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Abstract 

 

        Cancer treatment strategies such as Anti-programmed death-ligand 1 (Anti-PD-L1) or 

chimeric antigen receptors (CAR) T-cells are limited by low objective response rates and 

severe side effects. This is partly due to the lack of personalized diagnosis and treatment 

based on the individual immune response. This research proposes the use of a lab-on-a-

chip system and point-of-care (PoC) device to provide real-time monitoring of immune 

response, which can help reveal the fundamental mechanisms of the disease and tailor 

treatment to the patient's response. The challenge lies in accessing immune status profiling 

and performing regulated immune therapy. 

        To address this challenge, this research focuses on precise disease screening and 

developing engineering and biology techniques for immune status profiling. Localized 

surface plasmonic resonance (LSPR) based nanoplasmonic high throughput cytokine 

immunoassays and tumor-derived exosome profilings were developed to monitor cytokine 

levels in the tumor microenvironment. The former utilizes LSPR to monitor cytokine levels 

in the tumor microenvironment, while the latter identifies tumor-associated antigens that 

can activate immunological cell death and inhibit cancer metastasis. 

        Additionally, this research proposes a combined immunological cancer therapy design 

using copper ferrite nanoparticles as a drug load. These nanoparticles can be magnetically 

delivered to the tumor area, providing anti-cancer ingredients and hyperthermia effects to 

eliminate tumor cells. The therapy generates tumor-associated antigens that activate 

immunological cell death and inhibit the epithelial-mesenchymal transition to prevent 

cancer metastasis. 
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        Besides considering increasing the objective rate of the immune response, immune 

status profiling also plays a vital role in moderating the side effects of some immune 

regulating strategies. Much about the mammalian nervous system and the brain's structures, 

functions, and connections remain unknown. Therefore, the microneedle biosensors for in-

situ analysis of neuron signaling toward the human-computer interface were designed to 

provide both a neuron cytotoxic drug screening platform and a comprehensive 

understanding of neuron active mechanisms. 

        Overall, this research presents a promising approach to improve cancer treatment by 

combining engineering and biology techniques to monitor immune responses and tailor 

treatment based on individual responses.  
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Introduction 

1.1 Background and Motivation 

1.1.1 Nanomaterials 

        Nanomaterials are characterized as materials that possess a nanoscale size or surface 

in at least one dimension, whereas nanoparticles are particles that have a size ranging from 

1 to 100 nm in all three dimensions.1 As a result, all nanoparticles fall under the category 

of nanomaterials, but not all nanomaterials can be classified strictly as nanoparticles. 

Multifunctional nanoparticles have elicited much interest due to their unique 

physicochemical properties to broaden their promising applications in sensing, 

immunoassay, cancer immunotherapy, and so on.2 Because of their nanoscale size and high 

surface-to-volume ratio, materials' physical, chemical, and biological properties are 

different compared to their bulk counterparts.3 Pokropivny et al categorized nanomaterials 
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based on the number of dimensions they have in the nanoscale range.4 According to their 

classification, 0-dimensional (0D) nanomaterials consist of materials where all three 

dimensions are in the nanoscale range, including nanoparticles like nanosphere, nanorod, 

and nanocube.5-7 On the other hand, 1-dimensional (1D) nanomaterials are materials with 

two dimensions in the nanoscale range,8 such as nanofiber, while 2-dimensional (2D) 

nanomaterials are materials that have only one dimension in the nanoscale range, like 

MXene9. 

        Nanomaterials can be categorized into different types based on their composition, 

such as carbon-based nanomaterials,10 ceramics-based nanomaterials,11 polymer-based 

nanomaterials,12 lipid-based nanomaterials,13 and metal-based nanomaterials.14 Due to 

their appealing electrical conductivity, Graphene and Carbon nanotubes (CNTs)15 are 

among the most widely recognized types of carbon-based nanomaterials. Inorganic 

ceramics-based nanomaterials have various applications in catalysis, as opposed to 

polymer-based nanomaterials which are typically composed of organic materials and 

function as matrix materials.16 On the other hand, lipid-based nanomaterials usually have 

a solid core and are spherical in shape, and are currently being utilized for drug delivery 

and messenger ribonucleic acid (mRNA) vaccines.17-19 Metal-based nanomaterials have 

been widely researched for their unique optical properties, with plasmonic nanoparticles 

such as gold nanoparticles and silver nanoparticles attracting significant attention in 

biosensing and photothermal therapy (PTT) due to their localized surface plasmon 

resonance (LSPR).20-22 Moreover, Superparamagnetic nanoparticles represent one of the 

most appealing prospects because they can be conveniently aligned to form a matrix by 

applying an external magnetic field without retaining residual magnetism (no 
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agglomeration) after the removal of the field.23,24 Iron oxide superparamagnetic 

nanoparticles were chosen by us as a candidate with potential because of their good 

biocompatibility.25 

        Plasmon refers to the collective oscillation of electrons in a metal relative to the 

immobile positive ions.26 When confined to the surface of a metal, this phenomenon is 

referred to as surface plasmon (SP),26-28 and in the case of a nanoparticle, it takes the form 

of localized surface plasmon (LSP).22,29 LSP can be stimulated by electromagnetic 

radiation with a wavelength much greater than the size of the plasmonic nanoparticle, with 

the highest amplitude of oscillation observed at the resonant frequency.30 It has two 

significant impacts: (i) the electric field intensity is highest at the surface of the 

nanoparticle and decreases exponentially into the surrounding medium; (ii) the absorption 

is maximized at the resonant frequency of the plasmon.31,32 Thus, LSPs can be utilized in 

sensitive biosensing applications due to their sensitivity to changes in the local refractive 

index.33 Unlike surface plasmon resonance (SPR), which detects changes in the bulk 

dielectric environment up to a range of 600-1000 nm, LSPR is less susceptible to the bulk 

effect and nonspecific bindings due to its decay length of several nanometers.34,35 

Additionally, LSPR necessitates less bulky optics in comparison to SPR, making it a viable 

candidate for point-of-care (PoC) applications.36-38 

 

1.1.2 Biosensors and immunoassays 

        Biosensors are analytical tools that convert the presence of a biological or chemical 

substance into a detectable signal.39-42 One example of a biosensor is an immunoassay,43 
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which uses antibodies to identify the concentration of macromolecules, usually proteins.43-

45 A typical biosensor consists of three primary components: a transducer, a bioreceptor, 

and an analyte.46 The transducer functions as the detection element that converts a 

biorecognition event into a measurable signal.47 The bioreceptor is an element that 

selectively identifies target molecules,48 with antibodies being the most commonly utilized 

in immunoassays. Finally, the analyte is the substance of interest.49 

        After Leland reported the first-generation biosensor for measuring oxygen 

concentration in blood in 1956,50 co-reactants were incorporated to improve the analytical 

performance in the second generation of biosensors,51 and now, in the third generation of 

biosensors, receptors were incorporated into the sensing element. In 1983, Liedberg 

introduced the initial real-time surface plasmon resonance (SPR) biosensing platform.52  

        Biosensing platforms utilizing different detection methodologies have been reported, 

and they can be broadly classified as either label-detection methods or label-free detection 

methods.53 A label detection method employs foreign molecules attached to the probe 

element to report the presence of target molecules.54 Typically, it requires several labeling 

and washing steps, leading to an extended assay time. The "gold standard" method for 

protein detection, enzyme-linked immunosorbent assay (ELISA), would be a good 

example.55 It requires secondary antibodies conjugated to enzymes. Following the binding 

between target proteins and secondary antibodies, the enzymes catalyze a substrate, leading 

to a color change.56 

        Similar to ELISA, fluorescent-based detection is frequently utilized in sandwich 

immunoassays,57 where fluorescent dyes are attached to the secondary antibodies (also 

known as detection antibodies).58 A so-called "sandwich structure" is formed when the 
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target molecule binds between the primary antibody and the secondary antibody, and 

fluorescent intensity is measured to determine the analyte concentration via a calibration 

curve.59 However, this method is prone to false-positive signals resulting from molecular 

interaction disruptions and photobleaching.60,61  

        Chemiluminescent-based detection similarly translates binding events into light 

emission but differs from fluorescent methods as the luminescence produced arises from a 

chemical reaction, rather than from photon absorption.62,63 During molecular relaxation to 

a lower energy state, one photon of light is emitted. Although chemiluminescent methods 

have been shown to detect analytes at low concentrations, they are limited by inefficient 

energy transfer.64 

        Electrochemical biosensors utilize electrical signals such as current, potential, and 

impedance to transduce biorecognition events.65 Compared to mechanical biosensors, 

electrochemical biosensors generally demonstrate higher sensitivity.66,67 However, real 

biological samples with high ion strength and diverse interfering molecules pose significant 

challenges to electrochemical biosensors.68  

         Amperometric biosensors measure current variation in a redox reaction and have 

been used for protein,69 exosome,70 and microRNA71 analysis due to their simplicity, low 

cost, and ease of miniaturization. Nonetheless, the use of redox reactions typically requires 

an electron-transfer reagent, restricting its ability to record dynamic biological reactions.72                                           

Electrochemical impedance spectroscopy (EIS)73 is a technique that measures the electrical 

impedance of an interface under steady-state alternating current (AC) and constant direct 

current (DC) bias conditions, imposing minimal damage to biological samples.74,75 Recent 

advancements in 2D nanomaterials have led to field-effect-transistor (FET)-based 
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biosensors,76 which are sensitive to local changes in electric properties.76 Nevertheless, 

similar to other electrochemical sensors, FET-based biosensors are greatly affected by 

interfering molecules present in the sample.77 

        Mechanical-based biosensing is a rapid and label-free detection technique that 

measures surface deflection or resonance shift induced by surface stress or mass variation 

upon the interaction between the receptor and analyte.77 The binding of the analyte can be 

swiftly detected and transformed into the signal response of a change in bending or 

vibration frequency. Microcantilever-deflection-based biosensors use microscale 

structures as physical, chemical, or biological sensors to identify changes in cantilever 

deflection resulting from weight variations on the surface.77,78 In contrast, quartz crystal 

biosensing platforms detect variations in oscillation frequency resulting from changes in 

mass.79 Another prevalent mechanical biosensor is the surface acoustic wave (SAW) 

biosensor,80 which utilizes a propagating acoustic wave on the surface of a piezoelectric 

crystal, with mass changes of the crystal leading to frequency variations of the applied 

wave.81,82 

        Similarly, but label-free, mass spectrometry (MS) is a highly sensitive and high-

throughput technique that detects ionized analytes based on their mass-to-charge ratio.83 

Initially, MS was limited to detecting small molecules as there was no effective method to 

ionize samples noninvasively.84,85 However, this obstacle was overcome by the 

development of matrix-assisted laser desorption/ionization (MALDI).86 Currently, 

MALDI-based MS is widely used in proteomics and metabolite analysis.87,88 

        General optical biosensors, convert biorecognition events into light signals, such as 

resonance wavelength or light intensity,89 enabling the direct detection of various chemical 
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and biological substances.90 Photonic crystals are periodic nanostructures made of 

dielectric materials that trap light with a specific wavelength in a confined small volume 

by reflection.91 Deposition of target analytes on photonic crystal results in local disruption 

of the periodicity and symmetry of the crystal, inducing a change in reflection 

wavelength.92 Photonic crystal biosensors typically exhibit high sensitivity because of the 

high-quality factor of the perfectly arranged structure.93 In contrast, whispering-gallery-

mode (WGM) based biosensing platforms use light confinement within a glass sphere 

through continuous total internal reflection.94 Resonance occurs when the optical path 

length is an integer multiple of the wavelength, resulting in a dip in the transmitted light 

intensity. The binding of target molecules to the sphere increases the path length, which 

can be characterized by a redshift at a given resonant frequency.95,96 

        Our study focuses more on the plasmonic biosensor, one of the most widely used 

optical biosensors.97 During the plasmonic biosensor’s development, SPR was the primary 

plasmonic biosensing platform, which generated a propagating evanescent wave sensitive 

to refractive index variations on the metal surface.98,99 Currently, SPR techniques are 

widely used to study bio-molecule surface binding, analyte-antibody binding affinity, 

protein-protein interactions, and cell detection.100 The conventional Kretschmann 

configuration is commonly used for SPR biosensors, which require bulky optical 

equipment, making system miniaturization a significant challenge.101 Furthermore, its 

evanescent field shows a greater depth of penetration, therefore being susceptible to the 

non-specific binding and bulk effect. Unlike SPR, LSPR occurs at the interface between a 

noble nanoparticle and its surrounding medium when illuminated by light at a specific 
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wavelength.22,102 As the electric field is significantly enhanced on the nanoparticle surface, 

LSPR is highly sensitive to local changes in the refractive index.103  

          In our study, LSPR-based detection currently uses a label-free sensing approach 

where probe elements, such as antibodies or aptamers, are attached to the surface of the 

nanoparticle. The binding of the target analyte results in a local change in refractive index 

and triggers a measurable optical signal, including a shift in resonance wavelength or a 

change in light intensity. Due to its outstanding sensitivity and simplicity of system 

miniaturization, integration, and multiplexing, the LSPR-based biosensing platform has the 

potential to be a promising candidate for next-generation POC immunoassay.30,104 

 

1.1.3 Biorecognition elements 

         In a biosensor device, the biorecognition element is utilized to capture or bind the 

target analyte. A successful biosensor requires a strong binding affinity and selectivity 

between the biorecognition element and the analyte of interest. The commonly used 

biorecognition elements are antibodies, enzymes, nucleic acids, and aptamers.30,105 

        Antibodies are large proteins (~150 kDa) produced by the immune system to 

specifically recognize and neutralize foreign substances known as antigens. They have a 

Y-shaped structure with two identical heavy chains and two identical light chains.106 In 

humans, antibodies can be categorized into five isotypes (IgA, IgD, IgE, IgG, and IgM) 

based on their heavy chain constant regions,107 with IgG being the most abundant in the 

blood and commonly used in biosensing platforms.108 Antibodies have millions of antigen-

binding regions at the tips, allowing them to recognize a wide range of antigens with high 
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specificity.109 Although antibodies have been widely used in biosensors due to their high 

affinity to the target molecule, their production often involves animals or cell cultures, 

making the process costly and laborious.110-112 Thus, in recent years, there has been 

growing interest in the study of nanobodies, which are single-domain antibodies that lack 

a light chain and consist of only one variable domain located on a heavy chain.113 

Nanobodies are considerably smaller than traditional antibodies, with a size of 12-15 kDa, 

but they retain the same degree of recognition and exhibit improved stability.114 Moreover, 

nanobodies can be produced on a larger scale and their monomeric structures can be 

genetically encoded, making them attractive candidates for advanced therapeutics and 

biosensing applications.115 

        Enzymes typically bind to target analytes through non-covalent interactions, such as 

hydrogen bonding and electrostatics, and produce signals through a biocatalytic process.116 

They capture and catalyze target analytes, converting binding events into measurable 

signals, such as electrical, optical, or thermal signals. To improve sensitivity, the signals 

can be further amplified.117,118 

        Nucleic acid probes, which can be either DNA or RNA molecules of varying lengths 

(ranging from short oligonucleotides to multigenic chromosomal segments),119 are utilized 

to identify the presence of specific nucleotide sequences within microorganisms. 

Complementary binding motifs of DNA or RNA provide the binding specificity.120,121 

        Aptamers are small single-stranded DNA or RNA molecules that could selectively 

bind to target analytes, including proteins, peptides, carbohydrates, or live cells.122,123 The 

specificity and binding capabilities of aptamers usually rely on their unique 3D folded 

structures formed after binding.124 Aptamers are synthesized through an in vitro selection 
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process called Systematic Evolution of Ligands by Exponential Enrichment (SELEX).125 

SELEX is a combinatorial chemistry technique used to isolate single-stranded 

oligonucleotides with high binding affinity to target analytes.126 The process starts with the 

incubation of the target analyte in a pool of random oligonucleotide sequences. After 

repeated rounds of purification and amplification, only high-affinity aptamers are left and 

mass synthesized. Since their discovery, aptamers have gained significant attention in 

diagnostic and therapeutic fields due to their high stability, low immunogenicity, ease of 

chemical modifications, and mass production capabilities.125,126 

 

1.1.4 Cancer immunotherapy 

        Though significant efforts have been made to combat cancer, it remains one of the 

deadliest diseases, primarily due to cancer metastasis, which is a major contributor to the 

high mortality rate among cancer patients.127,128 Due to the heterogeneity of metastatic 

cancers and the challenges of treatment, chemotherapy is currently the main clinical 

solution.129 However, it is limited by toxic side effects and the emergence of drug 

resistance.130 Cancer immunotherapy that elicits a lasting and adaptable immune response 

in patients with metastatic cancer is becoming an increasingly promising approach.131-133  

        Immune checkpoint blockade therapy is a type of cancer immunotherapy that blocks 

proteins known as checkpoints, which are produced by some immune system cells such as 

T cells and certain cancer cells.134,135 These checkpoints play a role in regulating the 

strength of immune responses and can sometimes prevent T cells from attacking cancer 

cells.136 By blocking these checkpoints, immune checkpoint inhibitors can help T cells to 
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more effectively attack cancer cells.137 Checkpoint proteins found on T cells or cancer cells 

include PD-1/PD-L1 and CTLA-4/B7-1/B7-2.138-143 Immune checkpoint inhibitors are 

commonly used in cancer treatment. This approach has achieved some level of clinical 

success in the treatment of cancer, but still, immune checkpoint therapy has only helped a 

limited number of patients due to inadequate immune system activation.144,145 

        T-cell transfer therapy is a form of immunotherapy that enhances the ability of the 

immune cells to attack cancer.146 Two primary types of T-cell transfer therapy are tumor-

infiltrating lymphocytes (TIL) therapy and chimeric antigen receptors (CAR) T-cell 

therapy.147-150 Both involve collecting the patients’ immune cells, amplifying them in the 

laboratory, and then reintroducing the cells back into the patient’s bloodstream through 

needles in patients’ veins. The process of growing the patient's T cells in the lab can take 

2 to 8 weeks. During this time, the patient may have treatment with chemotherapy and, 

maybe, radiation therapy to get rid of other immune cells. Reducing the patient's immune 

cells helps the transferred T cells to be more effective. After these treatments, the T cells 

that were grown in the lab will be given back to the patient via an intravenous needle.151,152 

        TIL therapy utilizes T cells known as tumor-infiltrating lymphocytes, which are 

present in the patient's tumor. The medical team tests these lymphocytes in the laboratory 

to determine which ones most effectively identify the patient's tumor cells.153 Afterward, 

the chosen lymphocytes undergo treatment with substances that promote their rapid 

multiplication.153 The rationale for TIL therapy is those lymphocytes in or near the tumor 

have already demonstrated the ability to recognize your tumor cells, but there may not be 

enough of them to effectively kill the tumor or counteract the signals that the tumor uses 
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to suppress the immune system. Providing large numbers of the most reactive lymphocytes 

can help to overcome these challenges.154,155 

        In CAR T-cell therapy, T cells are collected from the patient and modified in a 

laboratory to produce a CAR protein that allows the T cells to recognize and bind to specific 

proteins on the surface of cancer cells. These modified T cells are then grown in large 

numbers and infused back into the patient to enhance their ability to target and kill cancer 

cells.156 Monoclonal antibodies can be a form of immunotherapy as they aid in activating 

the immune system against cancer.157 Some monoclonal antibodies function by tagging 

cancer cells so that the immune system can better identify and destroy them. For instance, 

rituximab is an example that attaches to the CD20 protein present in certain types of cancer 

cells and B cells, leading to their elimination by the immune system.158 On the other hand, 

other monoclonal antibodies facilitate the process of bringing T cells closer to cancer cells, 

thereby increasing the efficacy of immune cells in killing cancer cells.152,159 

        Cancer treatment vaccines are a form of immunotherapy that aims to enhance the 

body's natural defenses against cancer.159 The idea behind cancer treatment vaccines is that 

cancer cells contain tumor-associated antigens, which are not typically present in normal 

cells or are present at lower levels. Treatment vaccines help the immune system learn to 

recognize and respond to these antigens,160 enabling it to destroy cancer cells. The cancer 

treatment vaccines can be generated from patients’ tumor cells, tumor-associated antigens 

that are found on cancer cells, and patients’ dendritic cells.161-163 

      Immune system modulators are a type of immunotherapy that could boost the body's 

immune response to fight cancer.164,165 Immune system modulators include cytokines, 

Bacillus Calmette-Guérin (BCG), and immunomodulatory drugs.166 Cytokines are low 
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molecular weight signaling proteins secreted by various cells, including macrophages, 

lymphocytes, and natural killer (NK) cells.167 They play a key role in modulating the 

immune response of cells and regulating cell maturation and growth, therefore, they also 

play important roles in the immune system’s ability to respond to cancer.168 Interferon 

(IFN)-α and interleukin (IL)-2 are commonly used to treat cancer.169,170 BCG is a weakened 

form of the bacteria causing tuberculosis. BCG will not induce disease in humans but can 

be utilized as an immunotherapy treatment for bladder cancer, where it is directly instilled 

into the bladder with a catheter to induce an immune response against cancer cells.171 

Moreover, ongoing research is being conducted to determine the potential of BCG in 

treating other types of cancer.172 

 

1.1.5 Neural activities sensing 

        The mammalian nervous system contains billions of neurons that communicate with 

each other through quadrillions of synapses using electrical, chemical, and mechanical 

signals.173,174 However, despite its vital role in biology, much about the brain's structures, 

functions, and connections remain unknown.175 Neuroscience research has focused on 

studying the structure, function, and electrophysiological properties of neurons to uncover 

the mechanisms underlying brain function.176 A comprehensive understanding of these 

mechanisms requires obtaining detailed information from various scales, ranging from 

molecules and individual cells to large brain circuits.177 To investigate the collective 

behavior of large groups of neurons, it is necessary to monitor them on the millimeter to 

centimeter scale.178 Conversely, to access the chemical and subcellular environment that 

governs the activity of individual neurons, it is crucial to investigate their nanoscale 
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environment. The manufacture of glass and silicon for microfluidics requires the use of 

advanced equipment and dangerous chemicals, making inorganic-based microfluidic 

devices costly to produce. Consequently, rigid polymers, such as poly(methyl methacrylate) 

(PMMA), have emerged as a popular alternative material for microfluidics.179,180 

        Currently, investigations into different scales are carried out on separate samples by 

utilizing distinct physical phenomena for sensing. However, there is a need for effective 

solutions that can enable simultaneous measurements at the scale of large neural 

networks.181 

        Traditionally, electrophysiological signals from networks of neurons have been 

detected by recording spontaneous or evoked electrical activity using multi-electrode array 

bio-devices.182,183 On the other hand, the characterization of the neuronal molecular 

environment has been achieved using fluorescence optical spectroscopy or electrochemical 

methods that target specific molecules such as dopamine through oxidation-reduction 

reactions with carbon fiber electrodes.183-186 

        To address the need for combined measurements at multiple scales, Tsai-Wen Chen 

et al. introduced a novel class of highly sensitive fluorescence calcium indicators. These 

indicators are fast enough to detect individual action potentials, thus allowing for the 

correlation of electrical recording and fluorescence imaging for fast signals.187-189 However, 

at the time of the study, this technology could only be used on cells with a gene expression 

of fluorescence indicators. As a result, the reported electrical fluorescence measurement 

was performed on only a few single neurons.190 
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        Overall, the development of effective solutions that can enable simultaneous 

measurements at the scale of large neural networks could greatly enhance our 

understanding of neuronal activity and the molecular processes that underlie it. The 

continued advancement of technology in this area could ultimately lead to breakthroughs 

in the diagnosis and treatment of neurological disorders. 

 

1.1.6 Microfluidics-based immunoassay and microenvironment 

        Microfluidics involves the manipulation of fluids that are confined to channels with 

dimensions at the microscale and encompasses both the science and technology of such 

systems.191-193 Common materials used in microfluidics include rigid polymers, inorganic 

materials such as silicon, glass, and ceramics, as well as polydimethylsiloxane (PDMS). 

Silicon was the initial material of choice for microfluidics due to its well-established and 

extensively researched surface properties in the semiconductor industry. However, glass 

soon became the preferred material due to its superior optical transparency and 

biocompatibility.30,105,194  

        The manufacture of glass and silicon for microfluidics requires the use of advanced 

equipment and dangerous chemicals, making inorganic-based microfluidic devices costly 

to produce. Consequently, rigid polymers, such as poly(methyl methacrylate) (PMMA), 

have emerged as a popular alternative material for microfluidics. PMMA offers several 

benefits for microfluidics, including excellent optical transparency and ease of fabrication. 

However, PMMA-based microfluidic devices have not been successfully scaled up for 

mass production due to potential deformation during fabrication and high channel 
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roughness. As a result, PMMA-based microfluidics have remained limited to laboratory 

prototypes rather than industry-level production.195 In this regard, PDMS has become the 

most popular material for microfluidics due to its low cost, optical transparency, 

biocompatibility, and ease of large-scale manufacturing. Recent advancements in 

microfabrication have further driven the growth of emerging microfluidic applications, 

including the development of biochips for point-of-care disease diagnosis, high-throughput 

sequencing, and single-cell manipulation.196 

        Microfluidic systems provide a powerful method for upstream sample processing, 

including the isolation, purification, concentration, and cultivation of specific cells for 

cellular analysis. These systems can create a biologically relevant microenvironment for 

cellular analysis, with a precisely controlled solution at a high spatial resolution. 

Furthermore, the flexible design of microfluidic structures allows for the isolation of 

individual cells from a larger population. This can be achieved by confining the cells to a 

functionalized microstructure surface, such as microwells, or by trapping and sorting target 

cells using force gradients generated by specially designed electromagnetic fields.105,197 

        Current microfluidics-based biosensors can be classified into (i) paper-based 

biosensing;198 (ii) discrete microfluidics-based biosensing199 and (iii) channel-based 

biosensing.30,33 The use of paper-based microfluidic biosensors has generated significant 

interest due to their low cost, superior biocompatibility, and portability. The intrinsic 

porous structure of paper-based microfluidic devices enables capillary flow, which 

facilitates reagent storage, mixing, and reactions. Discrete microfluidics-based biosensing 

is an emerging technology that enables the dispensing of fluids into separate functional 

modules (microchambers). The isolation of each module is accomplished using an oil phase. 
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Channel-based biosensing is the most widely used of the three classes of microfluidics-

based biosensors.197 This method employs microchannels to define microscale flow 

regimes, and pumps are used to manipulate the continuous flow of fluids. Distinct 

functionalities, including sample pre-treatment, preparation, and analysis, are achieved by 

assigning them to different microchannels in microchannel-based microfluidics. In this 

study, we will integrate microchannel-based microfluidics into nanoplasmonic biosensing. 

        In addition to being used as a sensing platform based on microchannel-based 

microfluidics, microfluidic devices have also become an optimal platform for developing 

complex model systems that provide better-engineered microenvironments in cancer 

research and treatment. By cultivating microtissues within a microfluidic chip, researchers 

can create an organ-on-a-chip (OOC) microenvironment that offers a distinctive 

opportunity to replicate the structures and physiological conditions of human organs in 

vitro.200,201 Like microchannels, soft lithography based on PDMS has become the most 

commonly used fabrication technique for OOCs due to its optical transparency, high 

biocompatibility, and ease of fabrication. In the soft lithography process, a silicon wafer is 

first coated with photoresist, exposed to UV light under a mask, and etched to create the 

mold of the OOCs. PDMS is then cast and solidified on the mold, and the designed 

microfluidic patterns are peeled off using a replica molding process.197 Furthermore, 

injection molding is suitable for fabricating thermoplastic-based devices (such as 

polycarbonate (PC) and PMMA), excelling in mass production efficiency.202 In recent 

years, 3D printing has emerged as a method for OOC fabrication due to its assembly-free 

process and ability to rapidly prototype complex structures with high design 

flexibility.203,204 
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        Tumor-on-a-chip (TOC), which is a significant aspect of OOC, has gained 

considerable attention for producing functional 3D in vitro human tumor models for 

oncology research.205,206 By reconstructing the tumor microenvironment (TME) on a chip 

with crucial cancer-associated cellular and non-cellular components, TOC enables the 

study of simulated in vivo tumor pathological processes, such as expansion, angiogenesis, 

metastasis, and interactions between tumor-stromal-immune cells in the TME.207 The 

specific traits of the TME in TOC, including the biological gradient, niche factors, dynamic 

cellular interactions, and 3D configurations of the tumor and stromal cells, are particularly 

important in generating reliable, well-controlled preclinical models for studying tumor 

evolution, cancer-immune interactions, and developing novel chemo- and immune-

therapies that conventional cell cultures or animal models cannot achieve.208 

        In general, TOC enables the recreation of a wide range of cellular and non-cellular 

TME features, such as multicellular interactions, biochemical properties based on the 

extracellular matrix (ECM), and biophysical cues such as hypoxia and its gradients.209 

Tumors, along with vasculatures, stromal cells, and immune cells, can grow on a chip with 

a complex tissue structure that is either self-organized or spatially arranged by design, 

mimicking their in vivo counterparts.210 This outperforms 2D models and 3D tumor 

spheroids/organoids models in terms of complexity, physiological relevance, repeatability, 

and controllability. The primary cellular components in the TME include cancer-associated 

fibroblasts (CAFs),211 which stimulate cancer cell invasion and proliferation, endothelial 

cells (ECs), which form vasculatures to promote tumor growth and metastasis,212 and 

immune cells such as tumor-associated macrophages (TAMs), which assist tumor cells in 

escaping immune surveillance.213 Non-cellular components in the TME, including 
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cytokines, growth factors, ligands, small RNAs, DNA, soluble factors, metabolites, and 

ECM, have been shown to direct interactions with cellular components and play a crucial 

role in shaping the tumor niche and promoting tumor progression.214,215 

 

1.2 Dissertation Structure 

        This research presents a promising approach to improve cancer treatment by 

combining engineering and biology techniques to access immune profiles and tailor 

treatment based on individual responses. The work focuses on three key aspects: (1) rapid 

detection of certain biomarkers; (2) induce a certain immune response; (3) 

microenvironment fabrication ex vivo. The general background and motivation for the 

study are discussed in Chapter 1, while the specific projects aimed at addressing these 

critical issues are presented in Chapters 2 through 4. The study concludes by discussing 

the remaining challenges and future directions in Chapter 5. 

        In Chapter 1, we introduced the motivation of this study and discussed state-of-art 

techniques and knowledge on nanomaterials, biosensors, immunoassays, biorecognition 

elements, cancer immunotherapy, neuron activities, and microfluidic devices. 

        In Chapter 2, we demonstrated a high-throughput, label-free, multiplex immunoassay 

that accurately and sensitively analyzes multiple immune biomarkers rapidly. The magnet-

assisted patterning method provides several benefits, including feasibility, flexibility, 

scalability, and cost-effectiveness, compared to other technologies for large-scale array 

fabrication. The multiplex immunoassay based on the patterned microarray can serve as a 
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powerful tool for routinely monitoring a wide range of biomarkers with rapid turnaround 

time and high statistical accuracy. 

        In Chapter 3, we demonstrated the potential of the multifunctional complex designed 

and synthesized by us as an effective therapeutic option for primary and metastatic tumor 

treatments. The unique combination of targeted delivery, magnetic thermal therapy, and 

immune therapy allows for the induction of cell death in primary tumor cells and the 

stimulation of systemic immune responses. 

        In Chapter 4, we demonstrated a 3D microneedle sensing arrays equipped with gold 

nanoparticles to detect neuron spiking activities through the LSPR optical detection method. 

The sensing structure enables the simultaneous realization of cell secretion and electrical 

signal transmission on a single chip, which offers high-resolution, real-time imaging, and 

information regarding the mammalian neuron system. 

        In Chapter 5, we concluded this work and showed the future direction of the research 

regarding precision medicine. 
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Chapter 2 

 

Magnet Patterned Superparamagnetic Fe3O4/Au Nanoparticles as Plasmonic Sensing 

Array for Label-Free High Throughput Cytokine Immunoassay 

2.1 Introduction 

        The ongoing revolution in fundamental immunology and clinical discovery is heavily 

dependent on the availability of diagnostic tools that can provide immediate, quantitative 

information at the bedside or in the clinic,2 particularly for immune monitoring in practical 

medical treatment.216 To determine the rapidly changing immune status of patients in 

various inflammatory disease conditions,217 fast, accurate, and high-throughput analysis of 

multiple immune cells and secreted cytokines using a small sample volume is 

essential.218,219 The current "gold standard" clinical technology, which is based primarily 

on ELISA, has several limitations, including complex labeling and washing processes that 

require up to 72 hours for the total assay time and a sample volume of 0.5-2 mL per test 

per patient, making it unsuitable for point-of-care immune monitoring.220  
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        Label-free optical biosensing platforms, where the optical responses are measured in 

real-time without the need for secondary labeling, offer unique advantages in the rapid 

analysis of complex biological samples.221 Among these techniques, inclusive of photonic 

crystal, optical ring resonator, surface plasmon resonance (SPR),222 fiber optics, and 

interferometry, the nanoplasmonic biosensing based on the LSPR of noble metal NPs have 

shown exquisite levels of sensing performance. 

 

Fig.2.1 The schematic of the nanoplasmonic biosensing based on the LSPR. 

        Recent developments in nanotechnology and nanomaterials have led to the design and 

manufacture of next-generation nanoplasmonic biosensors with various nanostructures,223 

such as nanorods,224 nano-bipyramids,225 nanoflowers,226 nano core-shell structures,227 and 

nanohole arrays.228 These nanoplasmonic structures offer considerable potential in sensor 

sensitivity, tuneability, miniaturization, high throughput capability, and large-scale 

fabrication.229 The integration of these platforms into functional microfluidic devices has 

opened up new biological interfacing opportunities and shown promise for practical 

biomarker detection. However, the widespread adoption of these devices in real clinical 
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and pharmaceutical settings has been hindered by challenges in throughput and 

manufacturability, without compromising desirable sensitivity, multiplicity, and 

reliability.230 While microarray nanoplasmonic sensing platforms have shown promise in 

the parallel quantification of multiple analytes,231 the majority of these sensing arrays have 

been fabricated using electron beam lithography,232 direct laser writing,233 chemical 

electrodeposition,234 or dip pen nanolithography.235 These methods require specialized 

instrumentation and are costly, time-consuming, and not suitable for large-scale 

production.236 Although a few high-throughput multianalyte nanoplasmonic sensing 

platforms are under development, addressing the challenges of cost, complexity, sensing 

performance, throughput, and scalability is critical for the widespread adoption of this 

technology in medical practice.235 

 

2.2 Materials and methods 

2.2.1 Design the high-throughput, label-free, multiplex LSPR immunoassay 

        An easy-to-implement, scalable nanoparticle surface patterning technique for 

generating regular-shape, well-dispersed, individual sensing spots over a large area is 

desired. Moreover, the strong plasmonic coupling afforded by the decorated gold 

nanoparticles will be able to support the need for superior sensitivity to the local refractive 

index change upon cytokine binding. 

        To achieve optimal optical sensing performance, we simulated the electric field 

distribution near the surface of AuNP embedded on the surface of an iron oxide porous 

structure upon interaction with the external electric field using commercial electromagnetic 
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simulation software, COMSOL Multiphysics. Critical factors such as AuNP size and 

AuNP shape play important roles in determining the plasmon resonance and scattering 

spectrum of the sensing particles needed for the ideal immunoassay (Figure 2.2). 

 

Fig.2.2 The simulated UV–vis spectra of Fe3O4 nanospheres, Fe3O4-Au nanospheres, and 

Fe3O4-Au core-shell NPs. 

        We performed a finite difference time domain (FDTD) simulation and predicted the 

scattering efficiency on a single FACSNP. The optical response of FACSNPs upon light 

excitation was simulated by the finite element method using COMSOL. The dimensions 

of Fe3O4 NS and the decorated AuNPs were determined based on the TEM results in Figure 

2.5. The far-field domain was constructed as a semi-sphere and the perfectly matched layer 

with the same radius was set on the top of the far-field domain as the boundary of light. A 

polarized incident electromagnetic wave that was perpendicular to the wave vector was set. 

The absorption light intensity was evaluated by the absorption cross section 𝐶𝐴𝐶𝑆, which is 

the integration of the absorption wave intensity over the surface of far-domain Ω. 
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𝐶𝐴𝐶𝑆 = ∫
𝐼𝐴𝑢𝑁𝑃

𝐼𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
𝑑Ω 

where 𝐼𝐴𝑢𝑁𝑃 is the absorbance intensity from the AuNPs and 𝐼𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 the background 

signal without the presence of AuNPs. 

 

2.2.2 Synthesize and characterize the magnetic nano biosensing particles  

        The FACSNPs were synthesized according to the fabrication procedures as illustrated 

in Figure 2.3. Briefly, the monodisperse Fe3O4 nanospheres (Fe3O4 NS) were prepared by 

a modified solvothermal reduction method.237 The Fe3O4 NS then functioned with 3-

aminopropyl-triethoxysilane (APTES) to allow the covalent attachment of Au nano seeds 

(AuNS) on the Fe3O4 nanocore. Finally, the FACSNPs were formed through in situ seed 

growth by directly reducing the Au3+ on the Au nano seeds. We used cetrimonium bromide 

(CTAB) to modify the surface of our FACSNPs. This provided the core–shell structured 

Fe3O4 /Au nanoparticles with a positively charged surface showing a zeta potential of +46 

mV (Zeta sizer Nano ZS90, Malvern). 
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Fig.2.3 Synthesis process of the Fe3O4/Au core–shell NPs. 

        Figure 2.4 shows the representative scanning electron microscope (SEM) images of 

the obtained Fe3O4 NS, Fe3O4 NS decorated with AuNS (Fe3O4-AuNS), and FACSNPs. 

The Fe3O4 nanocore displayed a structure composed of a cluster of many small Fe3O4 

nanoparticles with diameters around 20 nm as shown in the high-contrast dark part of the 

core region. The AuNS and AuNPs (bright dots circled in yellow of the SEM images) were 

immobilized on the surface of the Fe3O4 nanocore with sizes around 3–5 and 20 nm,238 

respectively. Multiple-crystalline porous structures were observed for the core–shell 

nanomaterial with an average diameter of 50–60 nm. We determined the composition 

(major elements: Fe, O, and Au) of the FACSNPs by energy-dispersive X-ray spectroscopy 

(EDX, bottom right panel of Figure 4). Characteristic spectra of Fe, O, and Au were 

observed in the plot, confirming the presence of the major elements in the FACSNPs. Other 

signature peaks in the EDX spectrum were resulted from the silicon substrate. 
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Fig.2.4 SEM images of Fe3O4 NS, Fe3O4-AuNS, and FACSNPs drop-cast onto a 

conductive silicon substrate. The element composition of FACSNPs was analyzed by 

energy-dispersive X-ray spectroscopy shown in the bottom right panel. 

        The CTAB coating on the FACSNPs resulted in a positively charged surface with a 

zeta potential of 46 ± 6 mV (Zetasizer Nano ZS90, Malvern). The transmission electron 

microscopy (TEM) was used to characterize the synthesized FACSNPs as shown in Figure 

2.5.  

 

Fig.2.5 Transmission electron microscopy of FACSNPs drop-cast onto a glass substrate. 
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        The dimensions of the FACSNPs and the decorated AuNPs were measured to be 60 

± 6 nm and 19 ± 2 nm, respectively (Figure 2.6).  

 

Fig.2.6 Statistics size distributions of the embedded gold nanoparticles and the FACSNPs 

measured from a high magnification of the TEM in Fig.2.5. 

         Figure 2.7 the XRD results of the diffraction spectrum of Fe3O4 nanospheres (NS). 

The sharp diffraction peaks were indexed to be (112), (211), (202), (220), (312), (303), 

(224), (332), and (143) Bragg reflections of crystalline cubic inverse spinel of bulk Fe3O4, 

respectively (JCPDS no. 75-1609).237,239 

 

Fig.2.7 XRD spectrum of Fe3O4 NS. 
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        We further examined the magnetism of Fe3O4 NS and FACSNPs by measuring the 

magnetic hysteresis loop using a vibrating sample magnetometer. The remanent 

magnetizations and coercivities were measured to be close to zero, which demonstrates 

that both the Fe3O4 NS and FACSNPs exhibited superparamagnetic characteristics. 

Modification of Fe3O4 NS with AuNPs slightly weakened the magnetization saturation 

value (Figure 2.8). But the FACSNPs can still be easily magnetized under an external 

magnetic field and demagnetized and redispersed immediately in the solution when the 

external magnetic field was removed. 

 

Fig.2.8 Magnetization curves of the Fe3O4 NS and FACSNPs, suggesting the 

superparamagnetic characteristics of the NPs. The inset figure shows the effect of the 

external magnetic field on FACSNPs in aqueous dispersion. 

        Figure 2.9 and 2.10 shows the effect of an external magnetic field on the FACSNPs 

under a dark-field microscope. When an external magnetic field was applied, the FACSNPs 
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can be magnetized and well aligned with the external magnetic field (Figure 2.9). The 

removal of the external magnetic field resulted in the immediate random dispersion of the 

FACSNPs (Figure 2.10). These observations are consistent with the magnetism 

measurement of the hysteresis loops, confirming the superparamagnetism of the FACSNPs. 

 

Fig.2.9 Dark field image of the FACSNPs drop-cast into the center of a glass substrate with 

an external magnetic field. The FACSNPs spontaneously lined up with the orientation of 

the magnetic field lines. 
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Fig.2.10 Dark field image of the on-glass FACSNPs right after the external magnetic field 

was removed, the FACSNPs immediately redispersed in the aqueous solution. 

        It should be noted that the conventional single-phase solid Fe3O4 NPs also exhibit 

superparamagnetic properties when the diameters of the NPs are in the range of 8.0–30 nm. 

However, this smaller NP size makes the growth of 20 nm AuNPs onto the core much less 

energy favorable as compared to the nanocore of FACSNPs (≈60 nm) with a cluster of 

small Fe3O4 NS. As such, the entire FACSNPs afford both the superparamagnetic and 

strong plasmonic coupling characteristics, which allow tracking, manipulation, and 

patterning of the FACSNPs without losing the advantage of the stable colloidal suspension, 

rendering them a well-suited material for microarray plasmonic biosensor fabrication as 

shown below. 
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2.2.3 Magnet-Assisted Fabrication of the FACSNP Microarray  

        Using the physical and chemical properties of the FACSNPs that arise from both the 

intrinsic properties of constituent nanoparticles and their interparticle interactions, we 

adopted a magnet-assisted self-assembly process to pattern uniform antibody-functioned 

microarray on a glass substrate. 

        Figure 2.11 presents the schematics of the fabrication process. We first treated 

polydimethylsiloxane (PDMS) microwell mask (20 µm × 20 µm well size) and a glass 

substrate with oxygen plasma to make the surface hydrophilic and negatively charged. Two 

of the microwell-shaped PDMS masks were placed into a 3D-printed plastic frame to fix 

the pattern positions for subsequent antibody function and sample loading. FACSNPs (10 

µL) dispersion was then dropped onto the plasma-treated PDMS masks and degassed for 

25 min to ensure that all the microwells were fulfilled with the particle dispersion. The 

treated glass substrate was then attached to the FACSNPs-loaded PDMS mask. Ceramic 

magnets were mounted on the bottom side of the glass substrate to exert a strong magnetic 

force on the superparamagnetic FACSNPs in the microwells. 
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Fig.2.11 Illustrations of the magnet-assisted patterning process of the FACSNP microarray. 

        After overnight incubation, the positively charged FACSNPs were bound to the glass 

substrate by electrostatic attraction and assembled into uniform square-shaped microarrays 

over a large surface area as presented in the dark-field image (Figure 2.12). 

 

Fig.2.12 Dark-field microscopy images of the FACSNP microarray on the glass substrate. 

The FACSNPs confined in PDMS microwells self-assembled into a series of regular 

square-shape sensing spot arrays with the assistance of the external magnetic field. 
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        Prior to the FACSNPs microarray fabrication, we first prepared PDMS microwell 

mask layers in both square and round shapes using soft lithography. The mold for the 

PDMS well-patterning mask was fabricated on a silicon substrate using deep reactive-ion 

etching (DRIE). The PDMS prepolymer (Sylgard-184, Dow Corning) was prepared by 

thoroughly mixing a curing agent with a base monomer (wt: wt = 1: 10) and poured onto 

the silicon mold, and cured in an oven at 65°C for 6 hrs. The cured PDMS mask layer was 

then peeled off from the mold to form a well-patterning mask layer. The layer was cut into 

multiple pieces for future use. 

         In order to precisely deposit the FACSNP microarrays on desired positions of the 

chip, we designed a 3D-printed polylactic acid (PLA) mold. A substrate was mounted into 

the 3D-printed mold to assist in the positioning of the PDMS masks later. Glass slides were 

first cleaned with Piranha solution (H2SO4:H2O2 = 3:1 v/v) for 10 min, rinsed thoroughly 

with deionized water, and kept in an ultrasonic bath with ethanol for 15 min. Then, the 

PDMS micro well-shape masks and a glass substrate were both treated with an oxygen 

plasma (Plasma Etch, Inc.) for 2 minutes. After plasma treatment, the PDMS masks became 

hydrophilic and allowed the proper wetting of the FACSNPs aqueous dispersion on the 

masks. The plasma-treated glass substrate turned to negatively charged owing to the 

dissociated hydroxyl groups existing on the glass, which can interact with the positively 

charged CTAB-coated FACSNPs and immobilize them on the surface. After that, the micro 

well-shape PDMS masks were mounted into the 3D-printed plastic mold. The plastic mold 

was detached after the PDMS mask positions were fixed. Each area of the plasma-treated 

PDMS masks was filled with 3.5 μL of FACSNPs dispersion. Then, the whole device was 

degassed in a vacuum desiccator for 25 min. The excessive FACSNP aqueous dispersion 
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on the surface of the PDMS masks was removed after degassing.240 The plasma-treated 

glass substrate was then attached to the FACSNPs-loaded PDMS microwell layer. Strong 

ceramic magnets were fixed on the other side of the glass substrate to attract the FACSNPs 

to the glass surface. The whole device was incubated in a humid environment overnight. 

After incubation, the magnet and the PDMS masks were removed. The fabrication 

processes were shown in detail in Figure 2.13. 

 

Fig.2.13 Photographs showing the detailed fabrication processes of the magnet-assisted 

patterning of FACSNP microarray. 
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        We compared the patterning quality of the FACSNP microarray with and without the 

magnets as shown in Figure 2.14 and Fig. 2.15. The magnet-assisted patterning of FACSNP 

microarray showed clearly better uniformity on the shape and intensity of the array spot. 

Without the external magnetic field, aggregations, unfilled patterns, and “coffee-ring” 

shapes of the FACSNPs were observed on the glass substrate after overnight incubation. 

PDMS masks with different dimensions and geometries of the microwells were also used 

for creating different FACSNP microarray patterns. We obtained nicely patterned 

microarrays with the square shape of 20µm × 20 µm (spot-to-spot distance = 40 µm, Figure 

2.14), mini square shape of 15 µm × 15 µm (spot-to-spot distance = 25 µm, Figure 2.16) 

and round shape of 40 µm in diameter (spot-to-spot distance = 60 µm, Figure 2.17). These 

results demonstrate the tunability and scalability of our magnet-assisted patterning 

technique for FACSNP microarrays. 

 

Fig.2.14 Dark field image of the sensing spots pattern formed with the magnet’s assistance. 
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Fig.2.15 Dark field image of the sensing spots pattern formed without magnets assistance. 

 

Fig.2.16 Dark field image of mini square-shape biosensing spots arrays. 
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Fig.2.17 Dark field image of the round-shape patterned sensing spots, in which the 

FACSNPs dispersed uniformly. 

        Here, the magnet served as a concentrator that significantly enriched the local 

concentration, thus increasing the binding possibility of the FACSNPs to the glass substrate 

and avoiding the “coffee ring” effect. The release of the magnetic field allowed the 

redistribution of the FACSNPs owing to the superparamagnetic characteristic. As a result, 

we obtained a clearly better pattern quality of the FACSNPs with the magnet, showing a 

much stronger scattering intensity under dark-field imaging with regular microarray shapes 

(Figure 2.18) and well-dispersed particle deposition as shown in Figure 2.18, 2.19. 
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Fig.2.18 Dark-field microscopy image of individual FACSNPs biosensing spot at higher 

magnification, showing the well-dispersed FACSNPs immobilized in the sensing spot. 

 

Fig.2.19 SEM image of the FACSNPs before antibody function. 

        Following the microarray patterning, we functionalized the FACSNPs with a panel of 

four cytokine antibodies using parallel microfluidic channels. The detailed function steps 

based on standard EDC/NHS chemistry are described in the Materials and Methods. The 

functionalized FACSNPs were imaged under SEM showing a thick layer of antibody 

coating on the NPs (Figure 2.20).241,242 
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Fig.2.20 SEM image of the FACSNPs after successful antibody attachment 

        We further confirmed the antibody functionalization by measuring the zeta potential 

on the aqueous suspensions of the FACSNPs before and after the process. The functioned 

FACSNPs showed a neutralized zeta potential of +15 mV, indicating a partially coated 

surface of the FACSNPs with the antibodies. The successful antibody functionalization 

yielded four physically separated sensing regions with each consisting of large numbers of 

microarray sensors targeting specific cytokines. 

        This permits the multiplex detection of four cytokines in a massively parallel manner 

with high statistical accuracy. It should be noted that the shape, dimension, periodic 

distance, pattern area, and the number of target analytes of the microarray biosensor can 

be readily tuned by changing the design of the PDMS suggesting excellent flexibility, 

scalability, and manufacturability of our fabrication technique. 
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2.3 Results and discussion 

2.3.1 FACSNP Microarray Imaging and Calibration for Label-Free High Throughput 

Cytokine Detection 

        The clinical and immunological relevance of cytokine detection requires real-time, 

high throughput, and sample-efficient analysis while simultaneously achieving a low limit 

of detection (LOD). To provide such discriminatory power for valuable clinical outcomes, 

we integrated our previously developed LSPR dark-field imaging technique with the 

FACSNP microarray biosensor into an optofluidic immunoassay for rapid, sensitive, and 

high throughput detection of cytokines in real biological samples. The optical setup and 

the principle of LSPR microarray imaging are illustrated in Figure 2.21.241  

        Briefly, the prepared FACSNP microarray chip was mounted on a standard darkfield 

microscope (Nikon Eclipse Ni-U). The binding of the analyte cytokines onto the FACSNPs 

induces an increase in the intensity and a spectral red shift of the scattering light. The 

collective light intensity shift was then recorded in real time by an electron-multiplying 

charge-coupled device (EMCCD) camera. A customized MATLAB program was used to 

automatically select the regions of interest through an edge detection/background 

subtraction algorithm and quantify the intensity change for each microarray sensing spot.243 
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Fig.2.21 Schematic of the dark-field microscope setup for FACSNP microarray imaging. 

The prepared microarray chip was fixed on the motorized stage with the other side in 

contact with the dark-field condenser via silicon oil. A sample was injected from the inlet 

of the PDMS channel covered on the prepared pattern, flown through the sample channel, 

and collected from the outlet. Different cytokines in the sample were captured by the 

antibody-conjugated FACSNPs on the microarray. The light scattered from the FACSNPs 

was collected by a 20× objective lens and imaged by the EMCCD. The right panel shows 

the principle of FACSNP microarray imaging. The binding of specific cytokines onto the 

FACSNP results in an intensity increase and a spectrum red-shift. 241 

        The intensity-based LSPR microarray imaging provides unique advantages over the 

traditional plasmonic biosensors based on spectrum-shift detection schemes. The obtained 

optical signals from the assembled microarrays contain statistical information over a large 

amount of the FACSNPs, which minimizes the variances in particle structure and spatial 

distribution. This distinct feature of LSPR microarray imaging offers unprecedented 

opportunities for high throughput immunoassay with inherently excellent statistic accuracy.  
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         As such, we first performed the calibration of the FACSNPs microarray chip through 

parallel detection of four different cytokines: interleukin-6 (IL-6), monocyte 

chemoattractant protein 1 (MCP1), tumor-necrosis-factor alpha (TNF-α), and transforming 

growth factor beta (TGF-β) in Roswell Park Memorial Institute (RPMI) cell culture 

medium.  

         To validate the multiplex sample measurement capability of the microarray 

immunoassay that can specifically detect target cytokines in a complex biological medium, 

we performed measurements on a set of samples with each containing only one specific 

type of the cytokines (IL-6, MCP-1, TNF-α, TGF-β) at the concentration of 1000 pg/mL. 

As shown in Figure 2.22, we found no statistically significant difference between the 

measured cytokine concentrations and their expected values of 1000 pg/mL.  

 

Fig.2.22 Calibration curves of IL-6, MCP-1, TNF-α, TGF-β obtained from the FACSNP 

microarray immunoassay. 

        Furthermore, most of the sensors targeting cytokines absent in the mixture yielded 

signals below the limit of detection as anticipated. 
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Fig.2.23 The selectivity of multiplex microarray immunoassay measured in cytokine 

concentrations. The red dashed line is the limit of detection of our FACSNP microarray 

immunoassay. Data were presented as the mean ± SD (n= 3). 

         

        The spiked samples with known concentrations (50, 100, 250, 500, 800, 1000pg•mL−1) 

of cytokines were loaded into the sample loading channels and the quantified signal 

changes of the microarrays were translated into intensity maps as shown in Figure 2.24. 
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Fig.2.24 Mapping of intensity variations of FACSNP microarray for four different types 

of cytokines (IL-6, MCP-1, TNF-α, and TGF-β) at different concentrations. 

        Here, we selected a 4 × 4 sensing array for each cytokine and recorded the real-time 

intensity shift of all the sensing spots in one sample channel. Thus, we can simultaneously 

acquire 64 real-time binding curves for four cytokines in one loading channel and achieve 

a total number of 384 (64 × 6) measurements for the whole immunoassay. The sensing 

matrix can be easily scaled up by increasing the number of sensing arrays and sample 

loading channels. We established the calibration curves for each cytokine based on the 

concentration-dependent fractional intensity change (ΔI/I0). The intensity shift (ΔI/I0) was 

averaged over the 16 LSPR sensing microarrays by calculating the signal difference before 

(I0) and after (I0 + ΔI) the sample incubation. We further determined the LOD as defined 
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by 3σ/kslope, where σ is the standard derivation of the background signal of the control 

medium and kslope is the slope of the linear regression of each calibration curve. The 

calculated LODs for the four cytokines were 18.96 pg•mL−1 for IL-6, 14.57 pg•mL−1 for 

MCP-1, 32.62 pg•mL−1 for TNF-α, and 22.08 pg•mL−1 for TGF-β. As a result, our 

FACSNP microarray immunoassay shows comparable sensing characteristics in terms of 

sensitivity, assay time, and sample volume to the most state-of-art LSPR biosensors, while 

offering unique advantages in selectivity, throughput, and manufacturability toward 

practical applications.244 

 

2.3.2 FACSNP Microarray Immunoassay for Functional Immunophenotyping of TAM 

        TAMs are the most prominent immune cells in the tumor microenvironment 

composed of leukocytes, fibroblasts, and vascular endothelial cells. They play a vital role 

in non-resolving inflammation in the tumor microenvironment, which is known as a 

hallmark of cancer.245  

        In general, macrophages show a high degree of plasticity in response to local 

environments and can be polarized into pro-inflammatory (M1) or anti-inflammatory (M2) 

macrophages. The M1 phenotypes are well adapted to promote a strong immune response 

by secreting high levels of pro-inflammatory cytokines. In contrast, the M2 phenotypes are 

activated by T helper cell 2 and tumor-derived cytokines (IL-4, IL-10, and IL-13), which 

are well-suited for the promotion of proliferation, invasion, and angiogenesis of tumor cells 

and thus the tumor development (Figure 2.25). 
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        With the unraveling relationship of the apparent dual nature of macrophages to tumor 

development, the M2-like TAMs are now being recognized as potential diagnostic 

biomarkers and therapeutic targets for cancer. 

 

Fig.2.25 The schematics of macrophage polarization under different stimulation conditions. 

The right panel shows the transformation of the macrophages into M2-like TAMs after 

exposure to a biomimetic tumor microenvironment. 

        To explore the practical use of our FACSNP microarray immunoassay for clinical 

diagnosis, we performed the functional immunophenotyping of macrophages exposed to 

the leukemia tumor cell (LTC) microenvironment. Here, we measure the cytokine secretion 

profiles of macrophages under stimulation or treatment using LTC-conditioned media 

(Figure 2.26). The original unpolarized macrophages (M0) expressed no significant 

secretion for pro-inflammatory cytokines (IL-6 and TNFα) and anti-inflammatory cytokine 

TGF-β. The stimulation with lipopolysaccharides (LPS) turned M0 into the M1 phenotype 

macrophages, where strong IL-6 and TNF-α expressions were observed in the cell culture 

medium with a negligible amount of TGF-β released. In contrast, the M2 phenotype 

macrophages polarized by IL-10 showed a significantly increased concentration of anti-
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inflammatory cytokine (TGF-β) expression, while the inflammatory responses by IL-6 and 

TNF-α secretion were largely suppressed. The macrophages treated with LTC-conditioned 

media displayed a similar cytokine secretion profile with that of M2 macrophages, 

indicating their transformation into M2-like TAMs. The measurements of LTC-

conditioned media showing low levels of all cytokines further confirm that the measured 

TGF-β and MCP-1 were secreted by the polarized TAMs. Here, the MCP-1 is known as a 

potent chemotactic factor for monocyte trafficking and thus was detected in all the 

macrophage culture media. The relatively higher level of MCP-1 released by M2 and 

TAMs could be attributed to the promoted macrophage recruitment in the tumor 

microenvironment. 

 

Fig.2.26 Cytokine secretion profiles of macrophages after treatment in different 

polarization conditions. M0 denotes the unpolarized, original macrophages. M1 is the 

original macrophage treated with 100 ng mL−1 of LPS for 48 h. M2 is the original 

macrophage treated with 100 ng mL−1 of IL-10 for 48 h. TAM presents the macrophages 

polarized by the leukemia tumor condition (LTC) culture medium. The cytokine 

concentrations were quantified by measuring the cell medium samples (n = 3) using the 
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FACSNP microarray immunoassay. Data were presented as mean ± SD. p Values were 

calculated using the One-Way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.0001. 

         To validate the results obtained from the FACSNP microarray immunoassay with the 

existing “gold-standard” assay – ELISA, we performed ELISA-based measurements for 

the same cell medium samples (M0, M1, M2, and TAM). The ELISA-based measurements 

were based on the singleplex scheme. In other words, the assay targeted only one of the 

four cytokines in each measurement to avoid any potential crosstalk between different 

probe molecules. We repeated the singleplex ELISA measurements for all four cytokines 

across the prepared serum samples. Finally, we compared the results generated from both 

methods as shown in Figure 2.27. It should be noted that the measured cytokine 

concentrations from the FACSNP microarray immunoassay were smaller than those 

obtained from ELISA. This could be due to the degradation of the cytokines in the real 

samples during sample shipment and transportation. We believe that a side-by-side 

validation measurement would be ideal for probing the accuracy and reliability of the 

FACSNP microarray immunoassay. 
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Fig.2.27 Correlation between results obtained from our FACSNP microarray immunoassay 

measurements and the ELISA for the cell medium samples. 

           All the results obtained from the FACSNP microarray immunoassay were validated 

by the singleplex ELISA for all four cytokines across the cell medium samples prepared 

above. An excellent linear correlation (R2 = 0.9252) was obtained between the results 

measured by both methods. As such, the FACSNP microarray immunoassay showed 

discriminative power for immunophenotyping of macrophages in a biomimetic tumor 

environment, which could be potentially applied as a rapid and high throughput method for 

point-of-care clinical cancer diagnosis. 
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2.7 Conclusion 

        In conclusion, we have demonstrated a high-throughput, label-free, multiplex 

immunoassay that enables the analysis of multiple immune biomarkers in a rapid, accurate, 

and sensitive manner. The key to the success of this platform is by synergistically utilizing 

both the superparamagnetic and nanoplasmonic properties of the FACSNPs for large-scale 

array patterning and high-throughput sensing. The magnet-assisted patterning approach 

shows great advantages over many other technologies for large-scale array fabrication in 

terms of feasibility, flexibility, scalability, and cost-effectiveness. The multiplex 

immunoassay based on the patterned microarray can generally serve as a powerful tool for 

routinely monitoring a wide variety of biomarkers with rapid turn-around time and high 

statistic accuracy, which can be readily implemented for point-of-care clinical diagnosis. 

This platform possesses unique characteristics that do not exist with currently available 

technologies in clinical settings, which can be further expanded by integrating with nano- 

and microfluidic systems to provide multiscale measurements from whole-blood level to 

single-cell level for comprehensive functional analysis of the immune system. 
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Chapter 3 

Engineered Multifunctional Superparamagnetic Copper Iron Oxide Nanoparticles 

(SCIONs) for a Combined Magnetic Hyperthermia and Immune Therapy of 

Metastatic Cancers 

 

3.1 Introduction 

        Metastatic cancer has been one of the most lethal diseases for decades, as it has 

complex pathophysiology and can affect multiple organs and systems simultaneously. 

Despite the substantial investments and efforts made, the high mortality rate among 

metastatic cancer patients remains a major public health concern, affecting millions of 

people worldwide.129-131 Recently, cancer immunotherapy has emerged as a highly 

promising treatment option, with the aim of regulating the immune system and eliciting an 

intrinsic immune response to target and eliminate tumor cells.132,133 Several strategies have 

demonstrated promising clinical outcomes, including targeting checkpoint molecules for 

the PD-1/PD-L1 axis,138 administering cancer vaccines,161 and transferring adoptive cells 

such as cytokine-induced killer cells (CIK)169 and chimeric antigen receptor T cells (CAR-
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T).149 However, these approaches face challenges in the complex tumor microenvironment, 

including insufficient activation of the immune system, the low objective response rate in 

patients,140 poor infiltration of the therapeutic agents into the tumor microenvironment, and 

difficulties in tracking and controlling the distribution of the anticancer components. As a 

result, the combination of therapies for the treatment of metastatic cancer has gained 

significant attention as a means of enhancing infiltration into the tumor microenvironment 

and eliciting a stronger immune response, thereby providing a more comprehensive 

approach to treating this complex form of cancer.246 

        Given the severe side effects associated with conventional radiotherapy or 

chemotherapy and the limited penetration capacity of near-infrared light, magnetic 

hyperthermia therapy (MHT) has emerged as a promising option for combination 

therapy.247 Hyperthermia is a cancer therapy that raises the local temperature of the tumor 

to 41-45°C for a specified period, killing the tumor cells and sensitizing them to other 

treatments.248 By using the magnetic field, the MHT is a remote-controlled therapeutic 

system that offers the ability to selectively release the anticancer agents with high local 

efficacy, excellent tissue penetration, and minimal harm to healthy tissue, providing a safe 

and effective way to enhance the infiltration of therapeutic agents and improve 

treatment.249 

        Iron oxide nanoparticles have been extensively investigated in the field of cancer 

treatment due to their potential as a targeted drug delivery method.250 Targeted drug 

delivery aims to overcome the limitations of conventional drug delivery by using 

nanoparticles as carriers to deliver drugs specifically to areas of the patient's body affected 

by the disease while minimizing interaction with healthy tissue.251,252 The unique property 
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of superparamagnetism, along with the small size, biocompatibility, ease of surface 

functionalization, and superior magnetic responsiveness of iron oxide nanoparticles, allow 

for effective dispersion of the nanoparticles and targeted delivery in the tumor 

microenvironment without incurring the high cost and prolonged preparation time 

associated with other drug delivery methods such as cell-specific ligands and pH-

responsive approaches. Furthermore, exposure of these magnetic nanoparticles (MNPs) to 

an alternating magnetic field (AMF) generates highly localized heat within the cancer cells, 

rendering them an ideal candidate for MHT. Meanwhile, the precise targeting of the 

particles can also be achieved through manipulation by a magnetic field, enabling the 

simultaneous realization of MHT cancer treatment and targeted drug delivery. A few recent 

studies have shown promising results in MHT cancer treatment with the remaining 

challenges of delivering immunotherapy and MHT with one system concurrently, ensuring 

the combined therapy takes effect simultaneously and coherently.246 

        In this study, we designed and synthesized superparamagnetic copper iron oxide 

nanoparticles (SCIONs) and engineered them into a monodisperse multifunctional anti-

cancer SCION complex, as depicted in Figure 3.1.  

 

Fig.3.1 Schematic diagram of SCIONs and further self-assembling process between 

SCIONs and DDC-Na. 
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        The porous structure of the SCIONs provides ample Cu2+ sites, which when loaded 

with sodium diethyldithiocarbamate trihydrate (DDC-Na), form the [Cu(DDC)2] complex 

(a widely proven anti-cancer ingredient) that self-assembles on the surface.253 Compared 

to the traditional approach of delivering high-performance hyperthermia magnetic 

nanoparticles and programmed checkpoint blockade therapy ingredients separately, each 

SCION-complex serves as a multifunctional treatment component that simultaneously 

provides both MHT and [Cu(DDC)2] complex treatment. We performed a series of 

characterization and a preclinical study with the anticancer complex, the combined therapy 

of SCION complex and AMF manifested significant outcomes in eliminating tumor cells, 

restricting primary tumor growth, activating the immune response in the tumor 

microenvironment, and hindering the tumor cells metastasis. 

 

Fig.3.2 The mechanism of the combined MHT and SCIONs complex cancer therapeutic 

treatment and immune response in the tumor microenvironment. 

        The inherent mechanism and the process of the anti-cancer effect are proposed in 

Figure 3.2. (1) The SCION complex generates a considerable amount of local heat to 

eliminate tumor cells when AMF is applied. (2) Meanwhile, the anti-cancer ingredients 
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will continuously function in the tumor microenvironment inducing tumor cell death and 

apoptosis.254 (3) Combined MHT and [Cu(DDC)2] complex treatment ablation of tumor 

cells could generate tumor-associated antigens, The antigens were uptake by dendritic cells 

(DCs), which would lead to the activation of immunological cell death (ICD).255 (4) The 

anti-cancer ingredients loaded on the surface of the SCION complex keep functioning to 

inhibit epithelial-mesenchymal transition (EMT) to prevent cancer metastasis from 

happening.256 

 

3.2 Materials and methods 

3.2.1 Synthesis and Characterizations of the SCIONs and the anti-cancer complex 

        The synthesis of the anti-cancer SCION-complex was performed through a facile and 

cost-efficient self-assembling process. Taking advantage of the sodium atom in DDC-Na's 

strong tendency to bind with divalent copper Cu2+, FeCl3 salt, and CuCl2 salt was dispersed 

in ethylene glycol (EG) and subjected to a high-temperature solvothermal reductive 

reaction.105 Polyvinylpyrrolidone (PVP) served as an ideal stabilizer, remaining negatively 

charged at -34mV ± 4.28 mV and leading to the synthesis of monodisperse SCIONs. The 

SCIONs dispersion was then mixed with a DDC-Na solution in a 1:1 ratio, resulting in the 

formation of the [Cu(DDC)2] complex on the surface of the SCIONs. The detailed 

synthesis process is described in the Experimental Section. Scanning electron microscope 

(SEM) images of the SCIONs (Figure 3.3) and self-assembled SCIONs complex (Figure 

3.4) were taken to visualize the surface texture.  
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Fig.3.3 The representative SEM image (left) and the EDS (right) of our SCIONs. The left 

one shows the surface texture of the SCIONs. 

 

Fig.3.4 The representative SEM image (left) and the EDS (right) of our self-assembled 

SCIONs complexes. The SEM image shows the SCIONs are covered with a layer of 

[Cu(DDC)2] complex. Inside the EDS, the S peak indicates the SCION-[Cu(DDC)2] 

complex was successfully synthesized, while the Au peaks are the gold coater on the 

samples to improve the conductivity. 

        The SEM image in Figure 3.3 shows multiple Cu2+ sites on the surface of the SCIONs, 

while the SEM image in Figure 3.4 displays the SCIONs covered with a layer of 

[Cu(DDC)2] complex, indicating the successful surface functionalization of the SCIONs. 

Energy-dispersive X-ray spectrum (EDS) was also performed on both the SCIONs (Figure 
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3.3) and the self-assembled SCIONs complex (Figure 3.4). The peak of sulfur in the EDS 

spectrum of the SCIONs complex (Figure 3.4) confirms the successful complexation of the 

SCIONs-[Cu(DDC)2].  

 

Fig.3.5 The representative TEM image of our synthesized SCIONs. 

        The synthesized SCIONs showed a porous structure composed of clusters of small 

spheres, as measured by transmission electron microscopy (TEM) (Figure 3.5) with an 

average diameter of 78 nm ± 8 nm. After the formation of the [Cu(DDC)2] complex on the 

surface of the SCIONs, the SCION complex was measured by TEM with an average 

diameter of 128 nm ± 14 nm (Figure 3.6). 
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Fig.3.6 The size distribution for the SCIONs. 

        The X-ray diffraction (XRD) pattern (Figure 3.7) also demonstrated the highly 

crystalline nature of the SCIONs, with peaks (220) and (311) confirming the presence of 

divalent copper Cu2+. 

            Nevertheless, to save the preparation time and cost of the targeted drug delivery 

nano-carriers and to utilize targeted drug delivery in more common situations, here we 

harness the unique superparamagnetism feature of the SCIONs confirmed by the hysteresis 

loop (Figure 3.7). 

 

Fig.3.7 The magnetic hysteresis loop of the synthesized SCIONs. 
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        When the magnetic particle size is sufficiently small, they will stay in the so-called 

“superparamagnetic state”, which means the particles can still be conveniently aligned or 

manipulated by an external magnetic field, but after the magnetic field is removed, there 

won’t be any magnetism left in the particle. The active anticancer SCIONs complexes can 

be delivered to the desired tumor local area by an external magnetic field, and once the 

magnetic field is removed, the particles can be well-dispersed in the tumor 

microenvironment. 

 

3.3 Results and discussion 

3.3.1 Functional Mechanism and In Vitro Study of the anti-cancer complex 

        By applying an external magnetic field to a site where tumor cells are proliferating, 

our anti-cancer SCION-[Cu(DDC)2] complex would be drawn to the prime tumor 

microenvironment, where it could then be dispersed and trigger tumor cell death. We 

evaluated the magnetic targeting anti-cancer efficacy of the SCION-[Cu(DDC)2] complex 

in both 2D and 3D cultured cell lines. The 2D cultured mouse breast cancer cell line 4T1 

was first used to determine the anticancer activity of the complex. The cells were seeded 

into 96-well plates (2000 cells/well) and incubated overnight, and then treated with the 

appropriate formulation for 48 hours before undergoing the MTT assay.257 The results 

showed significant anticancer efficacy in 4T1 cells (as demonstrated in Figure 3.8), while 

the control SCIONs showed no cytotoxicity. To assess the effects of the SCION-

[Cu(DDC)2] complex on other metastatic cancers, the mouse melanoma cell line (B16F10) 

was also subjected to the MTT assay with the same treatment (as shown in Figure 3.9). 
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Fig.3.8 MTT assay 4T-1 cells were treated with the same formulations for 48 h further 

added SCION-[Cu(DDC)2] complex dispersion compared to DDC-Na solution and 

SCION-[Cu(DDC)2] complex dispersion compared to SCIONs dispersion and analyzed 

with the MTT assay. The results are the mean ± SD (n = 4). 

 

Fig.3.9 MTT assay B16F10 cells were treated with the same formulations for 48 h further 

added SCION-[Cu(DDC)2] complex dispersion compared to DDC-Na solution and 

SCION-[Cu(DDC)2] complex dispersion compared to SCIONs dispersion and analyzed 

with the MTT assay. The results are the mean ± SD (n = 4). 

        Apoptosis, the process of programmed cell death, is typically identified by specific 

physical features and biochemical pathways that require energy. Tumor cell apoptosis 

refers to the programmed cell death of cells within a tumor, which is an important 
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mechanism for the elimination of cancerous cells in the body.258 This process can be 

induced by a variety of factors, including our immunotherapy, the flow cytometry results 

in Figure 3.10 reveal that our SCION-complex significantly increased the apoptotic tumor 

cells (4T1 cell line) rate. 

 

Fig.3.10 Annexin V/PI apoptosis assay determines the percentage of late-stage apoptotic 

cells (annexin V+/PI+) and early-stage apoptotic cells (annexin V+/PI-) with flow 

cytometry. (SCION, 15nM; DDC-Na 1M. Data are presented as the mean ± SD, n = 3, *** 

P < 0.001 compared with the negative control. # P < 0.05, ### P < 0.001 compared with 

the CDL treatment group). 

        The liquid overlay method was employed to establish tumor spheroids for the in vitro 

3D model anticancer effect experiment. Fluorescent mouse breast cancer cell line 4T1-

mCherry was used. Briefly, a 96-well plate was pretreated with 1% (w/v) agarose gel and 

then seeded with 4T1-mCherry cells.259 The spheroids typically formed in five days and 

were then treated with various test formulations and imaged every 24 hours. Figure 3.11 

clearly shows that the structure of the tumor spheroids was damaged by the complex. The 
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outside part of the tumor spheroids continued to disintegrate, while the control group 

maintained the integrity of its original structure and showed growth in spheroid size. 

 

Fig.3.11 Tumor spheroids were treated with control formulation and SCION-[Cu(DDC)2] 

complex dispersion (1M) for 72 h. At the end of treatment, tumor spheroids were analyzed 

with the Cell Imaging Multi-Mode Reader. It clearly shows the tumor spheroids structure 

was damaged by SCION-[Cu(DDC)2] complex dispersion, while the other two show the 

integrity of the original structure. 

        As previously stated, metastasis is a critical issue for the majority of cancer patients. 

Our SCION-[Cu(DDC)2] complex has been demonstrated to have anti-cancer effects on 

primary tumor sites, however, its true potential lies in its ability to function continuously 

in the tumor microenvironment and prevent the migration of tumor cells from the primary 

site to neighboring organs and tissues. In our experiments, a wound-healing assay was 

performed using the red fluorescence protein-labeled mouse breast cancer cell line 4T1-

mCherry.260 The 4T1-mCherry cells were seeded in a 96-well plate to form a confluent 

monolayer, which was then scraped with a pipet tip to create a scratch. The cells were then 
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treated with the control medium, SCION dispersion, DDC-Na solution, and the SCION-

complex dispersion in high/low concentration after the generation of the scratch. The 

photographic records of the wound healing process were taken at the outset and every eight 

hours, while the representative comparison between the control group and the high-

concentration SCION-complex group is depicted in Figure 3.12. The prominent difference 

in migration between these two groups clearly demonstrates the efficacy of our SCION-

[Cu(DDC)2] complex in preventing tumor cell metastasis.  

 

Fig.3.12 SCION-[Cu(DDC)2] complex capability of hinging tumor cell metastasis. 

Wound-healing study. Cells received different treatments after the generation of the scratch. 

Then, photos were taken at the beginning and every eight hours. Cherry red fluoresce 

protein labeled 4T1 cells were used in this study. Summary bar graph illustrating 

percentage wound closure at indicated time points during the scratch wound assay. 
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        Accumulating evidence suggests that the presence of intra-tumoral heterogeneity is a 

key factor in the development of resistance to anticancer therapies. In the process of wound 

healing, fibroblasts, which are a part of the paraneoplastic stroma, are known to play a vital 

role. There has been a rising interest in exploring the pathophysiological roles of cancer-

associated fibroblasts (CAFs) in the complex tumor microenvironment.261 We proved the 

suppressive ability of our SCION-complex to the intra-tumoral CAF heterogeneity by the 

western blot showing low levels of α-smooth muscle actin (α-SMA) (Figure 3.13) and the 

transwell system with various treatments to 4T1 cells in the top chamber and fibroblasts in 

the bottom chamber (Figure 3.14).211,262 

 

Fig.3.13 The western blot shows the secretion level of α-SMA of the CAFs while the 4T1 

cancer cells are treated with different formulations. Group a is treated with the dispersion 

of our SCION-[Cu(DDC)2] complex for 4 hours. Group b is treated with the dispersion of 

our SCIONs for 4 hours. Group c is treated with the dispersion of our SCION-[Cu(DDC)2] 

complex for 4 hours. Group d is treated with the solution of DDC-Na for 4 hours. Group e 

is treated with the solution with TGF-β stimulation for 12 hours. Group f is treated with 

the solution with TGF-β stimulation for 24 hours. 

         Activated fibroblasts accumulate in the wound and are involved in many aspects of 

the tissue remodeling cascade that initiates the repair process and prevents further tissue 

damage. CAFs play crucial roles in tumor progression and the response to chemotherapy. 
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          The concept of intra-tumoral CAF heterogeneity refers to the presence of 

inflammatory CAFs with low levels of α-smooth muscle actin (α-SMA) and high levels of 

IL-6 expression, which are in striking contrast to transforming growth factor-β (TGF-β)-

dependent myofibroblast CAFs with high α-SMA expression levels. 

 

Fig. 3.14 Transwell coculture system to mimic the CAFs in the tumor microenvironment 

in vitro to study the impact of our SCION-complex on the CAF heterogeneity. In the 

transwell system, mice fibroblasts were seeded in the bottom chamber and 4T1 cells with 

SCION-complex (or different formulations) were seeded in the top chamber. Because of 

the transwell system deployment, mice fibroblasts were inaccessible to either 4T1 cells, 

while the medium containing tumor antigens of 4T1 cells and different formulations could 

pass the micropores (pore size = 0.28 μm) in the membrane to stimulate or suppress the 

fibroblasts. 
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Fig.3.15 Fluorescence image of transwell coculture system to mimic the CAFs in the tumor 

microenvironment in vitro to study the impact of our SCION-complex on the CAF 

heterogeneity. After 12hrs co-cultures, the mice fibroblasts were activated to the CAFs 
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phenotype. The SCION-complex treatment suppressed the CAFs heterogeneity and the 

CAFs were back to the resting fibroblasts phenotype. 

 

3.3.2 The In Vitro Magnetic Hyperthermia Therapy by Utilizing the Multifunctional 

SCIONs Complexes 

        The SCIONs play a critical role in the combined magnetic hyperthermia and immune 

therapy by facilitating magnetic manipulation for drug delivery and generating local heat 

for magnetic hyperthermia therapy (MHT). For the in vitro study, the murine breast cancer 

cell line 4T1 was used. The cells were seeded into 12-well plates (15,000 cells/well) and 

treated with the standard protocols for 48 hrs. The anti-cancer SCIONs complexes were 

then added to the 4T1 cell environment. An external magnetic field with a round shape was 

applied to the central area of the cell incubation well, allowing the magnetic positioning 

SCIONs complexes to be directed to and act on a specific area of cells, as illustrated in 

Figure 3.16. Figure 3.17 shows that the application of an external magnetic field was 

effective in delivering and confining the anticancer system to the desired area, as evidenced 

by the clear boundary (Figure 3.16, right, enlarged view) between the round central area 

and the surrounding ring area, both of which were stained using the JC-1 fluorescence 

probe staining method. The central area, subjected to the magnetic field, showed a red color 

indicating the death of tumor cells, while the surrounding ring area, without the magnetic 

field, showed a green color indicating the survival of cancer cells. The drug demonstrated 

effective anti-cancer performance, and the process will be further detailed in the 

cytotoxicity verification section. 
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Fig.3.16 Scheme of the magnetic-targeting process and the primary anti-cancer response 

of our SCIONs Complexes. Enlarged images show the clear boundary between the targeted 

treating area with external magnetic field manipulation and the off-target ring area. 

 

Fig.3.17 The image of 4T1 cells treated with magnetic targeted delivery SCIONs-Complex 

with JC-1 as a fluorescence probe staining. The mitochondrial membrane potential of 4T1 

cells was determined with JC-1 as a fluorescence probe staining method, which clearly 

shows the external magnetic field confining our SCIONs Complexes in the middle round 

area while taking effect. 

        Further, the intracellular uptake of Cy5-labeled SCIONs complexes was evaluated 

using mCherry-expressing 4T1 cells via confocal laser scanning microscopy (CLSM) (as 

shown in Figure 3.18). The result provides clear evidence of the rapid and efficient cellular 
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uptake of the SCIONs complexes, ensuring their effectiveness in in vitro intracellular MHT 

for the eradication of tumor cells. 

 

Fig. 3.18 The confocal microscopic images of the 4T1-mCherry cells intracellular uptake 

of Cy5-labeled SCIONs complexes. The image colors were transformed into their 

complementary counterpart for better presentation. 

        Observed through confocal microscopic images, demonstrate the strong cellular 

uptake of the SCIONs complexes, as indicated by the presence of strong fluorescent signals 

generated from the Cy5-labeled nanoparticles around the nuclei of the 4T1-mCherry cells. 

This provides clear evidence of the rapid and efficient cellular uptake of the SCIONs 

complexes, ensuring their effectiveness in in vitro intracellular MHT for the eradication of 

tumor cells. 
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Fig.3.19 The scheme of the SCIONs Complexes hyperthermia effect when an AMF is 

applied. 

        By applying an alternating magnetic field (AMF) instead of a constant external 

magnetic field, a magnetic hyperthermia therapy was introduced to the tumor cells, wherein 

the SCIONs complexes generated a significant amount of heat (as shown in Figure 3.19). 

The exposure of cells to temperatures up to 45°C creates a condition of intracellular heat 

stress, known as hyperthermia. This heat stress can cause a failure in thermoregulation, 

leading to negative effects such as protein misfolding and aggregation, alteration of signal 

transduction, changes in the pH value of the environment, reduced oxygenation of the 

tumor, and induction of cell apoptosis and death. In comparison to chemotherapy, magnetic 

hyperthermia therapy not only has milder side effects, but it also does not result in drug 

resistance among tumor cells, ensuring long-term efficacy in cancer treatment.  
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Fig.3.20 The 4T1 cells were separated into two groups, for each determined concentration, 

one group of 4T1 cells was treated with an AMF for 20 mins; then the cells were incubated 

at 36℃  for 24hrs; all the cells were treated with our SCIONs Complexes. It clearly 

indicates the magnetothermal effects helped to increase the anti-cancer efficiency by at 

least 5%. 

        As aligned in Figure 3.20, the introduction of hyperthermia has resulted in a 

significant enhancement in the ability of the SCION-complex to combat cancer. 

Specifically, the use of hyperthermia has been found to improve the effectiveness of the 

SCION-complex in destroying cancerous cells by up to 20%, representing a momentous 

improvement in anticancer therapy. 

 

3.3.3 The immunological cancer therapeutic treatment utilizing the complex 

         Current research in tumor immunotherapy recognizes the importance of 

immunogenic cell death (ICD) in activating anti-cancer immunity. The release of specific 

damage-associated molecular patterns creates an active tumor immune microenvironment, 

leading to the maturation of dendritic cells and the stimulation of T-cell priming. Activated 
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T-cells then target and eliminate tumor cells, reducing the risk of metastasis.263-265 As 

depicted in the schematic of ICD (Figure 3.21), cells undergoing ICD are often 

characterized by four biomarkers: (1) cancer-cell-surface translocation of calreticulin 

(CRT);266 (2) adenosine triphosphate (ATP) release by the cancer cells;267 (3) high mobility 

group box 1 (HMGB1) released by the cancer cells;268 and (4) interferon-γ (IFN-γ) released 

by T-cells.269 CRT transfers to the cell surface and serves as an "elimination" signal to 

antigen-presenting cells with CD91 receptors, while extracellular ATP acts as a short-range 

trigger. HMGB1 is a biomarker of late-stage ICD and is required for antigen presentation 

by dendritic cells (DCs). The damage-associated molecular patterns facilitate the 

presentation of antigens released from cancer cells, activate anti-cancer cytotoxic T-cells, 

and establish long-term adaptive anti-cancer immunity. A range of therapies, including 

chemotherapy and radiotherapy, can effectively induce ICD and generate "in situ tumor 

vaccines," transforming the inactive tumor immune microenvironment into an active one 

and offering a new approach to cancer therapy.161 
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Fig.3.21 The mechanism of the immunogenic cell death induced by our SCION-

[Cu(DDC)2] complex. 

 

Fig.3.22 Biomarkers of ICD. Cell surface CRT was determined with flow cytometry.  ATP 

release was determined with an ATP bioluminescence detection kit. HMGB1 release was 
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determined with ELISA. IFN-γ release was determined with flow cytometry. (Data are 

presented as the mean ± SD, n = 3, * P < 0.05, ** P < 0.01, *** P < 0.001, compared with 

the negative control group; * P < 0.05, ** P < 0.01, *** P < 0.001, compared with CDL 

treatment group.) 

        In order to assess the effectiveness of our SCION-[Cu(DDC)2] complex treatment in 

inducing immunogenic cell death (ICD), we evaluated its ability to elicit the release of 

damage-associated molecular patterns and activate dendritic cell maturation. The results, 

as depicted in Figure 3.22, showed that the SCION complex group exhibited the highest 

level of cell surface calreticulin (CRT) compared to the negative control. The therapy 

groups with DDC-Na and the SCIONs did not result in a significant increase in cell surface 

CRT. The results further indicated that the treatment with the SCION complex led to the 

most substantial release of adenosine triphosphate (ATP) in the cell culture medium. The 

release of high mobility group box 1 (HMGB1) in the conditioned cell culture medium was 

determined using an ELISA kit and was found to be significantly increased by the SCION 

complex therapy. These results provide strong evidence that our SCION-[Cu(DDC)2] 

complex treatment is capable of efficiently ICD and may hold potential as a "tumor 

vaccine" approach for the treatment of metastasis. 

        Additionally, our SCION-[Cu(DDC)2] complex demonstrates the potential to restrict 

the migration of tumor cells from the primary site by inhibiting the epithelial-mesenchymal 

transition (EMT) process. EMT is a biological transformation that enables a polarized 

epithelial cell to adopt a mesenchymal cell phenotype, which is characterized by increased 

migratory capacity, invasiveness, resistance to apoptosis, and heightened production of 

extracellular matrix components (Figure 3.23).270  
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Fig.3.23 The mechanism of the tumor cell epithelial-mesenchymal transition hinged by the 

complex. 

        This process is initiated by the activation of various molecular processes, such as the 

regulation of transcription factors, expression of specific cell-surface proteins, and changes 

in the expression of specific microRNAs. E-cadherin is a key component of cell adhesion 

and is a hallmark of the epithelial phenotype, while N-cadherin confers enhanced migratory 

and invasive capacity to tumor cells (Figure 3.24).271  

 

Fig.3.24 The relative level of E-cadherin mRNA, and N-cadherin mRNA expression were 

determined by the real-time polymerase chain reaction. The results indicate that our 

SCION-[Cu(DDC)2] complex efficiently hinges on the EMT process. (Data are presented 

as the mean ± SD, n = 3, *** P < 0.001 compared with the negative control. * P < 0.05, 

*** P < 0.001). 
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        To evaluate the impact of our SCION complex on EMT, we treated 4T1 cells with our 

system and analyzed various biomarkers, including Slug transcription factor, Snail 

transcription factor, Twist transcription, and Vimentin. The results, as displayed in Figure 

3.24 and Figure 3.25, showed a significant increase in E-cadherin and a decrease in N-

cadherin and other biomarkers, indicating the potential of our system to restrict the 

migration of tumor cells by inhibiting the EMT process.272 

 

Fig.3.25 The relative level of the Slug transcription factor, Snail transcription factor, Twist 

transcription, and Vimentin mRNA expression was determined by the real-time 

polymerase chain reaction. The results indicate that our SCION-[Cu(DDC)2] complex 

efficiently hinges on the EMT process. (Data are presented as the mean ± SD, n = 3, *** P 

< 0.001 compared with the negative control. * P < 0.05, *** P < 0.001 compared with the 

CDL treatment group). 

 

3.3.4 In vivo Immunotherapy Combined with MHT 

        In the treatment of metastatic cancer, the challenge is to provide effective therapy for 

metastatic cancer cells, which are a major cause of post-primary therapy morbidity. To 

address this challenge, we aimed to exploit the potential of our SCION complex to enhance 

the immune response and potentially inhibit metastatic tumor growth in combination with 

immunological cancer treatment. To validate the advantages of this combined 
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immunological cancer therapy with MHT, we conducted a preclinical animal experiment 

using 4T1 cell inoculated BALB/c mice. 

        A total of 1 × 106 4T1 cells were inoculated in the right flank of each BALB/c mouse 

to form a tumor. Once the tumor size reached approximately 100 mm3 in volume, the mice 

were randomly assigned to one of four groups, each consisting of 6 mice: (1) saline control; 

(2) SCION complex injection; (3) SCION injection combined with MHT; (4) SCION 

complex injection combined with MHT. Every other day, Groups 1 and 2 were 

administered 100 μL of phosphate-buffered saline (PBS) and SCION complex PBS 

dispersion, respectively. Groups (3) and (4) were injected with 100 μL SCION PBS 

dispersion and SCION complex PBS dispersion, respectively, and treated with MHT for 

20 minutes right after the injection every other day.  

 

Fig.3.26 Schematic illustration of the combined SCIONs Complexes and MHT to inhibit 

the growth of tumors. 

        The body weights and tumor sizes of the mice in each group were recorded every 

other day. The design of the MHT device for the mice is shown in Figure 3.26. The 

representative real-time infrared thermal image of SCIONs complexes injected and 

restricted to the tumor area under AMT is shown in Figure 3.27. 
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Fig.3.27 Representative real-time IR thermal imaging of SCIONs subcutaneously in the 

tumor area under AMF. 

         The tumor region is visibly heated. The magnetic hyperthermia performance of the 

SCION complex was evaluated at varying magnetic field intensities and concentrations in 

vitro. Importantly, there was no degradation of MHT efficacy observed during one or five 

cycles of AMF on/off, demonstrating the exceptional stability of the SCION complex for 

magnetic hyperthermia applications. 

 

Fig.3.28 Tumor growth curves of diverse groups after various treatments as indicated (n = 

5). 
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Fig.3.29 Average tumor size of diverse groups before and after 10 treatments as indicated 

(n=5). 

        The results of the tumor growth and average tumor volume increase of each group are 

displayed in Figures 3.28 and 3.29. The tumor growth in the saline control group (1) 

followed the expected aggressive progression, while groups (2), (3), and (4) displayed a 

successful delay in tumor growth to varying degrees. The data shows that both SCION 

complex treatment and SCION MHT contributed to the delay in tumor growth, with the 

latter exhibiting improved performance at the beginning of the treatment. The combination 

of SCION complex and MHT therapy in the group (4) resulted in the most significant 

inhibition of tumor growth, with stable efficacy observed throughout the early to late stages 

of treatment.  

 

Fig.3.30 Representative digital photos of 4T1 tumor-bearing mice on the 15th day after 

various treatments. 
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         Figure 3.30 is the representative digital photos of the mice in each group on the 15th 

day of the treatment. Corresponding to the tumor growth curve, compared to no inhibiting 

behavior of tumor growth in the control group, groups 2, 3, and 4 all displayed significant 

inhibiting effects, while group 4 furtherly confirmed the noteworthy improvement in the 

anti-cancer performance of the combined hyperthermia immunotherapy.  

 

Fig.3.31 Mice bodyweight curves of diverse groups after various treatments as indicated 

(n = 5). 

        Additionally, no distinct changes were found in the body weights of all groups, 

indicating the comparatively high biosafety of varied treatments. 

 

3.6 Mechanism Study of the Immunological Cancer Therapy Combined SCION-complex 

and MHT Treatment 

        The combination of SCION complex and MHT were investigated on the immune cells 

in the 4T1 tumor-bearing mice to explore its synergistic effect on the immunological cancer 

therapeutic treatment. As previously described, the initiation of the immunogenic cell death 
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(ICD) process is triggered by the maturation of DCs when the primary tumor is treated with 

the SCION-complex. Then, the recognition of tumor-associated antigens by DCs leads to 

their activation and maturation. In turn, T cells, particularly cytotoxic CD8+ T cells, enter 

the patient's body and target any remaining tumor cells. Cytotoxic T cells (CD8+ T cells) 

are widely recognized as vital contributors to cancer immunotherapy, inducing the 

apoptosis of tumor cells through the release of perforin and granzyme. 

 

Figure.3.32 Mechanism study of antitumor effect of the SCIONs Complexes based MHT. 

(a, b) Typical flow cytometry plots of CD3+ T cells (left panel in a) and CD8+ T cells (left 

panel in b) in left tumors after various treatments indicated. (Right panels in a, b) 
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Percentages of tumor-infiltrating CD3+ T cells (right panel in a) and CD8+ T cells (right 

panel in b) with respect to the total tumor of cells. (n = 4). Statistical significances were 

calculated via Student’s t-test. *P < 0.05, **P < 0.01, and ***P < 0.001. 

        To provide a mechanistic understanding of these effects, we analyzed the increase in 

the number of tumor-infiltrating mature T cells (CD3+) and CD8+ T cells (CD3+ CD8+) 

in the immune system of the spleen in tumor-bearing mice using flow cytometry (n=4 per 

group).273 The results of the flow cytometry tests indicated a significant increase in the 

percentage of T cells (Figure 3.32a) and CD8+ T cells (Figure 3.32b) in the spleen of the 

mice after treatment with (2) SCION complex alone, (3) SCION combined with MHT, and 

(4) SCION complex combined with MHT, as compared to the control group. Notably, the 

highest population of T cells and CD8+ T cells was observed in the mice treated with 

SCION complex combined with MHT.  

        The underlying mechanism of the collaborative antitumor effect produced by the 

combination of SCION-complex treatment and MHT aligns with the mechanisms of other 

reported combinational immunotherapies and hyperthermia therapies. The MHT-treated 

tumors generate tumor-associated antigens that can be recognized by dendritic cells (DCs). 

The maturation of DCs triggers systemic antitumor immune responses. Additionally, our 

SCION-complex effectively activates DC maturation and accelerates the priming of T cells, 

significantly increasing their presence in the tumor microenvironment. As a result, T cells, 

particularly cytotoxic CD8+ T cells infiltrate the cancer patient’s immune system and target 

the remaining cancer cells, leading to a synergistic antitumor effect. 

 



84 
 

3.3.6 In Vitro Immunity Stimulation of Dendritic Cells by SCION-complex 

        Antigen-specific immune cells are crucial for the effectiveness of cancer 

immunotherapy, and their activation is facilitated by antigen-presenting cells (APCs). 

Dendritic cells (DCs), an important type of APC, are critical in both the stimulation and 

control of innate and adaptive immune responses.19 One way to assess the maturation level 

of DCs is to estimate the expression of the representative co-stimulatory molecules CD80 

and CD86. Therefore, we used a transwell coculture system to mimic the DCs in the tumor 

microenvironment in vitro to study the impact of our SCION-complex on the 

immunological system (Figure 3.33).162 

 

Figure.3.33 In vitro Transwell system experiment to mimic different therapies. 

DCs were labeled with antibodies CD40, CD80, CD86, and MHCII. The maturation of 

DCs was determined by the flow cytometry analysis of the co-culture medium. Remarkably, 

the 4T1 cell fragments from SCION-complex treatment could highly elevate the percentage 

of matured DCs (Figure 3.34). The data indicates that our anti-cancer SCION-complex 

effectively activates DCs in vitro. 
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Figure.3.34 Representative flow cytometry plots and quantification of CD80 and CD86 

expression on dendritic cells gated by CD11c+ cells. Data are expressed as means ± SD (n 

= 3). Statistical significances were calculated via Student’s t-test. 

 

3.4 Conclusion 

        In conclusion, the multifunctional SCION-[Cu(DDC)2] complex has demonstrated its 

potential as an effective therapeutic option for primary and metastatic tumor treatments. 

The unique combination of targeted delivery, magnetic thermal therapy, and immune 

therapy allows for the induction of cell death in primary tumor cells and the stimulation of 

systemic immune responses. The ability of the SCIONs to deliver the active anticancer 

compound [Cu(DDC)2] directly to the tumor microenvironment, and to generate heat 

through magnetic thermal therapy, enhances the efficacy of the treatment. Furthermore, the 

continuous stimulation of the tumor microenvironment by the SCION-[Cu(DDC)2] 

complex leads to a series of immune responses, including the activation of DCs and the 

secretion of desired molecular patterns, ultimately resulting in immunogenic cell death. 

The results of our study show that the SCION-[Cu(DDC)2] complex has the potential to 

effectively prevent the progression of metastasis and enhance the therapeutic outcomes for 

patients with metastatic cancer. The promising results of this study provide a basis for 
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further development and clinical translation of the SCION-[Cu(DDC)2] complex as a 

promising combined therapeutic approach for cancer treatment. 
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Chapter 4 

Optical Detection of Brain Cell and Neuron Activities Using 3D Plasmonic Micro 

Antenna Array 

 

4.1 Introduction 

        Parallel to fluorescence methods, localized surface plasmonic resonances (LSPR) has 

become a particularly interesting technique for studying the chemistry of living cells. LSPR 

is a label-free, non-invasive technique, confined to subwavelength-size noble metal 

nanoparticles that possess large optical cross-sections which have been thoroughly 

studied.30,233 The nanoplasmonic structures propose remarkable potential in sensor 

sensitivity, tuneability, miniaturization, and large-scale fabrication, which makes it 

possible to intrinsically record neural cell activity at a single neuron level by optical means.  

        Deciphering the mechanisms of brain and neuron-related activities requires the 

acquisition of detailed information from a wide range of different scales, ranging from 

neuron networks to single neuron cells, which means large assemblies of neurons must be 

monitored on the centimeter scale simultaneously to analyze the collective behavior, while 
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access to the chemical, sub-cellular, nanoscale of single neurons must be achieved.274,275 

In our study, we directly measured the change of surface electron density on a metal 

nanoparticle that is induced by the local neural cell’s electric field to monitor brain neural 

activity. 

        Murine differentiated hippocampal cell line (H19-7) and dissociated hippocampal 

neurons were observed on our micro-antenna sensing array.276 After a common preparation 

of the sensing array surface, differentiated hippocampal cells and dissociated hippocampal 

neurons were transferred to the sensing surface and furtherly cultured, forming a neuron-

network-like in vitro cultured specimen and later treated with different formulations. 

Firstly, the baseline was set when there was rarely any scattered light change captured 

before any formulation was injected. However, after the cytokine injection, spiking 

activities were spotted under the dark field microscope. According to the references, the 

shape of the signals is typical of results that would be obtained in extracellular electrode 

recordings. The signal amplitude varied slightly from neuron to neuron.277 We attribute it 

to the varying average distance between different neurons and the gold nanoparticle array, 

as well as the state of activity of the individual neuron. 
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4.2 Materials and methods  

4.2.1 Plamonic 3D microneedle sensing array fabrication 

        To accomplish the fabrication of a microneedle sensing array of biosensors, we 

adopted a 3D structure formulated by polystyrene. Because of its low cost, easy 

processability, biocompatibility, and hydrophobic nature, polystyrene is widely used for 

biomedical research. First, we designed the desired basal face of the 3D structure and 

transferred it into a mask. Then, a silicone mode will be manufactured through lithography.  

By precisely manipulating the etching time, the thickness of the photoresist layer, and the 

ultraviolet light source, we are able to control the height and shape of the pattern, and 

finally formed a micro-antenna array to acquire unlimited polydimethylsiloxane (PDMS) 

microwell masks.197 With oxygen plasma to make the PDMS microwell mask hydrophilic, 

a polystyrene solution (20% w/v in toluene) will be cast onto the PDMS mask and covered 

with indium-doped tin oxide (ITO) coated glass.6 After degas process and evaporation of 

the organic solvent, a large-scale sensitive 3D microneedle sensing array will be formed 

(as shown in Figure.4.1). The tip of our 3D microneedle sensing array will be subsequently 

coated with gold nanoparticles to serve the sensing purpose with the strong plasmonic 

coupling can be observed by our previously developed LSPR dark-field imaging 

technique.105 
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Fig.4.1 SEM image of the sensitive 3D microneedle sensing array. 

        The sensing area must be millimeter to centimeter-scale so enough neuron cells can 

be cultured in the micro-electrode arrays so the interaction between them can be recorded. 

Figure 4.2 shows the large-scale SEM image of our 3D microneedle sensing array. 

Meanwhile, the biosensing spot needs to be small and separated well from each other to 

make sure the recording is accurate and precise. 
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Fig.4.2 SEM image of the large-scale 3D microneedle sensing array. 

 

4.2.2 The microneedle tip coating for LSPR sensing 

        The tip of the 3D microneedle sensing array will be coated with nanoplasmonic gold 

nanoparticles, ensuring each microneedle serves as one LSPR “sensing spot”.  While the 

electrical signal passes through the neuron cells, the localized concentration of Ca2+ at the 

neuron cell surface will be captured by the sensitive LSPR sensing spot and transferred to 
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an optical signal (as illustrated in Figure 4.4) based on the LSPR sensing mechanism 

introduced in Chapters 1 and 2. 

 

Fig.4.3 SEM image of the surface of the tip from one microneedle. It shows in the image, 

the surface was coated by well-dispersed gold nanoparticles. 
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4.2.3 The optical setup for the neuron spiking activities sensing 

 

Fig.4.4 Schematic of the LSPR sensing setup for neuron activities 3D microneedle imaging. 

        The differentiated hippocampal neuron cells were cultured on the prepared 

microneedle arrays, with the other side of the sensing arrays in contact with the dark-field 

condenser via silicon oil. The light scattered from the microneedle tip will be collected by 

an objective lens and imaged by the EMCCD, where the electrical signal passing by, the 

local microneedle sensing tip should be lightened.278 
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4.3 Results and discussion 

4.3.1 Biocompatibility of microneedle patches 

        Besides the micro-electrode arrays, especially the biosensing spots, need to be 

renovated, preparing the in vitro cultured neuron cells and finally growing the neuron cells 

on top of the nanoparticle arrays can also be a challenge.  

        In preparing the plasmonic nanoparticle templates for the neural cell experiment, the 

current choice for attempt is the hippocampus cell line from a rat embryo, which can be 

cultured in “non-processing” status under 34 °C and be differentiated at 37 °C. The 

differentiation process is quite complicated.  

        The differentiation design for this study will follow the protocols established in a 

previous similar study. The hippocampus cells cultured under the "non-processing" status 

will undergo a specific treatment. They will be subjected to trypsin for a duration of 15 

minutes, followed by dissociation through trituration in Hank's balanced salt solution 

(HBSS) containing 1% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 

1% penicillin-streptomycin. The digestion process will be terminated by changing the 

HBSS solution to Dulbecco's modified eagle's medium and fetal bovine serum 

(DMEM/FBS).279 

        Next, the dissociated neurons will be plated onto the plasmonic templates at an 

average density of approximately five cells per array. These templates will then be placed 

inside an incubator with a 5% CO2 environment at a temperature of 37°C. After three hours, 

the DMEM/FBS solution will be replaced with a serum-free medium containing 

Neurobasal media, 2% B27 serum-free supplement, 1% Geneticin, and 0.25% Glutamax. 
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The cells will be fed twice a week using this medium for a duration of two weeks before 

the actual experiment. 

        Figure 4.5 shows a microscope image of the dissociated hippocampal neurons 

cultured on a plasmonic template at 16 days in vitro. The smoothness of the cell bodies and 

the rich outgrowth of the neuronal “wiring” in the form of axons and dendrites (known as 

“processes”) indicate the health of the neurons, which can be a challenge in preparing in 

vitro cultured specimens. 

 

Fig.4.5 Optical microscope image of the hippocampal neuron cells (H19-7 cell line) 

cultured for 10 days in vitro growth, showing neuron bodies (somas, in green) and 

axons/dendrites (processes, in blue). 
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        For the experiment, the plasmon/neuron sample was transferred from the incubator 

into a recording chamber with our 3D microneedle sensing arrays. The neuronal cells 

displayed excellent adhesion to the device and developed a network with dense 

arborizations over the passivation layer and micro-structured sensing spots. This 

observation is indicative of the good biocompatibility of the nanoantennas, and it provides 

a promising indication of their potential usefulness in neural applications. 

 

Fig.4.6 The confocal microscopy image of the differentiated hippocampal neuron cells 

(H19-7 cell line) cultured on the 3D microneedle sensing arrays showing neuron bodies 

and axons/dendrites. 
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        The high density of arborizations and the intricate network formed by the neurons 

suggest that they have the ability to establish functional connections with neighboring cells, 

which is essential for the proper functioning of neural networks. Additionally, the strong 

adhesion of the neurons to the device ensures that they are firmly anchored to the substrate, 

offering the opportunity for long-term studies of neuronal activity. 

        Overall, the good biocompatibility of the microneedles observed in this study is a 

promising indication of their potential use in neural applications, such as neural interfaces, 

biosensors, and neural tissue engineering. Further investigations are necessary to fully 

understand the underlying mechanisms of neuronal adhesion to the microneedles and to 

optimize their design for specific applications. 

 

4.3,2 The transformation between the electrical and optical signal 

        In order to quantify and model the LSPR response of the 3D microneedle sensing 

arrays of gold nanoparticles coated tip in the presence of an applied electric/electrostatic 

field, the device needs to be designed to house the plasmonic template in the absence of 

any biological material. There is a model device design and optical measurement setup 

from the previous study are illustrated in Figure 4.7. 

 

Fig.4.7 Device section illustration for measuring the response of the “bare plasmonic” 

template to an external electrostatic field. The SU8 polymer spacer ring defines a circular 
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microchamber filled with air. A modulating potential at 500 Hz was applied between the 

ITO plates. 

        The device consisted of two indium tin oxide (ITO)-coated glass substrates with the 

3D microneedle sensing arrays in the middle. The two ITO glass slides were separated by 

a ring structure of SU8, which is a high contrast, epoxy-based photoresist designed for 

micromachining and other microelectronic applications where a thick chemically and 

thermally stable image is desired. 

        To mimic typical neural cell dynamics, a modulation frequency of 500 Hz should be 

used to apply an electric potential difference between the two ITO substrates using a 

function generator. This setup will enable us to detect the LSPR response of neuronal 

signaling between cells on microneedle sensing arrays using a dark field microscope. The 

collective shift in light intensity will be captured in real-time using an electron-multiplying 

charge-coupled device (EMCCD) camera. Additionally, a photodiode will be utilized to 

collect and record the signal into a lock-in amplifier. For future analysis, we will need to 

customize a program. 
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4.3.3 The logic behind the customized program for signal processing  

        To develop a program for analyzing the LSPR signal, we will start by examining the 

logical algorithm. Similar to the approach outlined in Chapter 2 for establishing a 

calibration curve for cytokine concentration measurements, we will establish a calibration 

curve for the differential scattering signals (∆S/S) from the plasmonic template (refer to 

Figure 4.6 for the structure illustration) at various applied voltages V0. The lock-in 

amplifier will be used to measure the ac signal (∆S), while an oscilloscope will monitor the 

dc (V0=0) signal (S ∼ 250 mV). The scattering signal should increase linearly with the 

applied voltage at a certain rate, which we will define as ∆S/SV0. To describe the changes 

in the scattering signal in terms of variations in the applied voltage, we will refer to the 

model proposed by McIntyre and used by Lioubimov et al. for explaining the changes in 

(propagating) surface plasmon resonance in a gold film under an oscillating electric 

potential. 

        Ignoring the capacitive effects, an applied potential V0 across the ITO plates induces 

a surface charge density at the gold surface. 

∆𝜎 = −𝜀0
𝑉0

𝑑
           (1) 

         where 𝜀0 is the electric permittivity of vacuum and d is the distance between the 

plates (the plasmonic template is assumed to be at ground potential). The surface electron 

density is elevated as a result of electron transfer from ITO to the gold nanoparticles. 

Assuming the change in the surface charge density is localized within the Thomas-Fermi 

screening length dTF, the change in the electron number density N can be written as 
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∆𝑁 = −
∆𝜎

𝑒𝑑𝑇𝐹
             (2) 

        where e is the elementary charge. The modulation of N leads to a change in the gold 

plasma frequency ωP* = (e2N/ 𝜀0m*)1/2, where m* is the effective electron mass. The 

change in ωP* can be calculated by 

∆𝜔𝑃
∗ =

𝜔𝑃
∗

2𝑁
∆𝑁           (3) 

        The Drude model is a suitable description of the dielectric function of gold for our 

intended use.280,281 

𝜀(𝜔) = 𝜀∞ −
𝜔𝑃

∗ 2

𝜔(𝜔+𝑖𝛾)
              (4) 

        The static dielectric constant 𝜀∞ represents the background polarization originating 

from the core electrons, while γ denotes the characteristic collision frequency. In the quasi-

static approximation, the gold nanoparticles are treated as oblate spheroids with an aspect 

ratio of 0.25, and their polarizability is determined by 

𝛼 = 𝑉
𝜀(𝜔)−𝜀𝐷

𝐿[𝜀(𝜔)−𝜀𝐷]+𝜀𝐷
              (5) 

        where V is the volume of the particle, 𝜀𝐷is the dielectric constant of the surrounding 

medium, and L is the geometrical factor in the polarization direction of the incident 

electromagnetic wave. 

        For the resonance condition Re[ε(ω)] = 𝜀𝐷 (L - 1)/L, the LSPR frequency can be found 

using equation (4). 
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𝜔𝐿𝑆𝑃 = √
𝜔𝑃

∗ 2

𝜀∞+
1−𝐿

𝐿

− 𝛾2                 (6) 

        where we assume 𝜀𝐷 ∼ 1. The LSPR wavelength will change to 

∆𝜔𝐿𝑆𝑃 =
𝜔𝑃

∗

𝜔𝐿𝑆𝑃(𝜀∞+
1−𝐿

𝐿
)
∆𝜔𝑃

∗                 (7) 

        Combine equations (1), (2), (3) and (7), the wavelength shift in the LSPR when 

applied voltage V0 can be written as 

∆𝜆𝐿𝑆𝑃 = −
𝜀0𝜔𝑃

∗ 2
𝜆𝐿𝑆𝑃

3

8𝜋2𝑐2𝑁𝑒𝑑𝑑𝑇𝐹(𝜀∞+
1−𝐿

𝐿
)
𝑉0                (8) 

        where the c is the speed of light in vacuum. 

        For the dielectric function of gold, we used the fitting parameters 𝜀∞ = 9.07, ħ𝜔𝑃
∗  = 

8.92 eV, and ħγ = 74 meV (ħ is Planck’s constant divided by 2π) of Vial et al.  

        Substitute the LSPR wavelength  𝜆𝐿𝑆𝑃 of our gold nanoparticles, the electron number 

density N, the distance between the ITO slides d = 100 µm (which is adjustable), the 

Thomas-Fermi screening length 𝑑𝑇𝐹 = 0.6 Å, and L which is corresponding to the aspect 

ratio of our 3D microneedle sensing structure, we will be able to derive the 
𝜆𝐿𝑆𝑃

𝑉0 
 from the 

equation (8). 

        Given the minimal shift of the LSPR, any alteration in the transmission spectrum 

shape can be disregarded, and it is reasonable to assume that the entire spectrum shifts 

uniformly by ∆λ = ∆ 𝜆𝐿𝑆𝑃 . The differential scattering signal can be obtained by 

approximating the scattered intensity as S = 1 - T, and it is expressed as 



102 
 

∆𝑠/𝑠

𝑉0
=

∆𝑇 ∆𝜆𝐿𝑆𝑃

(1−𝑇)∆λ𝑉0
             (10) 

        where ∆T/∆λ is the derivative of the transmission spectrum. 

        The fundamental Stern model was utilized to examine the all-optical signals and 

characterize the changes in electric potential near the interface of the Au-tip 

microneedle.282 The basic Stern model divides the electrolyte solution close to the gold 

surface into two regions: the electrical double layer (EDL) and the diffuse region. A 

uniform layer of oppositely charged ions (the Stern layer) forms at a molecular distance 

(∼5 Å) away from the gold surface. The potential change is linear within the EDL region 

that lies between the metal surface and the Stern layer. The diffuse region, situated beyond 

the Stern layer, comprises a distribution of ions, where ion concentration decreases 

gradually with increasing distance from the gold surface, approaching zero. The potential 

at the Stern layer is defined by: 

𝑉𝑠 = 𝑉0 − 𝑑𝑆√
8𝑘𝐵𝑇𝑁𝑖

𝜀𝑠𝜀0
sinh

𝑧𝑒𝑉𝑠

2𝑘𝐵𝑇
             (11) 

        where 𝑉𝑠  is the Stern layer potential, 𝑉0  is the surface potential, 𝑑𝑆  is the EDL 

thickness, 𝑘𝐵 is the Boltzmann constant, T is the absolute temperature, 𝑁𝑖 is the known 

bulk concentration of ions, 𝜀𝑠 is the static dielectric constant of the electrolyte solution, and 

z is the valence of the ions. Equation (11) can be solved graphically to find the electric field 

and the charge density at the gold surface. 

        The extracellular action potential of a hippocampal neuron near the membrane 

exhibits experimental values ranging from 100 µV to a few millivolts, which depend on 
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the physiological features of the neuron, such as membrane resistance, as well as the 

proximity of the probe to the membrane. 

        Substitute the theoretical wavelength shift in the resonance ∆𝜆𝐿𝑆𝑃 calculated before 

𝑉0

𝑑
→

𝜀𝑠

𝑑𝑆
(𝑉0 − 𝑉𝑠) 

1 − 𝐿

𝐿
→

1 − 𝐿

𝐿
𝜀𝐷 

        Using the aforementioned equations, we can determine the theoretical |∆S|/S and 

establish a calibration relationship between the LSPR wavelength shift triggered by our 3D 

microneedle sensing arrays and neuron spiking activities. This model can then be fine-

tuned through experimental data. Once complete, the custom program will accurately 

output the readout for neuron activity signals. 

        The measured and calculated scattering changes induced by neural cell spiking have 

an amplitude on the order of 10-3, which is notably larger than that obtained from the 

intrinsic (dielectric) birefringence change of the neuron, which is on the order of 10-5. It is 

noteworthy that the signals obtained from this method are comparable to those obtained 

from other techniques.  

        Moreover, it is essential to recognize that one image pre-processes layer was 

introduced as the initial layer of the image input, serving to subtract the scattering light 

arising from the height and edge of each microneedle structure. The scattering light ring 

(depicted in Figure 4.8) should be deemed as background noise in our optical detection 

procedure. When capturing images on a larger scale, the relative intensity of the scattering 

light can be significantly higher. Therefore, the elimination of the background before signal 
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processing can considerably enhance the sensitivity of the gold tip microneedle sensing 

arrays. 

 

Fig.4.8 The confocal microscopic images of one fixed area of the 3D microneedle sensing 

arrays. We can tell by comparing the left image and the right image, the background noise 

(edge scattering light) is becoming more nonnegligible when recording on larger scale. 

 

4.4 Conclusion 

        We developed and produced 3D microneedle sensing arrays equipped with gold 

nanoparticles at the tips to detect neuron spiking activities using the LSPR optical detection 

method. This platform has the potential to be utilized for multiple applications, including 

neuron cytotoxic screening and the exploration of neuron network formation mechanisms. 

The sensing structure enables the realization of cell secretion and electrical signal 
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transmission on a single chip, providing high-resolution, real-time imaging and 

information regarding the mammalian neuron system. 
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Chapter 5 

 

 

Overall Conclusion and Future Direction 

        The precise monitoring and regulation of the immune response are crucial in cancer 

and other disease treatments. The immune system is a complex network of different 

immune cells and proteins that work together to combat pathogens and protect the body. It 

consists of three primary lines of defense: (i) physical and chemical barriers; (ii) non-

specific innate responses; and (iii) specific adaptive responses. Despite the conceptual 

clarity of the immune system's role, the defense mechanism is not fully understood due to 

the intricate functional interactions between biomolecules and immune cells. 

        To access a patient's immune profile, it is crucial to monitor the secretion level of 

biomolecules such as cytokines, a class of low molecular weight signaling proteins secreted 

by various cells in the body. Cytokines play a vital role in regulating the activation and 

inhibition of the immune response. Therefore, monitoring cytokine levels can provide 
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insight into the transient immune status in different inflammatory diseases, offering 

guidance for clinical treatment. However, accurately quantifying cytokines can be 

challenging due to their low levels in circulation and short half-lives. Additionally, clinical 

samples subjected to repeated freeze-thaw cycles can result in inaccurate cytokine 

concentration readings. To overcome these challenges, we have demonstrated the 

development of next-generation point-of-care nanoplasmonic immunoassays in this work. 

The assay's manufacturing is scalable, and the sensing performance is improved, while the 

assay time is considerably reduced. This development has the potential to revolutionize the 

monitoring and regulation of the immune response, providing essential information for 

clinical treatment. (Chapter 2) 

        To treat immune-related diseases by regulating a patient's immune response, we aimed 

to design a combined immunological cancer therapy. In this pursuit, multifunctional 

superparamagnetic copper iron oxide nanoparticles (SCIONs) were synthesized as drug 

loads. These SCIONs can be magnetically delivered to the tumor area after injection, where 

the anti-cancer ingredient and hyperthermia effect work together to eliminate tumor cells, 

offering a combined therapy to further treat metastatic cancers. The SCIONs generate a 

substantial amount of local heat when an AMF is applied, leading to the elimination of 

tumor cells. Additionally, the anti-cancer ingredients continually function in the tumor 

microenvironment, inducing tumor cell death and apoptosis. The combined therapy has the 

potential to generate tumor-associated antigens, resulting in the activation of 

immunological cell death (ICD). The complexes will also inhibit epithelial-mesenchymal 

transition (EMT), which helps prevent cancer metastasis from occurring. (Chapter 3) 
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        In addition to the immune system, it is essential to pay attention to other systems as 

well. Regulating the immune response through therapy may cause severe side effects to 

other systems working within a patient's body. For instance, CAR T cell therapy is an 

effective cancer immunotherapy, but it can result in a severe side effect called "cytokine 

release syndrome." When CAR T cell therapy is used to treat brain tumors, the high-level 

cytokine release may cause an abnormal quantity of cytokines to cross the blood-brain 

barrier, resulting in damage to the patient's neuron system. Therefore, it is crucial to 

develop sensors that mimic and monitor other systems, such as establishing a platform for 

neuron cytotoxic screening. (Chapter 4) Furthermore, accurately simulating the in vivo 

microenvironment ex vivo is always important, either for learning the mechanisms in 

human complex microenvironments or for mapping multicellular dynamics across time and 

space in the human body. 

        In the future, I aspire to broaden my research focus and explore the realm of precision 

medicine. Building on my established research experience in nanomaterials and 

micro/nanoengineering, as well as my knowledge of cancer biology and immunology, I 

intend to venture into new research avenues that offer insights into precision medicine. 

This precise simulation is vital for comprehending the underlying mechanisms governing 

immune responses in tumor microenvironments, as well as mapping multicellular 

dynamics over time and space. I aim to incorporate predictive machine learning models in 

my research to advance the field of precision medicine. The predictive capabilities of a 

trained program, based on the collection of real-time data, could be instrumental in the 

advancement of precision medicine. Drawing on my expertise in machine learning and 

cancer biology, I intend to develop predictive models that could help healthcare 
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practitioners make personalized and accurate treatment decisions. This approach has the 

potential to revolutionize precision medicine, contributing to the development of more 

personalized and effective treatment strategies for patients. 
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