention (EPR) effect.167  

MSOT is a spectral optoacoustic technique in which laser irradiation of 

biological tissue with multiple wavelengths generates a specific signal for molecular 

imaging.203–206 3D imaging can be utilized as a volumetric imaging technique for real-

time tumor diagnosis. Compared to conventional optical imaging, MSOT would provide 
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a high signal-to-noise ratio via transforming mechanical waves into an acoustic wave in 

thermal expansion of biological tissue for NIR laser.10,15,30,44,207  

As one of the FDA-approved biomaterials, PLGA polymeric nanomaterial is 

one of the most popular nanoplatforms for drug delivery and diagnosis for 

MSOT.98,176,208–210 Among them, hydrophilic block of poly(ethylene glycol) (PEG)-

PLGA copolymer could extend the systemic circulation time with favorable degradation 

and multifunctional property.160,211 

Chemotherapy is the most popular choice to kill tumors due to its high sensitivity 

to treat malignant tumors. Nevertheless, the obvious main obstacles for chemotherapy are 

the poor effectiveness and high toxicity due to the non-specific tumor targeting and poor 

safety margins in TME.212 Besides, simultaneous incorporation of imaging probes and 

chemotherapy drugs into a single nanocarrier to theranostics is cumbersome to achieve. 

To meet the challenges of multidrug resistance of TME, the LSPR property of AuNCs 

had their absorption range tuned into the NIR region with high photothermal converting 

capacity to visualize tumor uptake of nano-drug (EA–AB) and AuNCs@BSA (BSA = 

bovine serum albumin) conjugates via electrostatic interaction with PTT and PAI 

capability.19 Besides, Chen et al. developed dual-drug self-assemble EGCG@ZIF-8 for 

the treatment of tumors.213 Kazi et al. investigated scintigraph imaging for EGCG loaded 

PLGA nanoparticles (EGCG-NPs) in pre-clinical studies.197 Nevertheless, until now, 

there is minimal information on the methodology of EGCG and AuNCS incorporation 

into PEG-PLGA copolymers for MSOT-guided targeted drug delivery.  

Targeted drug delivery aims to accumulate the therapeutic agent at the site of 

interest to increase therapeutic efficacy using lower drug doses and reduce side effects. 
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The work in this chapter is to develop a novel iRGD mediated PLGA encapsulated EGCG 

and AuNCs, iRGD-PEG-PLGA/AuNCs/EGCG (PAuE) to achieve targeted 

chemotherapy and PTT. Due to PTT's combined actions via AuNCs and inhibition of HIF-

1α and VEGF expression via EGCG, PAuE NPs exhibits marked in vivo tumor inhibition 

efficacy via MSOT imaging-guided therapy. 

 

5.2 Experimental 

5.2.1 Preparation of AuNCs and surface modification  

AuNCs were synthesized via the galvanic replacement reaction with silver 

nanoparticles as the templates.159 Briefly, silver nanoparticles were firstly synthesized by 

stirring silver nitrate solution (0.1 M, 50 ml) with sodium citrate (0.5 M, 1.5 ml) and 

freshly prepared sodium borohydride solution (0.1 M,1.5 ml). The resulting solution 

showed a characteristic yellow color immediately upon adding NaBH4, and the mixture 

was stirred for at least 3 hrs to complete the reaction. Then hydroxylamine hydrochloride 

solution (0.2 M, 1.5 ml) was added to silver nanoparticles (50 ml) solution and stirred for 

ten minutes. Afterward, silver nitrate solution (0.1 M, 1.5 ml) was added, and the mixture 

was stirred at room temperature overnight. The color of the solution would turn to orange. 

AuNCs can be conveniently obtained by simply titrating with 12 ml of (1mM) HAuCl4 

solution under heat and refluxed for one hour. They were first modified by adding SH-

PEG2000-OH (1mg per 50 ml AuNCs solution, LayBio) and stirring for 24 hrs to obtain 

PEG@AuNCs. The PEG@AuNCs were then decorated with dodecanethiol via a ligand 

exchange method. In brief, the PEG@AuNCs (10 mL) were first centrifuged at 14,000 
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rpm and the supernatant was discarded. Then they were washed three times with 

anhydrous alcohol (1 mL). The PEG@AuNCs were re-dispersed in anhydrous alcohol (1 

mL) and were stirred with dodecanethiol solution overnight (60 g/mL, 50 L). After 

being centrifuged at 14,000 rpm for 10 minutes the supernatant was discarded. The 

dodecanethiol@AuNCs were collected and re-dispersed in DMSO for further reaction.  

 

5.2.2 Preparation of iRGD-PEG-PLGA/AuNCs/EGCG (PAuE), Cys-PEG-

PLGA/AuNCs/EGCG (CAuE) NPs, iRGD-PEG-PLGA/AuNCs/(PAu) and iRGD-

PEG-PLGA/EGCG (PE) NPs 

The Mal-PEG-PLGA copolymer encapsulated AuNCs and EGCG (NPs) were 

synthesized according to the previously reported nanoprecipitation method with slight 

modification.214 Briefly, EGCG (2 mg/mL) and dodecanethiol@AuNCs (400 mg/mL) 

were dispersed in Mal-PEG-PLGA solution in DMSO (8 mg/mL) by sonication. The 

prepared dispersion was added dropwise (for 15 min) to 4 mL of PVA (1%, w/v) aqueous 

solution. The resultant NPs were washed with Milli-Q water with centrifugation to 

remove unloaded free EGCG, polymer and 1% PVA as surfactant. Then, MAL-PEG-

PLGA/AuNCs/EGCG NPs were conjugated with the iRGD peptide through the 

interaction between Mal groups Mal-PEG-PLGA and the thiol group of iRGD for 24 hrs 

at room temperature in the dark. The molar ratio of Mal-PEG-PLGA NPs and iRGD used 

for conjugation was 4:1. The unreacted Mal groups on the surface of NPs were quenched 

using cysteine (Cys). The resulting solution was transferred into ultrafiltration (MWCO 

100 kDa) and centrifuge at 3000 rpm for 15 min to obtain the targeted nanoprobe iRGD-

PEG-PLGA/AuNCs/EGCG (PAuE) NPs. For control, the Cys-PEG-
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PLGA/AuNCs/EGCG (CAuE) NPs were prepared using the similar protocol mentioned 

above except without iRGD conjugation. Besides, iRGD-PEG-PLGA/AuNCs (PAu) and 

iRGD-PEG-PLGA/EGCG (PE) NPs were prepared following the same procedure as 

previously mentioned. 

 

5.2.3 Characterization of PAuE, PAu and PE NPs 

After ultrasonic oscillation for 10 minutes, 5 μL of the PAuE, PAu or PE 

NPs was dropped onto a TEM copper grid (carbon film-coated, 400-mesh). The 

morphology and size of NPs were characterized by TEM. The hydrodynamic size of NPs 

was determined at room temperature using a dynamic light scattering instrument (DLS, 

ZetasizerNanoZS90, Malvern Instruments Ltd, UK).  

PAuE, CAuE and PE NPs were lyophilized using a freeze dryer overnight. 

PAuE, CAuE and PE NPs (1 mg, lyophilized powder) were dispersed in 1 mL acetone 

solution to dissolve the polymer and released EGCG, which was separated by 

centrifugation (500 rpm). The supernatant obtained was dissolved in distilled water (1 

mL), and the absorbance of the solution was measured at 273 nm using a UV–vis 

spectrophotometer. The detailed calculation for EGCG loading capacity and 

encapsulation efficiency using the following formulas.177   

Encapsulation efficiency (%)=
𝑾𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒊𝒏 𝑵𝑷𝒔

𝑾𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒇𝒆𝒅 𝒊𝒏𝒊𝒕𝒂𝒍𝒍𝒚 𝐍𝐏𝐬
× 𝟏𝟎𝟎 

Drug loading (%) =
𝑾𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒊𝒏 𝑵𝑷𝒔

𝑾𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝑵𝑷𝒔
× 𝟏𝟎𝟎  

The FTIR spectroscopy was performed to investigate the EGCG and PLGA formulation 

interactions as per the reported method.  
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5.2.4 In-vitro drug release study of PAuE NPs 

1 mg PAuE (EGCG concentration in each was 0.1 mg/mL) was dispersed in 

three different pH PB buffers (1 mL), such as 7.4, 6.5, 5.8 with dialysis tubes (molecular 

weight cut-off: 12kDa, Merck, USA). The tubes were placed in 20 ml of PB buffer 

maintained at 37 °C and stirred (400 rpm) for three days. At pre-determined time intervals, 

200 l of the supernatant was removed and refilled again with fresh buffer; EGCG release 

from the dialysis chamber into the release medium was determined by UV 

spectrophotometer at 273 nm. 

 

5.2.5 Measurements of photothermal conversion efficiency of PAuE NPs 

The concentration-dependent photothermal conversion efficacy was measured 

via a standard method, 500 μL of PAuE dispersions with a series of Au concentrations 

(5,10,25,50 ppm) were placed in a 1.5 ml tube and irradiated at the wavelength of 808 

nm for 10 min using a laser (808 nm, 1.5 W/cm2, Optoelectronics Tech. Co., Ltd, China).  

The laser power density-dependent photothermal conversion was also 

investigated for continuous adjustment from 0.8 W/cm2 to 1.5 W/cm2. The sample 

temperature was monitored using a near-infrared thermal imager (FLUKE Systems Inc., 

USA). The buffer solution containing NPs was irradiated by NIR laser (1.5 W/cm2) to its 

maximum value, and then the solution was cooled down to room temperature, three cycles 

were repeated, 55,177 and a thermal imaging camera (FLUKE Ti450) was applied to take 

thermal images. Water was used as the negative control for all photothermal conversion 

efficiency measurements.  
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5.2.6 Western blot analysis of PAuE NPs and free EGCG. 

The western blot analysis determined the relative protein expression level that 

induces apoptosis. MDA-MB-231 cells were treated with free EGCG and PAuE NPs (at 

different doses and time points). No EGCG treated cells were taken as control. After 48 

hrs treatment, the protein was extracted from the cells using lysis buffer, separated on 

SDS-PAGE (Bio-Rad), and quantified using Bradford reagent. Expressed proteins (40 µg 

each) were transferred to PVDF membrane (Blocking 5% BSA in TBST) and incubated 

with HIF-1 α (BD 610959), Bax (BD 556467), Bcl-2 (BD 610538) and for overnight at 

4°C. The membrane was washed and added with conjugated secondary antibody as per 

the reported protocol. β-Actin was treated as a control group.  

 

5.2.7 In vitro cytotoxicity test of PAuE, PAu and PE NPs  

The standard CCK-8 assay was used to investigate the cytotoxic effect of PAuE, 

PAuE and PE NPs. Briefly, MDA-MB-231 MG cells were seeded in 96-well plates at a 

density of 5 × 103 cells per well and incubated with DMEM medium (150 μL) at 37 °C 

in 5% CO2 for 24 hrs. The culture medium was then replaced with 150μL of freshly 

prepared culture medium containing the PAuE and PAu at different Au concentrations (0, 

2.5, 5, 10, 20, 30,40 ppm) and PE NPs at different EGCG concentrations (0 to 100 g/ml). 

The cells were irradiated with a NIR laser (808 nm, 1.0 W/cm2, 5 min). After 6 hrs of 

incubation for PTT treatment, the medium was replaced by a fresh medium to remove 

NPs followed by further incubation for 24 hrs. The absorbance of the mixture was 
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measured at 490 nm on a Spectra Max ® M3 Microplate Reader.  

  

5.2.8 In vivo distribution of PAuE NPs tracked by MSOT imaging  

For the in vivo experiment of PAuE NPs, the mice bearing MDA-MB-231 tumors 

were anesthetized. They were imaged with MSOT after intravenous injection of PAuE 

NPs (AuNCs concentration of 30 mg/kg, EGCG concentration of 5 mg/kg). Three mice 

were imaged for each group in orthotopic tumor models. 

 

5.2.9 In vivo tumor inhibition effect of NPs 

Mice model illustrated the tumor growth inhibition efficiency of NPs, BALB/c 

nude mice bearing MDA-MB-231 tumor were randomly divided into six groups (n = 4) 

and intravenously injected with PBS+laser, PAu+laser, PE +laser, PAuE + laser, PAuE, 

PE (5 mg/kg EGCG,30 mg/kg AuNCs, 200 L) from their tail vein injection over 14 days 

in a tumor. Notably, the tumor tissues from the four groups of PBS+ laser, PAu + laser, 

PE + laser and PAuE + laser were irradiated by 808 nm NIR laser at 6 hrs after tail vein 

injection (1.2 W/cm2, 5 min x 3 times). The temperature was recorded using a thermal 

camera (FLUKE camera and quantified by the Smart View 4.3 software). The animal 

body weight and tumor volume were measured every day until the test ended for 14 days. 

The therapeutic efficacy was evaluated by monitoring tumor size. The volume of the 

tumor was calculated using the following formula.177 V = (a*b*b)/2 where a and b are the 

longest and shortest diameters of the tumor, respectively. 

  To further assess the toxicity, all mice were sacrificed after treatment. Tumors 

and main organs (heart, liver, spleen, and kidney) of mice were washed with saline, fixed 



  

              

 

 Page 133 

 

with 4 % paraformaldehyde, embedded in paraffin and process for further hematoxylin 

and eosin (H&E) staining. 

5.3 Result and discussion 

 

Figure 47 Schematic illustration of the working mechanisms of combined PTT and 

chemotherapy by PAuE. PAuE inhibits angiogenesis and induces apoptosis. 

   This chapter aims to determine an optimal and simple “all in one” formulation 

for a targeted PLGA nanocarrier encapsulated AuNCs and EGCG for MSOT-guided PTT 

and chemotherapy. Thus, a highly efficient active targeting nano delivery system is 

designed as shown in Figure 47. As the scheme exploits multiple advantages of 

synchronous encapsulating hydrophilic EGCG and hydrophobic AuNCs into PLGA NPs, 

this PLGA-based nano-platform PAuE provided real-time monitoring of tumor growth 

inhibition through combined PTT and chemotherapy via MSOT in the MDA-MB-231 

orthotopic xenograft model.   
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5.3.1 Fabrication of PAuE NPs 

AuNCs were synthesized using a galvanic displacement method between silver 

nanoparticles and a HAuCl4 solution as previously described in chapter 2.159 

Dodecanethiol@AuNCs was synthesized following a previously reported protocol to 

convert the hydrophilicity PEG-modified AuNCs (PEG@AuNCs) into the 

hydrophobicity of dodecanethiol@AuNCs.135 The zeta potentials of AuNCs decreased 

from −10.8 to −18.4 mV after decorated by dodecanethiol as dodecanethiol@AuNCs.135 

To achieve the synergistic chemotherapy and PTT in a targeted drug delivery system, 

MAL-PEG-PLGA (PEG-PLGA, MW = 2000:15000) were employed to co-encapsulate 

the dodecanethiol@AuNCs and EGCG via nanoprecipitation method.215 iRGD peptides 

were attached to the surface of the Mal-PEG-PLGA polymer nanoparticles by melamine 

interaction in neutral pH.135  
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5.3.2 Characterization of the PAuE, PAu and PE NPs 

                

 

Figure 48 TEM images of (A) PAuE NPs and (B) PE NPs. (C) Size distribution of 

PAuE NPs. (D) UV spectrum of PAuE nanoparticles. (E) FTIR spectra of CAuE, 

PAuE and Mal-PLGA NPs. (F)  Zeta potential of blank PLGA, CAuE and PAuE 

NPs. 

This work performed a series of experiments to determine the surface 

morphology of PAuE, PE NPs, such as TEM, FTIR and DLS. The morphologies revealed 

by TEM for PAuE and PE NPs were shown in Figures 48 A and B. 

Figure 48 A shows that a high payload of AuNCs could accommodate a 

substantial amount of AuNCs for imaging as PAuE NPs. Figure 48 B shows the uniform 

spherical shape of polymeric nanoparticles; the size was around 136 nm of PE NPs 

measured by DLS in table 3. The particle size and distribution analyzed by DLS in Figure 

48 C revealed that the size of PAuE slightly increased (approximately 140 nm). Still, the 

change in size was not very significant, indicating that the encapsulation of AuNCs and 
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EGCG will not affect the physicochemical property of PLGA NPs. 

 

     The UV spectrum shown in Figure 48 D indicated the optical properties of 

AuNCs in PLGA did not change during the encapsulation. Fourier-transform infrared 

spectroscopy (FTIR) images in Figure 48 E also showed a noticeable successful 

difference in EGCG embedding nanoparticles compared to the blank MAL-PLGA NPs. 

The IR spectra of CAuE and PAuE revealed characteristic peaks at 1355 cm-1 for =C–O 

stretching bands and strong peaks at 1596 cm−1 for C=O functional group, trihydroxy 

benzoate group and chroman group of EGCG. The strong and broad peak at 3448 cm−1 

correlates to the amine and the amide groups of iRGD peptides for PAuE NPs. All the 

typical peaks of PLGA (stretching bands at 2970 cm−1 for C–H and 1778 cm−1 for C=O 

of ester) were demonstrated in corresponded spectra. The strong peaks at 1098 cm−1 to 

1186 cm−1 are correlated to the ether and the ester groups of PEG and PLGA. In Figure 

48 F, the zeta potentials of PAuE and CAuE were determined to be 1.2 ± 0.7 and -23.9 ± 

1.4, respectively. The significant increase of zeta potential of PAuE NPs compared to 

CAuE NPs, indicates successful attachment of iRGD peptide on NPs surface. 
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5.3.3 Photoacoustic property of the PAuE NPs 

 

Figure 49 (A) PA images of customized phantom containing PAuE NPs. (B) Relative 

PA intensity of PAuE in different concentrations excited at 800 nm. (C) UV spectrum 

for AuNCs in different concentrations, the slope is the excitation coefficient at 800 

nm wavelength which is 6.61 ^10 11 L mol-1 cm-1 based on the gold nanoparticles.    

AuNCs demonstrated significant optoacoustic signals upon laser irradiation. 

Notably, this work also evaluated the detection limit of PAuE-mixed phantoms by PAI in 

vitro. PAuE were mixed with 10 µL Matrigel. Following injections in the customized 

holder, these phantoms were imaged by MSOT in vitro. The results from Figure 49 

showed that the PA signal was significantly more sensitive for detecting injected 

phantoms when their concentrations were more than 2.5 ppm. Moreover, PAI could detect 

the AuNCs with a minimal concentration of 1 ppm (Figure 49 A), comparable to a recent 

report.19 The high PAI sensitivity was mainly due to the strong LSPR and specific PA 

spectrum in the NIR of PAuE NPs. As revealed in Figure 49 B, the PAuE solutions 

displayed strong PA signals upon 808 nm laser irradiation. The signals elevated linear 
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with the AuNCs concentrations; this result has been well supported by the subsequent in 

vivo imaging. 

EGCG could suppress breast tumor angiogenesis and growth via inhibiting 

the activation of HIF-1α and VEGF expression which could be used in cancer 

therapies.199,216–218The EGCG encapsulation efficiency (EE%) and drug loading 

efficiency (DL%) was determined by UV–vis absorption spectrometry. The DL % of 

PAuE NPs was estimated to be 2.56 %, whereas PE just presented 1.06 %. The EE % of 

PAuE and PE NPs was about 16.6 and 5.91 %, respectively. Zhan et al. also demonstrated 

that another nano-drug namely, inhibitor erlotinib (EB), was loaded into AuNCs– LA–

PLL nanocage to reach a peak value of the EE (24.7%) as 52 µg per mg AuNCs. This 

result suggested that AuNC could act as the drug carrier to increase the EE.19 After 

AuNCs/EGCG were encapsulated into the PEG-PLGA, the hydrodynamic diameters of 

PAu, CAuE, PAuE NPs about 135.3 ~ 140.1 nm as shown in Table 3. After conjugation 

of MAL-PLGA/AuNCs/EGCG with iRGD, the zeta potential for PAuE increased to 1.2 

mV compared to CAuE (-23.2 mV), indicating the successful conjugation of iRGD 

peptide on PLGA surface.  

Nanoparticles  Particles size 

(nm) 

Polydispersity 

index (PI) 

Zeta-

potential 

(mV) 

  DL(%)  
 

EE % 
 

PAu 135.3 ± 3.3 0.09 ± 0.04 1.2 ± 2.1 / / 

PE 136.3 ± 2.4 0.12 ± 0.02 1.2 ± 1.4 1.06 5.91 

CAuE 137.3 ± 3.4 0.22 ± 0.08 -23.9 ± 

1.4 

2.61 16.1 

PAuE 140.1 ± 3.6 0.08 ± 0.07 1.2 ± 0.7 2.56 16.6 

Table 5 Comparison of the particles size, zeta potential, DL and EE of PAu, PE, 
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CAuE and PAuE NPs. 

 

5.3.4 In vitro photothermal property of the PAuE NPs 

 

Figure 50 (A) Infrared thermal images of blank PLGA NPs and PAuE NPs after 

receiving NIR irradiation for 5 minutes under laser power density. (B) Temperature 

elevation curves of PAuE NPs in (50 ppm) under different laser power. (C) Multiple 

heating cycles of PAuE (50 ppm) NPs (red plot) and blank PLGA NPs (black plot). 

(D) Temperature changes curve of PAuE in different concentrations during 5 mins 

laser irradiation. 
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In Figure 48 E, the UV spectrum indicated that PAuE NPs exhibit an LSPR 

absorption in the NIR region to serve as excellent photothermal agents. To evaluate the 

laser irradiation property, PAuE nanoparticles were irradiated at different laser power. 

Figure 50A showed that the temperature of the PAuE NPs solution increased with the 

laser power (0.8 W/cm2 to 1.5 W/cm2). The temperature enhancement of PAuE NPs was 

much higher than the equivalent volume of blank PLGA NPs at the same condition as 

shown in Figure 50 B. In detail, the temperature elevation of PAuE was dramatically 

increased from 18.9 to 62.1°C upon 5 mins laser irradiation which was higher than blank 

NP, increased from 18.5 to 24.1 °C. 

The PAuE NPs could maintain extraordinary photothermal stability during 

three repeated irradiations without experiencing any decrease in their temperature 

elevation ability, as indicated in Figure 50 C. A blank PLGA NPs solution was used as a 

control. As shown in Figure 50 D, the temperature for PAuE NPs increased considerably 

with the increase of AuNCs’ concentration. In contrast, the blank PLGA only exhibited 

negligible temperature change upon laser irradiation. Significantly, the AuNCs 

contributed to the high photothermal conversion to PAuE NPs that affords good evidence 

for in vivo PTT experiments.  
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5.3.5 Western blot analysis and in vitro cytotoxicity assay of NPs 

  

Figure 51 (A) Western blot of apoptosis and cell death-related proteins after 48hrs 

treatment with the PAuE and free EGCG (n = 3).  (B) The in vitro EGCG release 

behaviors of PAuE NPs (n = 3) in different buffer with or without laser irradiation 

(1.2 W/cm2,3 mins) were monitored as a function of time. (C) Cell viability test of 

PE NPs (n = 5) for 24 and 48 hrs. (D) Cell viability test of PAuE and PAu NPs (n = 

5) for 24 hrs. *P < 0.1,** P< 0.05. Data represent mean ± SD from three independent 

experiments, each performed in five replicates. 
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To verify the EGCG’s HIF-1α pathway blocking capability, this work 

evaluated the PAuE and free EGCG on the expression of HIF-1α and Bcl–2 using western 

blotting analyses. As indicated in Figure 51 A, the HIF-1α pathway blocking capability 

of PAuE NPs exhibited significant enhancement induced higher expression pro-caspase 

to activate the apoptosis in the cancer cell. The higher expression of Bax and lower 

expression of Bcl-2 (the representative anti-apoptotic protein) of PAuE NPs would benefit 

the apoptosis at a concentration up to 100 g/ml compared to free EGCG. Similar results 

have been reported on potential apoptosis induction in MCF-7 and MDA-MB-231 cells 

treated with EGCG by decreasing Bcl-2 expression.219 HIF-1α will upregulate the 

expression of Bcl-2 which is one of the most prominent hypoxia-responsive genes.220,221 

Angiogenesis is related to new blood vessel formation for tumor cell 

proliferation. It involves HIF-1α which motivates the expression level of VEGF. PAuE 

NPs inhibited the expression of HIF-1α in a dose-dependent manner in MDA-MB-231 

cells, indicating that EGCG inhibited breast cancer cell growth and proliferation.222,223  

             The in vitro EGCG release profile was measured under different pH buffer 

solutions for 72 hrs. However, under a mildly acidic condition (pH 5.8), a substantial 

release of EGCG was detected. The initial release in 24 hrs was around 20.3 ± 3.58% and 

49.5 ± 5.34%, respectively, pH 7.4 without and with laser irradiation. Approximately 

70.45 ± 4.3% and 85 % ± 6.3% EGCG burst release in 24 hrs without and with laser 

irradiation. This indicates that after i.v. injection the release and subsequent EGCG 

delivery will be more stable in physiological conditions than in acidic tumor 

microenvironment.  

After three days of the EGCG release study, the cumulative percentage of drug 
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released from PAuE NPs was 60.34 ± 3.33% and 93.26 ± 2.01%, respectively at pH 7.4 

and pH 5.8, respectively for both upon 1.2 W/cm2 laser irradiation. As indicated above, 

in the mildly acidic tumor microenvironment (TME), the higher percentage in both burst 

and cumulative release at low pH values enhances subsequent delivery of EGCG in the 

tumor region. In particular, PEGylation PLGA as a widely used biodegradable polymer 

with its degradation property at around pH (5.5. to 6.8), the PEG-PLGA co-loaded EGCG 

and AuNCs nano-drug system is pH sensitivity.176 At low pH values, EGCG release 

profiles exhibited initial burst release contributed to faster initial drug accumulation in 

blood at first 24 hrs after administration. In contrast, in the following 48 hrs, PAuE 

demonstrated a steady release of EGCG to retain long circulation in the pre-clinical study. 

The latter part of this chapter investigated the metabolic process and biodistribution of 

PAuE NPs in vivo by whole-body 3D MSOT.224 

              The suppression extent to HIF-1α of PAuE NPs in MDA-MB-231 cell lines 

obtained from the western blot study is shown in Figure 51A. EGCG showed remarkable 

cell internalization in MDA-MB-231 after 48 hrs incubation. It revealed the inhibition of 

HIF-1α previously. The EGCG releases kinetic pattern suggests that the release of EGCG 

will be better upon laser irradiation in an acidic condition. To explore the feasibility of 

PAuE NPs as a photothermal agent, in vitro cytotoxicity test was done to compare with 

PAu and PE NPs.  

                The cytotoxicity of PE NPs in MDA-MB-231 breast cancer cells with and 

without laser irradiation was increased in a dose-dependent manner of EGCG depicted in 

Figure 51 C. The cell viability of MDA-MB-231 cells incubated with PE NPs upon 808 

nm laser irradiation exhibited decreased with the increase of EGCG concentration. The 
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cell viability reached 42% and 38%, respectively when the higher drug dosage was up to 

100 g/ml of EGCG after incubation for 24 and 48 hrs. In contrast, PE NPs without laser 

exposure, the cell viabilities were 60 % and 50 % incubation for 24 and 48 hrs even at 

100 g/ml of EGCG. The improved cytotoxicity under laser irradiation was attributed to 

the higher amount release of EGCG which induced the inhibited expression of HIF-1α in 

MDA-MB-231 cells.  

To evaluate the synergistic effect of EGCG and PTT, this work performed 

standard CCK8 assays to test the viability of MDA-MB-231 cells exposed to PAuE and 

PAu NPs with or without laser irradiation. The result was shown in Figure 51D. Detailed 

analysis revealed the cytotoxicity of the PAuE + laser group and PAu +laser group (1.2 

W/cm2, 5 min) was 5.2 and 3.6-fold higher than that of PAuE and PAu groups at 24 hrs. 

The cell viability of PAuE was significantly lower than PAu, revealing that the 

encapsulation of EGCG resulted in higher cytotoxicity than the non-encapsulated EGCG 

NPs upon NIR laser irradiation. The IC50 value of PAuE significantly decreased from 40.3 

ppm (laser absent) to 28.4 ppm (laser present), demonstrating the efficient photothermal 

therapeutic effect in vitro. The cell viability of PAu is about 85 % even at 40 ppm after 

incubation for 24 hrs, indicating the AuNCs exhibited no apparent toxicity, which is 

suitable for biological applications. When EGCG was co-encapsulated, the cell viability 

of PAuE NPs decreased to 50%, indicating the encapsulation of EGCG induced higher 

cytotoxicity in MDA-MB-231 cells.  

On the other hand, the differences of PAuE and PE in cell viability without laser 

irradiation between groups are not significant (ANOVA>0.05). Thus these results suggest 

that the AuNCs are biocompatible for the in vitro study. Treatment with laser exposure 
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exhibited the increased cytotoxicity of PAuE NPs towards MDA-MB-231 cells, so a 

further in vivo experiment was conducted upon laser irradiation. 

5.3.6 PAuE NPs tracked by MSOT imaging 

 

Figure 52 (A) MSOT images tumor site for MDA-MB-231 tumor-bearing mouse at 

varied time upon injection of PAuE. (B) The z-axis 2D overview MSOT images of 

mice acquired by multispectral data after 6 hrs post-injection of PAuE NPs. (C) 3D 

orthogonal of MSOT image of PAuE. (D) The x–z 3D overview MSOT image of 

PAuE. (E) MSOT signal of at different time upon injection of PAuE (n = 3), values 

represents mean ± SD. 
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As mentioned before, the promising advantage of PLGA encapsulated AuNCs 

and EGCG was attributed to cell internalization at a low pH environment for anti-cancer 

treatment. To achieve non-invasive and real-time tracking of PAuE, the cross-sectional 

MSOT images at tumor region of breast orthotopic tumor model treated with PAuE are 

presented in Figure 52 A, and the quantified mean MSOT signal for images are given in 

Figure 52 E. These images showed a local distribution of the AuNCs distribution over 24 

hrs. Noticeably, the magnified cross-sectional images at the tumor region presented the 

breast tumor inside the mouse’s right leg. 2D whole-body imaging by MSOT obtains the 

tangible evidence of biofiltration of PAuE through z-stack rendering in the tumor, as 

shown in Figure 52 B. 

The MSOT images were collected with a sequential image of the tumor at 

multiple wavelengths. Image reconstruction was performed with the acquired data to 

render 2D signal as multiple frames into a 3D whole-body image for PAuE after 6 hrs 

post-injection. Figure 52 C, 3D orthogonal of MSOT image of PAuE and Figure 52D, the 

x–z 3D overview MSOT image of PAuE are presented. Besides, 3D MSOT images 

demonstrated that PAuE NPs were also be distributed in other main organs, such as the 

liver, spleen and lungs. This is the common phenomenon of accumulating nanoparticles 

in tumors and main organs (such as the metabolic organs).19 Thus, the in vivo MSOT 

results demonstrated a distinct signal at 6 hrs post-injection of PAuE NPs (30 mg kg-1, 

based on AuNCs weight, 5 mg kg-1 based on the EGCG weight) at tumor region as shown 

in Figure 52 E.  
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                  Size, surface charge, and surface functionalization play essential roles in the 

biodistribution of NPs. The use of biodegradable polymer PLGA as cargo to deliver 

EGCG and AuNCs can escape reticuloendothelial system uptake. Therefore, the 

utilization of distinct LSPR characteristics at 800 nm of AuNCs via MSOT and targeted 

molecules modification of PAuE NPs provides a capacity for giving detailed and local 

information on the PAuE distribution in vivo. Several reports in the literature revealed the 

small molecules protected by PEG exhibited high retention in the liver, lung and spleen.104 

Besides, The iRGD-specific targeting and cell penetration might prove relatively high 

uptake of PAuE NPs in the tumor. MSOT tomography imaging showed better 

effectiveness in tracking the uptake of PAuE NPs concerning the optical instrument. An 

elevated PA signal from the tumor and main organs after i.v. administration of PAuE 

which gradually decreased is attributed to metabolism via liver and spleen after 24 hrs.  
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5.3.7 In vivo therapeutic efficacy of PE NPs with laser treatment through HIF-1α 

pathway blockage  

    

Figure 53 (A) Images of tumor site for MDA-MB-231 tumor-bearing mice post-

injection of PBS, and PE NPs with and without laser irradiation before and after 

treatment (n=4); (B) Body weight after various treatments indicated in 14 days  

(n=4); (C) Relative tumor-growth curve  (n=4). (D) H&E staining of main organs 

(n=4). Inserts are the photographs of relevant scale bar originated from each group. 



  

              

 

 Page 149 

 

HIF-1α pathway blockage has a high potential to inhibit angiogenesis, 

promoting it to elicit a significant treatment effect on killing cancer cells.190 Nevertheless, 

the poor stability and low bioavailability of EGCG are obstacles in advancing the efficacy 

and maintaining a high biostability in blood circulation in vivo. Thus, EGCG inhibited 

the expression of HIF-1α and VEGF expression in a dose-dependent manner that are 

critical factors for breast cancer growth, proliferation, and metastasis. It is hypothesized 

that EGCG released from targeted PLGA NPs in TME (pH 5.8- 6.8) would be a possible 

way to solve this problem.89 In vitro test of PAuE NPs showed that EGCG could inhibit 

the HIF-1α expression of different concentrations of free EGCG and PLGA formulated 

form using western blotting test as shown in Figure 51 A. In the following part, the in 

vivo HIF-1α pathway blockage by released EGCG was investigated.  

Twelve MDA-MB-213 tumor-bearing mice were randomly divided into four 

groups as 1) PBS, 2) PBS + laser, 3) PE, 4) PE +laser. Compared to the PBS group, the 

PE NPs + laser group exhibited a moderate tumor inhibition effect, indicating that it 

subsequently inhibit HIF-1α expression and eventually leads to the apoptosis of the 

cancer cells. 

The tumor inhibition effects of PE and PE + laser were determined by measuring 

the change in body weight and tumor volume over 14 days, shown in Figure 53 B and C. 

The result also demonstrated that the inhibition effect for PE + group was better than the 

PE group. It may be due to the enhancement release of EGCG upon laser irradiation of 

the PE + laser group. It was indicated that there was no significant body weight variation 

after PE + laser treatment. The main organs slices stained with H&E were also shown in 

Figure 53 D, where no apparent histologic abnormality or damage was observed.  
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5.3.8 In vivo combined therapeutic efficacy of PAuE through HIF-1α pathway 

blockage and PTT 

To achieve noninvasive and real-time tracking of PAuE NPs, this work 

employed MSOT to image AuNCs in tumor-bearing mice. The biodistribution study 

depicted maximum quantitative accumulation of PAuE formulations in tumor sites after 

6 hrs post-injection. Notably, this work assessed the synergistic therapeutic effect with 

EGCG and in vivo PTT upon NIR laser at 808 nm after 6 hrs post-injcetion of NPs as 

shown in Figure 54 A. For each group, the tumor inhibition results were compared with 

the PBS with laser irradiation. The mice were treated intravenously with 200 µL PAuE 

(30 mg/kg-1 based on the weight of AuNCs, 5 mg/kg-1 based on the weight of EGCG) with 

laser irradiation or, PAu (30 mg/kg-1 based on the weight of AuNCs) with laser irradiation 

and PE (5 mg/kg-1 based on the weight of EGCG) with laser irradiation. Mice injected 

with PAuE and PAu NPs demonstrated focused heat energy generation as displayed in 

Figure 54 B. Notably, the temperature increased significantly up to 50 °C according to 

the high localization efficiency of PAuE and PAu NPs in a tumor which reached the 

damage threshold for irreversible injury. Nevertheless, upon 5 mins laser irradiation, the 

PBS control group barely changed temperature (34 °C to 39°C) at the tumor site. At the 

same time, PE NPs demonstrated a slight temperature increase upon laser irradiation up 

to 40 °C. The considerable tumor accumulation of PAuE showed the superior anti-tumor 

efficacy attributed to the extraordinary heat-generating ability in the AuNCs delivery 

system. Also, there was no significant body weight variation after injection of PBS, PAuE, 

PE, PAu NPs under laser irradiation as illustrated in Figure 54 C. The change of relative 
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tumor volumes was measured after the combined PTT/chemotherapy effect of PAuE 

toward the MDA-MB-231 tumor-bearing orthotopic model (Figure 54 D).   

Figure 54 E revealed the change in tumor volume of each treatment group over 

14 days. This result demonstrated significant tumor inhibition of MDA-MB-231 tumor-

bearing mice injected with PAuE NPs. For the group that only received the treatment of 

PE + laser, the tumor grew slightly faster than the PAuE + laser group, which may be 

attributed to the absence of AuNCs with substantial efficacy for PTT.  PAuE +laser group 

showed slightly higher substantial tumor inhibition efficacy than the PAu +laser, which 

is due to the contribution of EGCG. 

In comparison, the MDA-MB-231 tumor was injected in an equal volume of 

dispersion of PBS + laser groups, and the size of the tumor growth was exhibited faster 

and uncontrolled. Treatment with the PE NPs followed by laser irradiation resulted in 

moderate efficacy in suppressing the tumor growth. In contrast, PE + laser itself did not 

demonstrate significant tumor inhibition efficacy than PAuE + laser group. The result 

revealed substantial tumor inhibition efficacy of the PAuE + laser group, allowing the 

AuNCs combined EGCG to generate enough heat to induce apoptosis for inhibiting the 

tumor's fast growth. Compared to PE NPs (Figure 53), cancer grew at moderate speed for 

PE + laser group, revealing the single effect of EGCG in cancer cells to inhibit VEGF 

and HIF-1α expression.225 EGCG diminished cancer cells by inducing tumor apoptosis, 

PAuE + laser irradiation combined with inhibition of the HIF-1α expression and PTT, 

which led to the most potent efficacy on inhibiting the tumor growth. This result 

suggested that the synergistic treatment of PAuE NPs for PTT and HIF-1α pathway 

blockage could afford efficient tumor inhibition.  
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Figure 54 (A)Thermal images tumor site for MDA-MB-231 tumor-bearing mouse at 

6 hrs post-injection of PBS, PAuE, PAu and PE NPs upon 1.2 W/cm2 for 5 mins. (B) 

Corresponding temperature changes of tumor site at 6 hrs post-injection of PBS, 

PAuE, PAu and PE NPs upon 1.2 W/cm2 laser irradiation; (C) Body weight after 

various treatments of PBS, PAuE, PAu and PE NPs at 6 hrs post-injection upon 1.2 
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W/cm2 laser irradiation indicated in 14 days; (D) Relative tumor-growth curve of 

PBS, PAuE, PAu and PE NPs at 6 hrs post-injection upon 1.2 W/cm2 laser irradiation 

in 14 days; (E) Images of tumor before and after treatment at 6 hrs post-injection 

upon 1.2 W/cm2 laser irradiation laser irradiation in 14 days. 

 

Figure 55 The in vivo haematoxylin and eosin (H&E) staining results for main 

organs of PBS+ laser, PAuE + laser, PAu + laser, PE + laser acquired at 14 days. 
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MSOT images showed a dominant tumor accumulation of the i.v. administered 

PAuE NPs, whereas the PAuE showed no apparent toxicity to mice because all animals 

maintained the body weight within average values for two weeks. In this regard, 

haematoxylin and eosin (H&E) staining was done to prove further no severe 

inflammation or damage to main organs, including heart, liver, spleen, kidneys after 

various treatments. No apparent side effects to the main organs were observed, as shown 

in Figure 55.  

 

5.4 Conclusion  

Monotherapies are insufficient to trigger drug delivery in the tumor through 

the photothermal effect even with excellent treatment efficacy, especially for residual 

cancer cells at treatment margins, which causes tumor recurrence and metastases in the 

distant organs.226 To address this limitation, in many cases, the combined therapy and 

imaging can improve the treatment effect, which is not a simple summation. One of the 

outstanding advantages of this combination may have to reduce the laser power density 

of PTT therapy compared to a single treatment to achieve a higher outcome. Another 

advantage is that the efficient thermal generation can locate the desired region via the 

real-time diagnosis, which is critical for the PTT's effect. 

In this chapter, a targeted strategy via encapsulation with EGCG and AuNCs 

in Mal-PEG-PLGA copolymer to obtain PAuE NPs for in vivo MSOT-guided PTT 

treatment is developed. A targeted PAuE NPs are evaluated for their “all-in-one” system 

on the combined dual treatment of PTT and chemotherapy. Owing to the synergistic effect 

of the inhibition of HIF-1α expression with induction of apoptosis and PTT, PAuE 
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exhibited remarkable tumor inhibition efficacy in vivo compared to PE NPs and PAu NPs. 

AuNCs as a class of hollow nanocrystals shows significant-high photothermal conversion 

efficiency (36.5%) in the NIR to improve the possibility to combine non-invasive 

photoacoustic signals in personalized medicine via MSOT. MSOT has recently offered 

excellent prospects for clinical translation in the field of breast cancer diagnostics. 

On the other hand, PLGA core-shell structure prepared via the 

nanoprecipitation method improved the fabrication efficiency. To retain the high EE and 

DL of the EGCG in the PLGA nano-system, the AuNCs are coupled with a hydrophobic 

ligand to form a composite with EGCG. Although the method is not validated with 

simulated or clinical samples, it is expected that the AuNCs/EGCG composite can 

increase the therapeutic effect and ease the handling for future MSOT-guided PTT. 

Thanks to the combined actions, PAuE NPs exhibited significant tumor inhibition 

efficacy in vivo. 
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6. Conclusions and future perspective 

6.1 Conclusions 

   PAI-guided PTT shows inherent high sensitivity in tumors towards different 

types of nanoparticles; the development of these types of nanoparticles may be beneficial 

to the biomedical field by providing alternative detection routes in addition to traditional 

fluorescence techniques. Firstly, the work in chapter three studied the pH-responsive gold 

nanoparticle that targets specific properties of cancer cells and offers distinct signals 

under an acidic tumor microenvironment for PAI. The pH-responsive active tumor-

targeting c(RGDyk)-MHDA/LSC@AuNPs nanoprobe was obtained with proper surface 

ligand composition to evaluate nanoparticles' aggregation effect for in vivo pH-sensitive 

diagnosis. The c(RGDyk)-MHDA/LSC@AuNPs were demonstrated to be stable in vitro 

and in vivo in physiological conditions. Nevertheless it exhibited high PA signal in acidly 

TME via aggregation. Its utility in PAI in the acid tumor microenvironment suggests its 

potential in future pre-clinical translation.  

Secondly, the spectra unmixing for PAI is well known for the deconvoluting 

acoustic signal from exogenous contrast agents to visualize each absorber in one image.11 

Therefore, the work in chapter four first developed two nanoprobes based on pH-sensitive 

chromophores Croc770 and Croc815, followed by the encapsulation with Mal-PEG-PLGA 

copolymer. Those two nanoprobes with different surface modifications can obtain non-

targeted CPC770 NPs and iRGD-targeted PPC815 NPs for in vivo multiplexed PAI. Besides, 

the targeted PPC815 NPs demonstrated a high tumor inhibition effect in PAI-guide pH-
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responsive PTT in the triple-negative breast cancer model. 

Lastly, chapter five developed a novel EGCG and AuNCs encapsulated in MAL-

PEG-PLGA polymer as PAuE NPs mediated delivery system with effective, potent anti-

cancer property and high photothermal conversion.155 PLGA is an optimal drug carrier to 

improve the encapsulation efficacy of EGCG in the delivery system via hydrophobicity 

AuNCs while reducing the undesired effect. The resulting PAuE NPs inhibited HIF-1α 

expression with anti-angiogenesis by EGCG with synergistic anti-cancer effect combined 

PTT via AuNCs to achieve real-time MSOT-guided therapy in MDA-MB-231 tumor. 

These results demonstrate the feasibility of PAuE NPs as nano-theranostic agents in 

MSOT-guided PTT/chemotherapy combination therapy for anti-cancer treatment. In 

summary, the developed multi-model imaging functionalization is a powerful strategy for 

tracking AuNCs and EGCG via MSOT in vivo. To further transfer the PLGA nanocarriers 

into a “all in one” theranostic platform with active targeting iRGD peptide to the PLGA 

carriers surface with therapeutic drug encapsulation could be exploited with the focus on 

the synergistic effect of PPT effect combined molecular imaging.  
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6.2 Future perspective  

              Nowadays, the idea of an optimal and straightforward formulation of an “all in 

one” system for a nano-drug carrier emerges with high potential clinical translation. A 

standard criterion for successfully achieving the clinical translation of novel diagnosis 

combined with a drug delivery system is minimizing its complexity. Having more than 

one component of a theranostics carrier will significantly impact the fabrication process, 

producing high costs and difficulty in reproducibility.  

            To fully build the gold-based nanoparticles and PLGA nanocarrier into a 

theranostic platform, further combined molecular level nano drugs could be explored by 

studying the synergistic effect of different biological targeting combined PTT. Another 

area of development is the surface modification of nanoparticles for more extended blood 

circulation and better biocompatibility. Moreover, the combination of volumetric MSOT 

for accurate, label-free delineation of the dynamic oxygenation behavior in the tumor is 

essential for studying cancer proliferation. In the long-term response of a theranostic 

system, tumor hypoxia is a significant obstacle associated with resistance to 

chemotherapy and radiation therapy. Real-time mapping tumor hypoxia with treatment is 

increasingly used in cancer research due to its specific ability for the non-invasive 

monitoring of drug release profiles. After optimizing the molecularly targeted strategy 

and encapsulated more than one nano-drug in one system for therapeutic, the preclinical 

simultaneously optoacoustic signal detection can be further studied in animal models.  
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