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[bookmark: _Toc530133404][bookmark: _Toc532468384]Abstract
[bookmark: _Hlk530037652][bookmark: _Hlk530037731] Precision medicine emphasizes the patient-specific formulation for treating diseases, especially cancer. For targeted cancer treatment, however, since the expression level of tumor receptors on each patient varies even for the same type of cancer, the ligand-receptor mediated approach does not seem promising for precision medicine. In this study, we first identified a tubulin-interactive peptide (TIP) from Tau protein that is a well-known microtubule binding protein. The TIP was attached on an up-converting nano-particle (UCNP) core with other functional peptides, including the SKBR-3 cell-targeting peptide that was selected via in vitro biopanning by our lab and cell penetrating peptide R8, to synthesize multi-functional nanoparticle complex CTP/TIP-UCNPs. We have demonstrated CTP/TIP-UCNPs for a potential tubulin interfering anti-cancer reagent, which could be specifically delivered to the breast cancer cells, interrupt the cellular microtubule function and finally killed the cells. To better apply the precision medicine on anti-breast cancer therapy, through in vivo biopanning, we first selected an MCF-7 breast tumor-targeting peptide, then tested the effectiveness of the as-selected peptide in tumor homing, and finally conjugated the peptide to a model photothermal drug, the gold nanorods, to achieve enhanced cancer killing efficacy. The peptides identified by phage display technique can guide the drug to tumors without the need of first knowing the exact receptors on the tumor, which will take significantly less effort to explore the patient-specific targeting molecules for precision medicine. However, we also developed the substitute of tumor-bearing model with low cost for tumor-targeting reagents discovery, the 3D cultured breast cancer cell spheroids, which can mimic the in vivo tumor microenvironment and have similar drug resistance to real tumor tissues rather than two dimensionally cultured cancer cells. The natural network structure of penicillium fungi was first used to develop biocompatible scaffold and culture in vitro MCF-7 breast cancer cell spheroids. 3 advantages of our method were confirmed comparing to the other published 3D cell culture methods: 1. The template of the scaffold and the surface modification of it can be generated effortlessly; 2. Neither special devices, cell matrix and laboratory skill nor another type of helper cell is required for the spheroid growth; 3. The scaffolds have loose enough space for 3D cell spheroids to better proliferate than the same amount of cells growing without the scaffold in non-adherent culture dish, and also have enough strength to be easily transferred with a pair of tweezers. So that, the cell spheroids could be applied for the purpose those require multiple steps of solution changes such as gradient dehydration for SEM and paraffin embedding based histology analyses and phage display biopanning. 
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[bookmark: _Toc530133405][bookmark: _Toc532468385]Chapter 1: Introduction 

[bookmark: _Toc530133406][bookmark: _Toc532468386]1.1 General background
Breast cancer has the second highest death rate among all the kinds of cancers for women in the U.S. About 12.4% of women will develop invasive breast cancer in their whole life, and another 3% women are projected to develop non-invasive breast cancer.1 Fortunately, since 2002, breast cancer incidence rate started decreasing in both the U.S and Canada. The main reason is believed to be a reduced use of hormone replacement therapy (HRT), especially for women between the age of 50 to 69.2 Unlike most other type of cancers, surgical removal of breast tumor will permanently damage the patient’s female physique. Instead of such ineffective and potentially harmful surgery, my goal is to develop biocompatible nanomaterials to image, target and precisely kill breast cancer tumors. 
[bookmark: _Toc530133407][bookmark: _Toc532468387]1.2 Types of breast cancer and treatments
Breast cancer differs by the exact location of the tumor, and by the invasive types or the molecular subtypes.  Different breast cancer types have different incidence rates and mortality rates among all human races of all ages. According to the breast cancer statistics on 20133,  the overall incidence rate is similar between non-Hispanic white and African American women aged younger than 60 by 2010 and significantly higher in non-Hispanic white women than African American women aged elder than 60. But for the estrogen (ER)- type of breast cancer, the incidence rate is significant higher in African American women than non-Hispanic white of all age. However, for Hispanic women the incidence rate of either ER+ or ER- breast cancer is the lowest among all women of all age. The mortality rate of overall breast cancer from 2006 to 2010 for African American Women was about 30.8%, which is the 7.9% higher than non-Hispanic white women and more than twice higher than Hispanic women. Although many factors might cause a woman to develop breast cancer or help her survive it, age is the most important factor influencing both the incidence rate and mortality rate. Including in situ and invasive breast cancer, the incidence rate among women aged beyond 50-year-old is three times higher (75.0% of 309,860 cases) than those aged younger than 50 (25% of 309,860 cases); the patients older than 50 have a double risk of death (30%) than younger patients (15%); among women aged older than 50 in comparable number of breast cancer cases,  the mortality rate of the ones aged over 65 is almost twice higher (18.8% of 121440 cases) than those age between 50- and 64- year-old (10.8% of 110980 cases).4 Without any doubt, an optimal therapy specific for the diagnosized breast cancer subtype will ensure the best chance of survival for the patient. 
[bookmark: _Toc530133408][bookmark: _Toc532468388]1.3 Breast cancer targeting therapy
In cancer targeting therapy, a medicine interferes the tumor growth, progression or spread through any of the following ways: i) a cytotoxin or chemo drug is specifically delivered into the tumor sites5-6; ii) the drug attacks a specific cancer associated molecule;7-9 or iii) the drug is only active or being activated in the tumor sites.10-12 Comparing to the common chemo therapy, the targeted cancer therapy might show an enhanced anti-cancer ability as well as possibly less side effect due to the precise treatment against the tumor sites. For the cancer-specific drug delivery approaches, the delivery system usually contains three components: the anti-cancer drugs, the organic vehicles or inorganic nano-carriers and tumor-targeting molecules (Figure 1.1). In some conditions, the nanocarriers also play the role of anti-cancer drugs such as gold-nanorods and quantum dots. The nano-carriers, including inorganic, organic and highly branched polymers, all showed one or more of these advantages: decrease of cytotoxic to normal cells, increase in the circulating time or half-life of the drug, controllable release, tunable size and surface properties, etc. 13-16 The most important portion of the targeted cancer therapy is the tumor-targeting agent. Monoclonal antibody (mAb) is the most well-known cancer delivery agent with high specificity to tumors and many clinical approval members.17-19  Phage display-derived (antibody phage display, APD) mAb became another promising tumor-targeting agent with comparable tumor-[image: C:\Users\Wil\Desktop\manuscript\F1-1.jpg]specificity as regular mAb since the first APD mAb was approved for therapeutic use in 2007.20
[bookmark: _Toc530127630]Figure 1.1. Diagram of targeted cancer therapy agents (a) and schematic diagram of drug-loading methods (b).21 Most types of agent contain three components: targeting agent, drug carrier and anti-cancer agent.
[bookmark: _Toc530133409][bookmark: _Toc532468389]1.4 Peptide displayed phage library selection
[bookmark: _Toc530133410][bookmark: _Toc532468390]1.4.1 Filamentary bacteria phage biology
[bookmark: _Hlk530038158][bookmark: _Hlk530039273][image: ]Filamentary bacteria phage (Ff) including M13, fd and f1, is a type of Escherichia coli (E. coli) K12‐infecting phage, with the long filamentary shape (6-7 nm × 500-1000 nm) and a single strand DNA (ssDNA, 6407-6408 bases) genome. They share about 98% identical DNA sequence and very similar coat proteins, thus they can be studied and applied interchangeably. There are 5 types of coat proteins for Ff phages: the major coat proteins pVIII (~2700 copies) and four minor coat proteins pIII, pVI, pVII and pIX (5 copies for each protein, Figure 1.2). 1, 22-23 

[bookmark: _Toc530127631]Figure 1.2. The structure of M13 and fd phage.
[bookmark: _Toc530133411][bookmark: _Toc532468391]1.4.2 Phage library and Biopanning
All five coat proteins can be genetically engineered to display exogenous peptides, however pVIII and pIII are the most common position for peptide display without effecting their life cycle. By modifying the surface proteins of Ff phages, they could be used for many applications, including nanotechnology template, bio-functional nanofibers and the most significant contribution phage display.24-27 Phage display technique enables the application of phage display library, which contains billions of phages clones randomly displaying various of exogenous peptides.28 For pIII displayed library, a relatively long peptide (12 to 15 residues) is displayed at all 5 copies of pIII proteins of phage. For pVIII display library, also called landscape library, the foreign peptide is displayed on every copy of pVIII protein.28 The pVIII displayed peptide is relatively short (8 residues at most), however the amount of them is abundant. 
During the biopanning process, billions of random peptide-displayed phages will competitively interact with the targets. Only those phages with high target affinity peptide will be selected and amplified. The biopannning process shares a similar principle as positive selection for T cell development and the product peptide of biopanning could be used to produce APD mAb. Thus, phage display biopanning is also called antibody phage display.29-30 The target of antibody phage display is wildly diverse, including inorganic and organic compounds, metal, polymers, cells, tissues and others.31-34 The most common targets of phage biopanning are clinical associated  biomarkers or tumor tissues. The identified peptides can be used as the target agent for the nanocarrier targeted cancer therapy system. 
[bookmark: _Toc530133412][bookmark: _Toc532468392]1.5 Properties of inorganic particles
[bookmark: _Toc530133413][bookmark: _Toc532468393]1.5.1 Up-converting nano-particles (UCNPs)
The up-converting nano-particles (UCNPs) is a unique type of material that convert light at long wave length to short wavelength. For instance, the lanthanide doped UCNPs could convert near-infrared (NIR) light at 980nm to visible light (Figure 1.3A).35 Since NIR can deep penetrate the biological tissue with low photodamage, the UCNPs are promising nanocarriers for photosensor drug36 or in vivo imaging37 (Figure 1.3B).
[bookmark: _Toc532468394][image: ] 
[bookmark: _Toc530127632]Figure 1.3. (A) Photo of UCNPs solution excited by laser at 980nm.35  The doped lanthanide element ratio for blue UCNPs is ytterbium (Yb3+): thulium (Tm3+) = 25%: 0.3%; for green UCNPs is Yb3+: erbium (Er3+) = 20%: 2%. (B) Illustration of the penetration depths for UV and NIR light.38
For targeted cancer therapy application, the UCNPs have several advantages: i). The UCNPs are safe with intravenous injection dose of 15mg/kg body weight both short-term and long-term trails.39-41 Thus, the UCNP is an remarkable nanocarrier candidate for the exploring and studying unknown anti-cancer agents, or promising in vivo imaging agent for pre-clinical application. ii). The optical characteristic of UCNPs allows them to act as bifunctional nanomaterial for in vivo study. The anti-cancer treatment and in vivo tumor imaging are possibly accomplished at the same time.42 iii). Surface of UCNPs can be modified by various of ligands at the same time, such as in vivo imaging enhancer, targeting agent, photothermal agent and others. It suggests that the UCNPs could be an ideal carrier candidate for multiple treatment purpose [image: image](Figure 1.4).43
[bookmark: _Toc530127633]Figure 1.4. Typical architecture of the therapeutic UCNPs‐based composite. 43
[bookmark: _Toc530133414][bookmark: _Toc532468395]1.5.2 Properties of` gold nanorods
Many types of gold nano-materials can be constructed to generate heat, including gold nanocages, nanorods, nanoshells and nanostars. Therefore, they are mostly employed for photothermal therapy (Figure 1.5).44 Except the photothermal properties of gold nano-mateials, each type of nano-particle has its own advantage. For example, the core-shell structure of nanoshells enhances the image contract;45  the nanostars have large surface area for ligand conjugation or absorption;46 the cavity of nanocages allow the nano-carriers to load a large number of drug, slow release and increase the circulating half-life of the drug.47 Overall, the photothermal property and other special characteristic of gold nanoparticles makes them at least dual targeting/ killing ability against cancer cells without needing of extra anticancer agents. Comparing to those gold nano-materials, nanorods have the highest length/width ratio, which makes nanorods different in two following ways: i). The excitation and emission spectrum of nanorods is narrow;48 ii). The cellular uptake of gold nanorods is significantly low (Figure 1.6).49 For better applying targeted cancer therapy, the relatively low cellular uptake of non-specific nanorods decreases the distribution of drugs in healthy tissue and protect those organs and tissues [image: An external file that holds a picture, illustration, etc.
Object name is nihms853031f1.jpg]from side effects. 
[bookmark: _Toc530127634]Figure 1.5. (a) Photothermal therapy. (b) Four of the most commonly employed AuNPs for photothermal therapy. 44
[image: Figure]
[bookmark: _Toc530127635]Figure 1.6. The effect of shape of the nanoparticles on cellular uptake. 49  When the aspect ratio equals to 1, the cellular uptake of nanoparticles with 74 nm in diameter is higher them with 14 nm indiameter. When one dimension of nanoparticles is fixed to 14 nm, the longer for the other dimension, the lower the cellular uptake is.
[bookmark: _Toc530133415][bookmark: _Toc532468396]1.6 In vitro 3D cultured cancer cell spheroids 
  2D cultured cells, which is also called monolayer cell culture, were attached on the surface of the culture dish. Either the cellular morphology or the cell-cell interaction is different from the real in vivo tumors. Comparing to 2D cell culture, in vitro 3-dimensionally growing cancel cell spheroids, also called in vitro tumors show higher drug resistance and unhomogeneous biology profile, which are much closer to the real solid tumor tissues.50-57 Thus, for in vitro anti-cancer drug research, 3D cultured cell spheroids are the ideal models. There are several methods for generating 3D cultured cell spheroids, growing cells in non-adherent surface cell culture dish58-60 or microfluidic platform61-63, hydrogel matrix made of collagen fibers or others57, 64-66, hanging drop of medium67-68 or coculture the cancer cells with endothelial cells or stem cells (Figure 1.7).69

[bookmark: _Toc530127636][image: https://www.frontiersin.org/files/Articles/182267/fbioe-04-00012-HTML/image_m/fbioe-04-00012-g002.jpg]Figure 1.7. Summary of in vitro tumor culture techniques and applications.70


[bookmark: _Toc530133416][bookmark: _Toc532468397]Chapter 2 Multi-functionalized nanoparticles for cancer-targeting cell imaging and tubulin-interactive anti-cancer therapy

[bookmark: _Toc530133417][bookmark: _Toc532468398]2.1 Introduction
Tubulin proteins are monomeric proteins of microtubule (MT), which is one crucial type of structure of cellular skeleton. By polymerizing to MTs and dispolymering to tubulins, tubulin proteins play an important role in most cellular activities, including plasma transportation, cell immigration and karyokinesis cycles. Aggressive cancer cells are high proliferated cells with extremely active pathological cell mitosis. Thus, many tubulin interactive reagents were clinically applied as anticancer drugs. Generally, the tubulin interactive reagents interfere with the microtubule behavior in two typical ways, inhibiting the tubulin polymerization or promoting it. Either way would disable the cellular MT dynamics, interrupt the cell mitosis and finally cause cell apoptosis.71-72 As the polymerization inhibitor, bisindole alkaloids vinblastine and vincristine were the first clinical used nature-produced tubulin interactive anticancer medicine since 1960s, which bind to β-tubulin and prevent MT assembly.73-75 On the opposite, paclitaxel, or taxol as it was also called, was found to promote the tubulin polymerization and show significant clinical activity for refractory ovarian cancer and refractory breast cancer around 1990.76-79 Therefore, study of developing tubulin interactive agents will  improve the anticancer therapy in the future.
However, the anti-tubulin type of agent influent not only the cancer cells but also the normal cells due to the non-specific uptake of cells, including toxicity of proliferating cells and neural system.80-81 Developing cancer targeting tubulin interactive anticancer agents is a promising way to minimize the side effect.82 In this study, we conjugated the lanthanide-doped up-converting nanoparticles (UCNPs) with three functional peptides, tubulin-interactive peptide (TIP), cancer cell-targeting peptide (CTP), and cell penetrating peptide R883-85 to build a multi-biofunctional nanoparticles (CTP/TIP-UCNPs). The peptide DGSIPWST were selected as SKBR-3 binding agents from landscape phage library biopanning in our lab86, showing significant cancer cell binding affinity and was used as the cancer-targeting portion of multifunctional nanoparticles. Five potential tubulin-binding peptides were selected from phage library biopanning too.87 However, none of those tubulin-interactive candidates showed promising microtubule-function and cell viability interference. Thus, we picked a 15 residues peptide VQIINKKLDLSNVVQS from the microtubule binding domains of tau protein and used as an cytotoxic tubulin-interactive peptide (TIP) reagent.88 Although tau is a well-known microtubule-associated protein, the peptide itself has never been approved or used as tubulin-interactive anti-cancer drug in any current report. The in vitro microtubule assembly assay confirmed remarkable tubulin-binding ability of both TIP and TIP modified UCNPs. The further assays including cell viability assay, confocal-imaging and in vivo anti-tumor test determined that the multi-biofunctional nanoparticles CTP/TIP-UCNPs could effectively kill the breast cancer cells, interfering microtubule functions and inhibit the in vivo tumor growing on an animal model. In sum, the CTP/TIP-UCNPs showed promising specific anti-microtubule activity and potential to be applied as anti-cancer reagent in further preclinical research. 
[bookmark: _Toc530133418][bookmark: _Toc532468399]2.2 Materials and Method
[bookmark: _Toc530133419][bookmark: _Toc532468400]2.2.1 Cell line and chemical reagents
[bookmark: _Hlk530038421][bookmark: _Hlk530038405]Human breast cancer cells SKBR-3 (ATCC Org.) were cultured in Dulbecco's Modified Eagle Medium (DMEM, ATCC Org.) with 10% fetal bovine serum (Gibco Inc.) at 37℃ with 5% CO2. 
[bookmark: _Toc530133420][bookmark: _Toc532468401]2.2.2 Synthesis of NaYF4: Yb, Er upconverting nanoparticles (UCNPs)
[bookmark: _Hlk530038474] To synthesize NaYF4:18%Yb, 2%Er UCNPs, we modified the method described in several reports based on our own experience.89-90 All the chemical reagents used in this section were purchased from Sigma-Aldrich Inc. First, NH4F (0.37 g, 10 mmole) and NaOH (0.40 g, 10 mmole) were mixed with 27.5 ml of oleic acid and 22.5 ml of 1-octadecene (ODE) in a 100 ml three-neck, heated to 110 ℃ under vacuum for at least 30 min, stirring until the solid completely dissolved. Then, the mixture of chloride compounds of the rare earth elements including YCl3· 6H2O (606.72 mg, 2 mmole), YbCl3· 6H2O (174.37 mg, 0.45mmole) and ErCl3· 6H2O (19.08 mg, 0.05mmole) were added in the above solution, kept string at 110 ℃ under vacuum until a clear solution was formed. And afterwards, the solution was heated to 300 ℃ under vacuum for 30 min. The prepared UCNPs were collected washed for 3 times by acetone. Finally, they were dispersed in cyclohexane for storage.
[bookmark: _Toc530133421][bookmark: _Toc532468402]2.2.3 Preparation of UCNPs/SiO2 core/shell nanoparticles
[bookmark: _Hlk530038497][bookmark: _Hlk530038599][bookmark: _Hlk530038586]The concentration of as-prepared UCNPs in cyclohexane were adjusted to 0.5 mg/ml. The water-in-oil microemulsion was then prepared by mixing together 50 µl of IGEPAL CO-520 (Polyoxyethylene (5) nonylphenylether, Sigma-Aldrich Inc.), 10 µl of 38% ammonia hydrate for 1 ml of cyclohexane dispersion of UCNPs. The mixture was sonicated for 10 min and then vigorously stirred for about 30 min to form a stable inverted microemulsion. Afterwards, 5 µl of tetraethoxysilane (TEOS, Sigma-Aldrich Inc.) were added to the mixture to initiate the hydrolysis reaction. After 12 h to 16 h of reaction, the silica coated UCNPs were destabilized and precipitated by adding acetone to the microemulsion. The nanoparticles were then washed repeatedly by ethanol and water, and finally dispersed into ethanol for storage.
[bookmark: _Toc530133422][bookmark: _Toc532468403]2.2.4 Surface modification of Silica-coated UCNPs
[bookmark: _Hlk530038666][bookmark: _Hlk530039026][bookmark: _Hlk530039043][bookmark: _Hlk530038796][bookmark: _Hlk530038820][bookmark: _Hlk530038916][bookmark: _Hlk530038943]The silica-coated UCNPs in ethanol were first precipitated and resuspended into ethanol/water mixed solvent (4:1 v/v). at the concentration of 1 mg/ml. Then, 20 µl of 38% ammonia hydrate, 2mg mPEG-Silane (Methosy PolyEthyleneGlycol-Silane, Biochempeg Scientific Inc.) and 0.5 mg Silane-PEG-COOH (Silane-PolyEthyleneGlycol-Acetic Acid) were added subsequently into 1 ml of the solution. The mixture was vigorously stirred for 12 h to 16 h. And afterwards, a wash step of ethanol was applied to remove the unbound PEG. To active the carbohydrate group on the surface of PEG deposited silica-coated UCNPs, the particles were suspended in MES buffer (0.1M of 2-(N-Morpholino) ethanesulfonic acid, PH=4) and added by 0.03 mg NHS (N-Hydroxysuccinimide, Sigma-Aldrich Inc.) and 0.10 mg EDC (N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride, Sigma-Aldrich Inc.) per 1 mg of particles and reacted for 15 min at room temperature. And then the active particles were immediately precipitated and resuspended into 1 ml of Phosphate buffered saline (PBS) and added by 50 µl of 5 mM desired peptide (Peptide 2.0 Inc.). The peptide conjugation was allowed to continue for 5 hours at 4℃. Finally, the peptide modified particles were centrifuged and dispersed to desired concentration in serum free cell medium.
[bookmark: _Toc530133423][bookmark: _Toc532468404][bookmark: _Hlk530039100]2.2.5 Enzyme-linked immunosorbent assay (ELISA) for evaluating the tubulin binding affinity of the selected phages.
[bookmark: _Hlk530039381][bookmark: _Hlk530039407]The five tubulin-binding phages were incubated with E.coli K91 BlueKan cells and tetracycline overnight at 37 ˚C with shaking. Then centrifugation was applied to remove bacteria cells in the culture medium and the phage particles in the supernatant were purified by double precipitation with PEG/NaCl (3% PEG, 3.75M sodium chloride). Five liters of each type of phage were amplified and purified. The concentrations of phage were measured by measuring optical density (OD) at 269 nm. To conduct ELISA, identical number of potential tubulin binding phages or wild type phages were first coated on a 96-well plate. After surface blocking of the phages by 0.5% bovine serum albumin (BSA) solution, the biotinylated tubulin was added to each well and incubated with the phages for an hour followed by washing away the unbound tubulin with PBS for three times. Then the bound tubulin proteins were linked with streptavidin labeled by Alkaline Phosphatase (ALP, ThermoFisher Scientific Inc.), an enzyme that can quantitatively convert p-Nitrophenyl Phosphate (pNPP, ThermoFisher Scientific Inc.) to a soluble yellow product which can be quantified at 205 nm. Five repeats were employed for each type of phages to exclude the random error.
[bookmark: _Toc530133425][bookmark: _Toc532468405]2.2.6 Cell viability inhibition assay of TIP/CTP-UCNPs against SKBR-3 cells.
 The AlamarBlue assay was applied for semi-quantificating the cell viability inhibition of TIP/CTP-UCNPs against cancer cells. SKBR-3 cells were incubated with TIP/CTP-UCNPs and control groups those include R8-UCNPs, TIP-UCNPs and negative control, at a series of concentration of 0.25, 0.5, 1.0 and 2.0 mg/ml respectively for 24 hours. And afterwards, the unbound particles and old medium was removed and 200 µl of pre-mixed assay medium (20 µl of AlamarBlue reagent was added in 180 µl of serum-free EMEM medium) were added in each well and cultured at 37 °C for 3.5 to 4 hours in the cell incubator. Finally, the absorption at 570 nm and 600 nm of each well was measured by plate reader. The cell viability was normalized by the negative control group.
[bookmark: _Toc530133426][bookmark: _Toc532468406]2.2.7 Microscopic imaging of UCNPs uptake by breast cancer cells
[bookmark: _Hlk530039608][bookmark: _Hlk530039639][bookmark: _Hlk530039627] For normal microscopic images of UCNPs uptake cells, the cells were first cultured in 24 well plate for 24 hours to perform good cell behavior. For confocal microscopy measurements, the cells were cultured in 8 well chamber slides. Then the test peptide modified UCNPs with different concentrations were added to replace the old medium and incubated with the cells at 37 ℃ for 16 to 24 hours. After removal of the unbound UCNPs and the old medium, the cells were washed for 5 times with warm PBS buffer and fixed with 4 % of paraformaldehyde (PFA, w/v, in PBS) for 15 min at room temperature. For immunofluorescence staining of microtubule, the fixed cells will be treated with 0.1 % of Triton X-100 (v/v, in PBS) for 10 to 15 min on ice to penetrate the cell membrane. And afterwards, 1 % of BSA (w/v, in PBS) was added into the well, blocking the cells for 2 hours at 4 ℃ following by adding mouse anti-α tubulin antibody (Abcam. Inc) and incubating at 4 °C for 12 h. After a wash step of PBS buffer for 5 times, Alexa Fluor 555 labeled donkey anti-mouse IgG secondary antibody (Abcam. Inc) was added and incubated with cells for 1 h in the dark. Finally, the cells were washed with PBS for 6 times and mounted by cover slip with a drop of Glycerol mounting medium with 4′,6-diamidino-2-phenylindole (DAPI, EMS. Inc).
[bookmark: _Toc530133427][bookmark: _Toc532468407]2.2.8 Live and Dead assay of SKBR-3 cells
The cells were cultured in 24 well plate for 24 hours to maintain good cellular behavior and then incubated with different concentration of TIP/CTP-UCNPs, TIP-UCNPs or Ctrl-UCNPs individually for 24 h. Then the Live/Dead cell imaging kit (ThermoFisher Scientific Inc.) was employed for fluorescent stain live cells and dead cells separately. Briefly, the two components, Live Green and Dead Red were thawed, mixed and added to the same volume of cell medium. The cells were ready to image after 15 min of incubation at room temperature.
[bookmark: _Toc530133429][bookmark: _Toc532468408]2.3 Results 
[bookmark: _Toc530133430][bookmark: _Toc532468409]2.3.1 Characteristics of SiO2-coated UCNPs
The fluorescent intensity spectrum of our UCNPs showed the major peak at 540nm and the minor peak at 525 nm, when the UCNPs were excited by laser at 980 nm (Figure 2.1A). Meanwhile, strong green fluorescence can be seen (Fig. 1A inset). The TEM images of UCNPs and SiO2-coated UCNPs are shown in Figure 2.1B and C respectively. We demonstrated that the average size of uncoated spherical UCNPs or the core UCNPs was 40 ± 4 nm and the thickness of SiO2 shell is about 7-8 nm.
[bookmark: _Toc530127637][image: ]Figure 2.1. A: Fluorescent spectrum of UCNPs solution excited at 980 nm. Inset images: photographs of UCNPs under white light (left) and 980 nm laser irradiation (right). B: transmission electron microscope (TEM) image of uncoated sphere UCNPs. C: TEM image of SiO2 coated UCNPs, core/shell structure. The scale bars indicate 100 nm for both TEM images. 
[bookmark: _Toc530133431][bookmark: _Toc532468410]2.3.2 Evaluation of the identified tubulin binding peptide. 
The enzyme-linked immunosorbent assay (ELISA) was employed to evaluate the tubulin binding affinity of the selected phages (Figure 2.2A). The optical density of the final solution at 405 nm indicated the relative tubulin binding capability of the phages. Comparing to the wild type phage, all the selected phages showed remarkably higher affinity to tubulin (Figure 2.2B), and the sequences T1, T3 and T5 were considered as the most promising tubulin binding phage due to the highest OD value. Then, the tubulin polymerization assay was employed to monitor how the selected tubulin-binding phages, T1, T3 and T5 will influence the normal process of the assembly of into microtubules. The polymerization process91 was tracked by measuring the optical density (OD) of the solutions at 340 nm. Under the experimental condition, OD340 of 0.1 is approximately equal to a microtubule concentration of 1.0 mg/ml. Paclitaxel, which is a strong inducer for tubulin polymerization92-94, was also used for control experiments. It can be seen from the polymerization assay that the phages with T3 sequence (green line) can promote tubulin polymerization as well as the paclitaxel, while the promotional effect was not as significant by phages displaying T1 and T5 sequences. Thus, the T3 phages were considered as the best tubulin-interactive reagents. However, since the tubulin-binding peptides must be delivered into the cytoplasm to play a role in interrupting the microtubule assembly behavior, and the cell penetrating ability of tubulin-binding phages is unknown, the cell viability assay was applied to find out if the tubulin-binding phages can pass through the cell membrane to enter the cells and affect cell viability. SKBR-3 cells were incubated with the tubulin-binding phages or the wild type phages in a 96 well plate for 48 hours, followed by the assay. Two different final concentrations of phage were added (2×1012 and 6×1012 virions/ml). Although the T3 peptide displayed phages showed the strongest microtubule assembly interference. Comparing to the control group in which the cells were cultured in media without any phage, neither the wild type nor tubulin-binding phages can affect the cell viability (Figure 2.2C and D).  
[image: ]These above facts indicated: (1) Phage particles are harmless to cells even at a very high concentration (6×1012 virions/ml) and can be further used for in vitro or in vivo tests; and (2) Although the tubulin-interactive phages could significantly bind to the tubulin proteins, they could not interfere the cancer cell viability for following two possible reasons: i). Phages displaying only tubulin-interactive peptides on the side wall are not able to penetrate cell membrane to bind microtubules or free tubulins; ii). The interaction between the tubulin and the displayed peptide was not strong enough to interrupt the regular microtubule behavior due to the complex intracellular environment. 
[bookmark: _Toc530127638][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: _Hlk323231970]Figure 2.2. (A) Table showing the sequences of five tubulin-interactive peptide candidates. (B) Direct ELISA to detect the affinity between tubulin-binding phages and tubulin. Compared to wild type fd phage (WT), all the tubulin-binding phages showed higher affinity to tubulin (p<0.01). This data shows that the phage displaying T3 peptide has the highest affinity. (C) Tubulin-binding phage showed no cytotoxicity to SKBR-3 cells.  The cell viability was normalized by negative group. The final concentration of phage was 2×1012 (blue) or 6×1012virions/ml (red). (D) The polymerization reactions in the absence of any drug (Standard) and in the presence of 10 µM paclitaxel and with tubulin-binding phages (displaying T1, T3 or T5 peptides) or wild-type (WT) phages. 
[bookmark: _Toc530133433][bookmark: _Toc532468411]2.3.3 In vitro cell imaging with UCNPs. 
The Peg-UCNPs were modified by only TIP or CTP, or by both peptides with the molar ratio of 1:1. SKBR-3 cells were incubated with each kind of UCNPs, including the Peg-UCNPs, with the concentration of 0.2 mg/ml in the 24 wells plate for 16 hours and then the images were captured by using the 980 nm laser as the excitation light source (Figure 2.3). The light intensity, optical length and the exposure time was consistent for all the photos. As we expected, the uptake of PEG-UCNPs is the lowest and hardly offers the visible fluorescence image. Although each kind of peptide conjugated UCNPs penetrated into the cells due to the cell internalizing function of the R8 sequences, the CTP linked nanoparticles apparently displayed the stronger fluorescence than the TIP-UCNPs. It is likely that the CTP plays a role to anchor the particles onto the cell membrane and increase the chance of endocytosis. Additionally, the TIP/CTP double functionalized nanoparticles showed the brightest green light. This exciting result suggested that the interaction between the cellular microtubules and the TIP might help the UCNPs retain in the cells after the uptake. 
[bookmark: _Toc530127639][image: ]Figure 2.3. The fluorescence imaging of SKBR-3 cells on the basis of 0.2 mg/ml of UCNPs. (A) Peg-UCNPs, (B) TIP-UCNPs, (C) CTP-UCNPs and (D) TIP/CTP-UCNPs. The scale bar indicates 20 μm.
[bookmark: _Toc530133434][bookmark: _Toc532468412]2.3.4 Cytotoxicity of CTP/TIP-UCNPs against SKBR-3 cells
[bookmark: _Hlk530040011]To Examine the cytotoxicity of CTP/TIP-UCNPs against the breast cancer cells, AlarmaBlue assay was applied to determine the half maximal inhibitory concentration (IC50) of it against SKBR-3 cells. The Peg-UCNPs were conjugated with different combination of four peptides: tubulin-interactive peptide (TIP), cancer cell-targeting peptide (CTP), cell penetrating peptide R8 and a random control peptide (Ctrl, WTDSIPGSGGGRRR). To enhance the microtubule assembly interference of   CTP/TIP-UCNPs, the ratio of TIP: CTP: R8 was adjusted to 2: 1: 2. According to the relation between the molar mass and the mean diameter of UCNPs,95 the estimated molar concentration of 1 mg/ml of UCNPs was 10 nM. Therefore, the theoretical ratio of peptides to particles was 500 to 1. Although the real amount of peptides attaching on the surface of a single particle was absolutely lower than 500, each portion of the modified peptide was able to functionalize the particles. For CTP-UCNPs and TIP-UCNPs, the corresponding portion of function peptides was replaced by control peptide. Both portions of CTP and TIP were replaced by control peptide for Ctrl-UCNPs. The same amount of R8 peptide were attached at each type of particles. For AlarmaBlue assay, the cells were incubated with Ctrl-UCNPs, TIP-UCNPs or CTP/TIP-UCNPs at concentration of 0.25 mg/ml, 0.5 mg/ml, 1.0 mg/ml or 2.0 mg/ml respectively, for 24 h. The cell viability without any interference was set as 100% (Figure 2.4). Overall, the control particles showed no inhibition to the cell growth at all concentrations and the cell viability was significantly inhibited by both type of tubulin-interacting nanoparticles, TIP- UCNPs and CTP/TIP-UCNPs groups. The inhibition of cell growth for either tubulin-interactive nano-particles showed linear increasing pattern from 10-13% to 22-34% as the concentration increased from 0.25 mg/ml to 2.0 mg/ml. However, the difference of cell viability between TIP-UCNPs and CTP/TIP-UCNPs groups was not significant when the concentration is as low as 0.25 mg/ml, but became greater since the concentration was equal or higher than 0.5 mg/ml. When the concentration of nano-particles was as high as 2.0 mg/ml, the cell viability inhibition of CTP/TIP-UCNPs was significantly lower than TIP-UCNPs with the difference of 12 %. According to the trendline of each group, the IC50 of CTP/TIP-UCNPs against SKBR-3 cells was 5.9 mg/ml that was significantly lower than 12.6 mg/ml of TIP-UCNPs and the IC50 of Ctrl-UCNPs is incomputable. The cell viability assay exhibited the following three facts: the UCNPs appeared to be noncytotoxic to SKBR-3 cells; the TIP was able to inhibit the cell viability and [image: ]the CTP could improve the cell viability inhibition of TIP. 
[bookmark: _Toc530127640]Figure 2.4. AlarmaBlue assay of SKBR-3 cells incubated in the presence of control or functionalized UCNPs at different concentration for 24 hours. The cell viability was normalized by the cell viability without any interference. * indicates P value between the test group to the corresponding control group: ** indicates P < 0.01;  *** indicates P < 0.001.
To verify that if the cell viability inhibition of CTP/TIP-UCNPs was caused by cell death, SKBR-3 cells were incubated with or without 1 mg/ml of peptide modified UCNPs for 24 hours following by Live/Dead cell imaging stain to determine cell death (Figure 2.5). Without the presence of any nano-particles, dead cells were seldom found in the microscopic view.  More dead cells appeared in the presence of either Ctrl-UCNPs or CTP-UCNPs with no significant difference between each other group. However, the significant cell death was on have only observed for the cells incubating in the presence of tubulin-interactive peptide modified UCNPs, CTP/TIP-UCNPs and TIP-UCNPs. As I expected, the Live/Dead imaging assay verified that the TIP modified nanoparticles could significantly kill the breast cancer cells in vitro, and meanwhile, the deposit of CTP could greatly enhance the cytotoxicity of TIP modified nanoparticles. 
Based on the previous results, we have determined that the tubulin-interactive peptide VQIINKKLDLSNVVQS specifically image and kill the breast cancer cells with the help of an imaging component UCNPs, a cell-penetrating peptide R8 and a cell-targeting peptide DGSIPWST. However, it is still unclear whether the TIP interfere the intracellular microtubule assembly to induce cell death. Therefore, the cells were imaged by confocal microscope to determine the tubulin polymerization and the morphological changes of cells. To prevent the cell detaching from the slides and to decrease the non-specific cell uptake of peptide modified UCNPs, the incubation time of cells and nanoparticles was reduced to 4 hours. At this time, most the cells were not yet in mitosis and still attached on the slide.96 The confocal microscopic images showed that without the presence of TIP, all SKBR-3 cells, in negative, Peg-UCNPs, Ctrl-UCNPs and CTP-UCNPs groups, exhibited common cell morphology and regular microtubule polymerization (Figure 2.6A-D). For the cells incubated with TIP-UCNPs for 4 h (Figure 2.6E), the microtubule filaments disappearance97-98 was observed like the effect of  nocodazole, which binds to the tubulin dimer and inhibits tubulin assembly.97 With higher uptake of CTP/TIP-UCNPs due to the cell binding ability, the treating cells (Figure 2.6F) showed significant morphological change and microtubule depolymerization. The change of microtubule structure was similar as the breast cancer cells treated by high dose of nocodazole.96, 99-100 The confocal microscopic images suggested that the TIP modified UCNPs could be uptake by the breast cancer cells and interfere the regular microtubule function by either inhibiting the microtubule assembly or promoting the microtubule depolymerization. The tubulin-interference ability of the peptide modified UCNPs will be greatly enhanced with the help of CTP modification.


[bookmark: _Toc530127641][image: ]Figure 2.5. Microscopic images of Live/Dead cell imaging assay. The live cells were labeled by FITC fluorescent calcein (Green) due to the presence of ubiquitous intracellular esterase activity. DNA of the dead cells (Red) was indicated by Texas Red attached cell-impermeant component that only entered dead cells. The Scale bars indicate 100 µm.
[bookmark: _Toc530127642][image: ]Figure 2.6. Confocal-microscopic images of SKBR-3 cells those were incubated with 1 mg/ml of different functional peptide modified UCNPs for 4 hours. (A) no interference; (B) Peg-UCNPs; (C) Ctrl-UCNPs; (D) CTP-UCNPs; (E) TIP-UCNPs; (F) CTP/TIP-UCNPs. The α-tubulins were indicated by Alexa-Fluor 555 (Red). The nucleus was indicated by DAPI (Blue). The scale bars indicate 10 µm. E

[bookmark: _Toc530133436][bookmark: _Toc532468413]2.4 Conclusion and Discussion
In this study, we selected a 15-residues peptide sequence VQIINKKLDLSNVVQS (TIP) from Tau protein, which has never been approved or applied to interrupt microtubule assembly individually. We have synthesized the multi-functional nanoparticles CTP/TIP-UCNPs with the cell-targeting peptide (CTP), TIP and cell penetrating peptide R8, which trend to be uptake by breast cancer cells, interfere the regular microtubule function and then kill the cancer cells. Since the core of the complex, UCNPs are not only a stage of the peptides but also a fluorophore, CTP/TIP-UCNPs can be used to image the cancer cells too. However, some questions remain to be studied in the future. For instance, the TIP appeared to promote the tubulin polymerization in microtubule assembly assay in a way similar to paclitaxel. Instead, the TIP delivered into the cells inhibited the tubulin polymerization similar as nocodazole according to the confocal-microscopic images. It is possible that the TIP interacts the extracellular and intracellular tubulin protein in different ways. The complicated cell plasma environment might limit the aggregation between the nanoparticles and proteins or accelerate the microtubule degradation when it binds to the particles. A systematic in vivo study needs to be designed and accomplished to verify the anti-tumor potential of our complex particles for preclinical application in the future.


[bookmark: _Toc530133437][bookmark: _Toc532468414]Chapter 3: Guiding nanomaterials to tumors for breast cancer precision medicine: From tumor-targeting small molecule discovery to targeted nano-drug delivery to breast tumors

[bookmark: _Toc530133438][bookmark: _Toc532468415]3.1 Introduction
[bookmark: _Hlk530040153]In the recent decade, targeted drug delivery has been studied intensively in cancer treatment.101-104 It involves the use of tumor-recognizing molecules in the drug formulation to enhance drug accumulation in the cancerous tissue. This strategy can result in significantly enhanced cancer treatment efficacy, decreased side effects as well as reduced drug use. Up to date, different types of molecules with tumor affinity, such as antibodies,105-109 folic acid/folate,110-115 and hyaluronic acid,116-119 have been reported and employed for targeted drug delivery. These molecules interact preferentially with certain types of proteins that are overexpressed or specifically expressed at the tumor sites. Namely, in this type of tumor-targeting approach, it requires unambiguous pre-knowledge of the corresponding tumor receptors that are paired with these targeting molecules.120-123 However, such strategy neglects the patient-specific tumor difference for the same type of cancer. Ideally, a molecule targeting patient-specific tumors should be identified and then integrated with the cancer therapeutics to achieve customized cancer therapy. This is the goal of precision medicine in the context of cancer therapy. Precision medicine is a new emerging research area that aims to provide personalized drug formulations or treatment plans for individual patients.124-125 It is expected that by using the patient-specific solution, cancer treatment can be significantly more effective. Since each type of cancer differs in many ways on different patients, especially on the molecular level, the tumor receptor-based targeted delivery strategy may not work quite well for precision medicine, as the expression level of receptors may vary dramatically among different patients. This is also one of the reasons why the current cancer therapeutics result in low survival rate. In addition, for unknown types of tumor or new tumor variants on individual patients, it is practically difficult to explore the specific ligand-receptor pairs for them when the patient-specific receptors have not been identified. Here I show that without considering the unique receptors of breast tumors, I discovered novel peptides capable of preferentially recognizing the tumors by phage display technique. This is possible because in principle identification of targeting peptides by phage display does not require us to have prior knowledge of the target, and thus peptides affinitive to unknown types of tumor can be selected in a fast and cost-effective manner, allowing us to seek patient-specific tumor-homing peptides. I intend to demonstrate a new strategy of breast cancer precision medicine using MCF-7 breast cancer bearing mice as the model, where a tumor-homing peptide customized to a specific patient is first identified without the need of knowing what receptors this peptide is recognizing and then linked with a cancer nanomedicine (using photothermal gold nanorods, AuNRs, as a model drug) to selectively inhibit tumor (Figure 3.1).  For the first time, I demonstrate such strategy by carrying out the whole procedure from the discovery of tumor-homing peptides to the eventual validation of the peptide in targeted breast cancer therapy using the same animal model in the same lab.
[image: ]
[bookmark: _Toc530127644]Figure 3.1. Schematic description of the phage display-based breast cancer precision medicine. a) Selection of the patient-specific breast cancer-targeting peptides through in vivo phage display. A phage library was first injected through tail vein into the tumor-bearing mice and allowed to circulate for 24 h. Afterwards, tumors with preferentially bound phages were removed from mice and homogenized. Phages were then collected by centrifugation, amplified and used as input for the next round of in vivo selection. b) Coupling of the as-selected peptide with anticancer nanomedicines (AuNRs) to enhance their accumulation inside tumors so as to achieve highly efficient cancer treatment by photothermal therapy.
[bookmark: _Toc530133439][bookmark: _Toc532468416]3.2 Materials and Experiments
[bookmark: _Toc530133440][bookmark: _Toc532468417]3.2.1 Cell line and MCF-7 tumor xenograft 
[bookmark: _Hlk530040189]Human breast cancer cells MCF-7 (ATCC Org.) were cultured in Eagle’s Minimal Essential Medium (EMEM, ATCC Org.) with 10% fetal bovine serum (Gibco Inc).  To generate tumors on the mice, 2.5- 3 × 106 cells in 0.1 ml of saline were hypodermically injected on the right flank for each mouse (Athymic Nude-Foxn1nu, 3-5 weeks, female, Harlan Lab). All the tests in the in vivo phage display and photothermal therapy were started when the tumor reached 0.5-0.8 cm in diameter. 
[bookmark: _Toc530133441][bookmark: _Toc532468418]3.2.2 In vivo phage display
The f3-15mer phage library (aka fUSE/15mer; GenBank Accession AF246445) displaying 15-mer peptide on all five copies of pIII coat proteins at N-terminal on fd phages were provided as a gift from Dr. George Smith at the University of Missouri. At least 1 × 1012 transducing units (TU) of f3-15mer phage library were intravenously injected into each tumor-bearing mouse through the tail vein and allowed to circulate for 1 hour before the euthanasia by CO2 asphyxiation. Then 20 ml of PBS was used to wash the unassociated phages by heart perfusion. The tumor-recognized phages were purified from the tumor homogenate and then amplified to be used as new input phages for the next round of selection. The tumor-homing peptide sequences in every round of selection were identified by phage genome sequencing from the third to fifth round.
[bookmark: _Toc530133442][bookmark: _Toc532468419]3.2.3 In vivo fluorescence imaging
All the peptides with biotin labeled at C-terminal for conjugation with streptavidin were commercially purchased from United BioSystems. A linker of GGG was added to the C-terminal during the peptide synthesis for each peptide. The streptavidin proteins tagged with a fluorescence dye (Cy5) at a dye/protein ratio of 6.5 were purchased from USBiological. To conduct conjugation, 16 µl of 1 mg/ml streptavidin was added to 800 µl of 6.0 µM peptide saline solution, and the mixture was then incubated at room temperature for 3 h. Free unconjugated peptide was then removed by using Slide-A-Lyzer Dialysis Cassettes (10,000 MWCO, Thermo Inc.) according to the protocols provided with the kit. The Cy5-peptide conjugates were stored at 4 °C and used within 24 h after preparation. For in vivo imaging, 5 nmol of the as-prepared Cy5-peptides conjugates dissolved in 100 μl saline was injected through tail vein of each tumor model. All of the mice were given anesthesia of 4% isoflurane /oxygen mixture and scanned under the In vivo Xtreme Imaging System (CarestreamInc.) 24 h after the injection.
[bookmark: _Toc530133443][bookmark: _Toc532468420]3.2.4 Synthesis of gold nanorods
Gold nanorods were synthesized through a seed mediated process. Seed solution was prepared by adding 600 μl of NaBH4 (100 mM) into 10 ml mixture solution of 0.25 mM HAuCl4 and 0.1 M CTAB under vigorous stirring. A total of 30 ml AuNRs solution was prepared each time. Briefly, to a 30 ml growth solution, which contained 0.5 mM HAuCl4 and 0.1 M CTAB, varying amounts of 4 mM AgNO3 solution and 210 μl of 78.8 mM ascorbic acid solution were added in sequence. After gentle shaking, 36 μl of the as-prepared gold seed solution was added, and the growth of AuNRs took place under room temperature for overnight. The resultant nanoparticles solution was considered as the as-synthesized AuNRs.
[bookmark: _Toc530133444][bookmark: _Toc532468421]3.2.5 Preparation of peptide conjugated tumor-homing AuNRs
The peptides used for AuNRs conjugation were synthesized with four additional lysine amino acids (KKKK) at the C-terminal. It is expected that the majority of the conjugation reaction takes place through the amine groups at the C-terminal, leaving the –NH2 at the N-end free. The AuNRs with extinction band maximized at around 808 nm were synthesized according to the well-developed seed-mediated method in cetyltrimethylammonium bromide (CTAB). Conjugation of peptides onto AuNRs can be finished through a three-step surface modification. To begin with, 100 ml of the as-prepared AuNRs were centrifuged twice at 10,000 rpm for 10 min, and then redispersed into 50 ml of 0.1 mM HS-PEG aqueous solution and placed overnight to allow the CTAB molecules on the AuNRs surface to be replaced by HS-PEG molecules. The AuNRs were then centrifuged once and mixed with 50 ml of 0.1 mM HS-PEG-COOH for a few hours to achieve partial ligand exchange of HS-PEG by HS-PEG-COOH. Afterwards, the nanoparticles were subjected to another round of centrifugation and redispersed into 10 ml of pH 6.0 MES buffer. The peptide conjugation was then initiated by activation of –COOH with EDC (4 mg) and NHS (6 mg) at room temperature for 15 min, followed by centrifugation at 4 oC for 10 min. Thereafter, the nanoparticle pellet was immediately resuspended into 2 ml of 1 mM peptide/ salinesolution and left on a rocker shaker for 2 h under room temperature. The resultant peptide-conjugated tumor-homing AuNRs were about 5 mg/ml in concentration and 200 µl of the solution containing about 1 mg of AuNRs were used for each mouse for intravenous injection. 
[bookmark: _Toc530133445][bookmark: _Toc532468422]3.2.6 Quantification of AuNRs tissue distribution through ICP-AES
[bookmark: _Hlk530040297]Peptide 1 or control peptide conjugated AuNRs (200 µl, 5 mg/ml) were intravenously injected into each tumor-bearing mouse (5 mice/group) through the tail vein and circulated for 1 day to 5 days before euthanasia. The tumors and other organs including liver, kidney, heart and lung, were excised after heart perfusion and completely dried in a freeze-drying system. Some peripheral blood was collected before heart perfusion as well. Afterwards, all these tissues were weighed and then digested completely by freshly prepared aqua regia. Finally, the solution was diluted with large amount of water, filtered and used for Inductively coupled plasma atomic emission spectroscopy (ICP-AES) quantification. 
To track the gold concentration in peripheral blood, 20 µl of blood was collected from suborbital space of 5 anesthesia mice each time at 3 min, 20 min, 1 h, 4 h, 7 h, 12 h, 24 h and 48 h after injecting either peptide conjugated AuNRs or PEG modified AuNRs. The gold was then digested and quantified following the same procedures as above.
[bookmark: _Toc530133446][bookmark: _Toc532468423]3.2.7 Photothermal treatment of MCF-7 tumor 
20 tumor-bearing mice were randomly separated into four groups. Mice in each group were injected intravenously with target peptide-AuNRs, control peptide-AuNRs, PEG-AuNRs and saline respectively. The amount of AuNRs was 1 mg per mouse. Twenty-four hours after injection and under general anesthesia, all the mice were irradiated at the tumor site by 808 nm laser for 5 min at a power density of 2.25 W/cm2. The laser spot size is about 1 cm in diameter. After laser irradiation, the mice were housed for another 20 days, after which the tumors were measured in dimensions and were then taken out of the mice and weighed. The tumor volume was calculated by the following equation: Volume= length × width2/2.
[bookmark: _Toc530133447][bookmark: _Toc532468424]3.2.8 haematoxylin and eosin (HE) staining 
For HE staining, tumors were excised from mice 3 h after laser treatment and then placed immediately into 10% fresh formalin solution and soaked for 24 h. The fixed tumors were embedded in paraffin block following standard procedures. Thereafter, they were cut into 5 µm thick sections and mounted onto glass slides. Before imaging, the slices were deparaffinated and stained subsequently with hematoxylin and eosin staining solutions. The imaging was carried out on Eclipse Ti microscope system (Nikon Instruments Inc.).
[bookmark: _Toc530133448][bookmark: _Toc532468425]3.3 Results 
[bookmark: _Toc530133449][bookmark: _Toc532468426]3.3.1 Biopanning against in vivo MCF-7 tumors
Briefly, in vivo phage display was carried out by several rounds of affinity test against MCF-7 tumors in vivo. In the first round, a phage library, which contains billions of phage clones with each displaying a unique 15-mer peptide at the five copies of minor coat protein (pIII) of the phage, was injected intravenously into tumor-bearing mice. After an hour, the mice were sacrificed and the tumors were excised and homogenized. Tumor-associated phages (output phages) were extracted from tumor homogenate and used as an input for the next round of selection. Similarly, in the rest rounds of selections, output from the previous round was employed as an input for the next round and injected intravenously into a new tumor-bearing mouse. In this work, a total of 5 rounds of selection were conducted. It is expected that phages appear in the output of subsequent rounds should have higher tumor affinity. Hence, I randomly isolated some output phage clones in round 3, 4 and 5. Since the DNA inside the phage genetically encodes the peptides displayed on the surface of the phage, the DNA of the tumor-associated phage clones was sequenced to identify the sequences of 15-mer peptides (Tables 3.1, 3.2, 3.3 and 3.4).  A total of 246 colonies were identified from 3-5 rounds of in vivo selection and the top 12 identified peptides with the number of repeats no less than 2 after the 5th round are listed in Table 1. Our following studies were mainly focused on the top 5 peptides with the highest occurrence frequency, namely AREYGTRFSLIGGYR (peptide 1), PKAFQYGGRAVGGLW (peptide 2), PVRYGFSGPRLAELW (peptide 3), RNVPPIFKEVYWIAQ (peptide 4) and RTLIRMGTGAHAFAV (peptide 5), as they are more likely to have higher affinity to MCF-7 tumors than the rest of the peptides.   Among these peptides, peptide 1 has the highest occurrence frequency, indicating that peptide 1 has the highest tumor affinity.
	Sequence
	Count 
(30 seq. total)
	Sequence
	Count 
(30 seq. total)

	AREYGTRFSLIGGYR
	1
	PSVPVFRGRFFQVDY
	1

	AVVSSGGALYXRIVR
	1
	PVIAIPPSFANMFLF
	1

	FAFSPCPLESNVIGC
	1
	PWSSRPWYLQFLGAA
	1

	FSLGVSSVIFSPVSA
	1
	RLVCWRLGCVSPMGS
	1

	FVFPRPNAY*
	1
	RPPVVDAAHFGASRW
	1

	GHSPRCSSSFVRCEA
	1
	RQQDGRLIYTTASVR
	1

	GQDVRIRNEVNQYGL
	1
	SEELLVESSAIRSRE
	1

	GVQVPFSGGSSLLGM
	1
	SNPGLFVSGYWRLFP
	1

	GVSEDASVQHYYRSP
	1
	TRLECFSAGWRLSAC
	1

	LRMGLCSDQIRLSCA
	1
	TRVYWAPVSEGDVSP
	1

	MFRTFVGRSSNAVVG
	1
	VSSQHGXGREVNSAV
	1

	MQSVSGWFPWESVAY
	1
	VYASPASIPWSFAGL
	1

	NAVRVAFWSVPLYPF
	1
	YFTTPATLLPFGVGT
	1

	NAVRVAFWSVPLYXF
	1
	YRVREPQLFCCEGPD
	1

	PGGGANFLLSPFSGG
	1
	PSVPVFRGRFFQVDY
	1


[bookmark: _Toc530127645]Table 3.1. 30 sequences were randomly picked and identified from the 3rd round of in vivo biopanning.
	Sequence
	Count 
(54 seq. total)
	Sequence
	Count 
(54 seq. total)

	ACAIGCXQANGLALV
	1
	PFPVSSRVVPRFTAV
	1

	AGGGGPTVGDDRVRR
	1
	PIGVFWDDLLIRH
	1

	ALGRGRVVGVRLVSL
	1
	PKAFQYGGRAVGGLW
	3

	AREYGTRFSLIGGYR
	3
	PKAXQYGGRAVGGLW
	1

	AVYPLLVICLLGRFW
	1
	PVQSLYAIGGVSLDT
	1

	DGLRVGXWDAVSX
	1
	PWSSILVGRSSSLLS
	1

	DKCVRRXILFMLVLM
	1
	QDFFAFCGGLAAVCG
	1

	DVLYRFGHSSVVFPG
	1
	RCSSFAMCGSIVPGS
	1

	FPYTRVPHFGNVHSS
	1
	RFPSASWSFSGHAAT
	1

	GASILGGXXGXXP*
	1
	RGAPFFISVSERAFR
	1

	GLAPVGSHSATPRPW
	1
	RSSGAVXNGVGVSALG
	1

	GLDLLHTTWRCCAPP
	1
	SGTGLXYPSWTAGSS
	1

	GPVVLPWPLFDGHLS
	1
	SGVHSYLAXRPVRL
	1

	GRXRLGVVSVLSXDG
	1
	SIGEMPSGLVTLSST
	1

	GTLKVGMMCSLGACLG
	1
	SNPGLFVSGYWRLFP
	1

	HRWMPHVFAVRQGAS
	1
	SRHVRSLGNLGDVSVG
	1

	KTWPXLVPGSASGRA
	1
	TSASTSVFIXRASST
	1

	LDPRRASFHIGRAAP
	1
	TTCLDFFNRPEVFWG
	1

	LFTPFFSCHEFRCWD
	1
	TYHSVVWSEPVVWS
	1

	LGRAGQSYPSFARGL
	1
	VRCEGVLINGDRCGL
	1

	LGRARDRLSIQFPHF
	1
	VSSQHGXGREVNSAV
	1

	LRFISVAVAGNLSWA
	1
	WSNRMPPLFTXWYX
	1

	LRPPVAGMSVARVYG
	1
	YFTTPATLLPFGV*
	1

	LVRALPLWPLVGPV
	1
	PFPVSSRVVPRFTAV
	1

	MCAVRDPAFSRS*
	1
	PIGVFWDDLLIRH
	1

	MPLRFFXPSXGPLAP
	1
	PKAFQYGGRAVGGLW
	3

	PFARAPVEHHDVVGL
	1
	PKAXQYGGRAVGGLW
	1


[bookmark: _Toc530127646]Table 3.2. 54 sequences were randomly picked and identified from the 4th round of in vivo biopanning.
	Sequence
	Count
(162 seq. total)
	Sequence
	Count
(162 seq. total)

	AHPPLASVWHVSVPL
	1
	PKAFQYGGRAVGGLW
	7

	ALESSGSVPSRDLPP
	1
	PLRYGPSRSRLDEVW
	1

	AREYGTRFSLIGGYR
	7
	PMLGPHLCVSEFCGR
	1

	ARIGFASGSRPYVSS
	1
	PNRNYLPNTSMDGSR
	1

	ASSFSVSEVSVVRRV
	1
	PPDSFSRGYRVRDTF
	1

	ASSVPYVDANWSYNR
	1
	PPQTISGKARYLPSV
	1

	AVFDGSLCVPGFYSC
	1
	PRAASIFRAGHVSML
	1

	AVTPQNPYGIQRDRR
	1
	PSALRVKGFTVVSRS
	1

	AYGLVVPDLPAMPSL
	1
	PVRYGFSGPRLAELW
	3

	CAGFQSRQVAL*
	1
	QADGPNSVVRPFTLT
	2

	CSGCAPGFRSERAIR
	1
	QPVSAVPLCRLHCRS
	1

	DRYLPINGVSMFGVP
	2
	QPWHPGVYGVASSVA
	1

	DSALRVSRWRLSHSV
	1
	RAPRSAPGIFVFRSF
	1

	DSSSLGNSSGSRGWR
	1
	RERIHSPGSTQILFL
	1

	EGLFSFPRGASE*
	1
	RFGFSATWDQSNLLL
	1

	FAFSPCPLESNVIGC
	1
	RGFLSDLHALASRDR
	1

	FGHIIPSRFDRLSLG
	1
	RNVPPIFKEVYWIAQ
	3

	FGRIPSPLAYTYSFR
	1
	RRVP*
	1

	FLLTGLQHATSSGFR
	1
	RSDHLGVGPASASRYG
	1

	FSDSFVTGVWAPSRP
	1
	RSFAYAAAPTSFPWV
	2

	FSSGGTSYRLRHIPF
	1
	RSLSHGGRWGPGYAI
	1

	FSVSFPSLPAPPDRS
	1
	RSPWSDFYASASRGP
	1

	FVFPRPNAY*
	1
	RTLIRMGTGAHAFAV
	3

	FVRHYLLGGQGSLPR
	1
	RVLFLVAALAIGSLA
	1

	GAKPGLGPRAHLGGV
	1
	RVLGRDGSVFYELAA
	1

	GALHQTRPVGPAFAW
	1
	RVNFLFKPSVIFNAP
	1

	GAPGAFFGSVRDVVPRR
	1
	RVPPRYHAKISPMVK
	1

	GAPLSANFNNPAFWR
	1
	RVQSTILSGLRGFSS
	1

	GAVDFVSLYAAATVA
	1
	RVTHHAFLGAHRTVG
	1

	GAYPSLDFPRAPSFG
	1
	RYRPVFPGFEETLPR
	1

	GDAFGFFPPFRTMG
	1
	SDHSPTQSQRASHDA
	1

	GFTDVHLHLPGNSHR
	1
	SDWFPTACFDCRSVR
	1

	GGAVFPEYPLARAFL
	1
	SGASRNSAFWAVSVA
	1

	GGPLVSPLSEDARPW
	1
	SGAYSSFRPSHHTTR
	1

	GKGEVSLYSLGSPGM
	1
	SGLCRYESPSGRPSC
	1

	GLHGATPAHRLFHTG
	1
	SGNSAIWPRVRLLHG
	1

	GSGAVSPPLWAARGR
	1
	SGYMTSALIRPSRFP
	1

	GSGTAYMMRPSLGPD
	1
	SKKPQSSNEGYRIAD
	1

	GTRAVLVVGLDALSA
	1
	SKTFQYGGRAIEGPW
	1

	GVGHVRAGHLRSVGI
	1
	SLPHLAPFGTTFFGP
	1

	GWSHFYRSPNFLRIQ
	1
	SPPLAPYGGTRVGLT
	1

	HAALSLPWYRINSVY
	1
	SPPLAPYGGTRVGLTG
	1

	HGSLGLGWPGHTSVR
	1
	SSGFRDAFRGWDGSA
	1

	HKAIQHGGRAVGGAW
	1
	SSVA*
	1

	HPTTSYSTSVFSWGW
	1
	STFFGFVGNSIVRPW
	1

	HVSGYVSRFDRSVGA
	1
	STSGVLSSILHVVSV
	1

	HVTCVHSVSSLRSIV
	1
	SVGCPVVGTVGYLRCG
	2

	IPLLVNLPHLPRAAL
	1
	SVLHPALDFTSLA
	1

	IPVQFSTIDFVAASY
	2
	SVVXLRTRHFSTDSA
	1

	KVGVALVGP*
	1
	TGSVLSRFASGRLAP
	1

	LAGVQMSLRSLDTRR
	1
	TGTVVQVADPFAGGH
	1

	LFLNSHDDDRSFLSS
	1
	TNVPPISNDA*
	1

	LGAHVVLSGSSDFFP
	1
	TPFVFRAGRFFLHAG
	1

	LGGAGPFFGLGLVES
	1
	TRLECFSAGWRLSAC
	1

	LLGELPPTPRSPRLW
	1
	VCSPVFSPFCKMSVA
	1

	LPSIGPWEPXPDALS
	1
	VFGATSVVRDLYSLR
	1

	LRPPVAGMSVARVYG
	1
	VFRRVDTAVYKPSYP
	1

	LRSLVSYSGGHNYSG
	1
	VGAASFYLERGSRXS
	1

	LTLSHPHWVLNHFVS
	1
	VLERSRRVLGGAAKV
	1

	LVGTLLGAHGFVAIP
	1
	VRINNCIGFDSNCTS
	1

	LVSRLTPCDLSFYAC
	1
	VRMFDYGVPRRAVYG
	2

	MAAWLPHSYSITRLL
	1
	VRVTPSFFREPSGFV
	1

	MHFGPGFGH*
	5
	VTATAAQPGDAFIGV
	1

	NAAGYNSRVVTLPLF
	1
	WFPTHPFWTYSSWTG
	1

	PAQSNFVTWGYNVAV
	1
	WRYRLVYALLAMLTI
	1

	PFARAPVEHHDVVGL
	1
	YSRVLSSSSYRFFDR
	1

	PGHSLGKLSVLHSFF
	2
	
	


[bookmark: _Toc530127647]Table 3.3. 162 sequences were randomly picked and identified from the 5th round of in vivo biopanning. The * marker indicates the incomplete peptides displayed on particular phages, which might be the result of either the failure of sequencing or the insertion of a stop codon into the fusion DNA sequence.
[image: ]
[bookmark: _Toc530127648]Table 3.4. Summary of peptide sequences and frequencies in the 3rd to 5th round of in vivo phage display against MCF-7 tumors *. * Only peptides having total colonies no less than 2 are included in this table. Rd = round of biopanning; cln = total phage colonies.
[bookmark: _Toc530133450][bookmark: _Toc532468427]3.3.2 Live in vovo imaging of tumor-bearing mice
For in vivo imaging, the 5 peptides were conjugated to streptavidin with a Cy5 fluorescent tag and were injected into mice through tail vein. In vivo imaging was carried out 24 h later. For comparison, a random peptide, KGYGVGLRFPAWQGA, was used as a control peptide. The amount of peptides accumulated at the MCF-7 tumors is judged by the fluorescence intensity, and the stronger fluorescence indicates more peptide accumulation. As shown in Figure 3.2, all of the 5 selected peptides have exhibited significantly higher tumor accumulation in comparison to the control peptide. Among them, peptide 1 showed the strongest fluorescence intensity, suggesting that it has the best tumor-homing capability. In addition, peptide 2 presented slightly lower fluorescence intensity compared to peptide 1, which is consistent with the fact that peptide 1 has slightly higher occurrence frequency than peptide 2 (Table 3.4). Thus, peptide 1 is chosen for the following targeted drug delivery tests.
[image: ]
[bookmark: _Toc530127649]Figure 3.2. In vivo imaging for the detection of selective accumulation of tumor-homing peptides at the MCF-7 tumors. Peptides were first labelled with biotin at the C-terminal, and then conjugated to Cy-5 tagged streptavidin. Images were taken 24 h after the intravenous injection of 5 nmol of peptides (100 µl in saline). All of the images were taken under the same parameters, thus the intensity difference represents the actual difference of peptide accumulation at the tumor sites.
[bookmark: _Toc530133451][bookmark: _Toc532468428]3.4.3 Characteristics of peptide modified AuNRs
I then conducted in vivo experiments to test the excellence of the selected peptides in tumor targeting. First, I employed the in vivo imaging system to verify peptide accumulation at tumor sites. Second, I conjugated the peptides to gold nanorods (AuNRs, Figure 3.3), a well-known photothermal reagent,126 to find out the effectiveness of the selected peptides in enhancing the targeted delivery of drugs to cancerous tissues.
[image: ]
[bookmark: _Toc530127650]Figure 3.3. TEM image (left) and UV-Vis spectrum (Right) of the as-synthesized AuNRs used for the photothermal treatment. 
The peptide-assisted in vivo drug delivery was tested by quantification of nanoparticles’ tissue distribution as well as the effectiveness of photothermal treatment on MCF-7 tumor-bearing mice. To conduct the test, peptide 1 was first conjugated with AuNRs at the C-terminal through a well-developed method, in which the as-synthesized cetyl trimethylammonium bromide (CTAB) coated AuNRs were first replaced by HS-PEG-COOH, followed by peptide conjugation through the EDC/NHS chemistry (see experimental section).127-128 The resultant nanoparticles are termed Peptide-AuNRs. The hydrodynamic radius of the CTAB coated AuNRs, PEG coated AuNRs and peptide conjugated AuNRs is 40.8 ± 2.1 nm, 44.3 ± 2.5 nm and 47.0 ± 2.4 nm, respectively (Figure 3.4), suggesting the successful conjugation of peptides onto the AuNRs. 
[image: ]
[bookmark: _Toc530127651][bookmark: _Hlk530040547]Figure 3.4. Dynamic Light Scattering (DLS) measurement of AuNRs with different surface ligands. The effective hydrodynamic radii are (a) 40.8 ± 2.1 nm for the as-synthesized CTAB-AuNRs, (b) 44.3 ± 2.5 nm for the PEG functionalized AuNRs, and (c) 47.0 ± 2.4 nm for the peptide functionalized AuNRs.
[bookmark: _Toc530133452][bookmark: _Toc532468429]3.4.4 In vivo biodistribution of tumor-homing AuNRs
For quantitative studies, 1 mg of Peptide-AuNRs (200 µl, 5 mg/ml) per mouse was used for intravenous injection. I first monitored for 48 h the in vivo blood circulation of AuNRs. I discovered that the half-life (t1/2) of the Target-AuNRs in the blood is about 16 h (Figure 3.5), and the value for the control peptide conjugated AuNRs (Control-AuNRs) is about 18 h; both are comparable to the previously reported t1/2 of PEG coated AuNRs.129 For in vivo tissue distribution study, the nanoparticles were allowed to circulate for five different periods of time (1 day, 2 days, 3 days, 4 days and 5 days). At the end of each time point, mice were sacrificed and the organs were then freeze dried, weighed, and digested. Finally, the concentration of gold in each organ was quantified by the Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). The Control-AuNRs were used as a control. In the presence of the tumor-homing peptide, the tumor uptake of AuNRs after 1 day circulation is 63% higher than that of the case with control peptide and it remained to be 61%-83% higher during the whole period of five-day monitoring (Figure 3.6). This result confirms that peptide 1 selected from the in vivo phage display can result in significantly enhanced drug delivery to the MCF-7 tumors. The distribution of peptide-AuNRs in other healthy organs is either less than or comparable to that of the Control-AuNRs. It is worth noting that the gold content in liver in the target group is 56% lower than that in the control group on day 1, and remained to be 22-44% lower in the following 4 days, suggesting that modification of AuNRs with the tumor targeting peptides can effectively reduce the non-specific AuNRs uptake [image: ]by livers.  
[bookmark: _Toc530127652]Figure 3.5. Blood circulation of AuNRs. 1.0 mg of tumor targeting peptide conjugated AuNRs (green) or control peptide conjugated AuNRs (blue) were injected intravenously. To track the gold concentration in peripheral blood (represented as the mass of gold per ml of blood), 20 µl of blood was collected from suborbital space of the mouse each time at 3 min, 20 min, 1 h , 4 h, 7 h, 12 h, 24 h and 48 h after injection,  and immediately added into 200 µl of freshly prepared aqua regia. The concentration of AuNRs was quantified by ICP-AES.
[image: ]
[bookmark: _Toc530127653]Figure 3.6. Organ distribution of AuNRs. Mice were sacrificed 1 day, 2 days, 3 days, 4 days and 5 days after the intravenous injection of 1 mg of AuNRs. Target group was the group injected with peptide 1 conjugated AuNRs whereas control group was the one injected with control peptide conjugated AuNRs. Gold concentration was calculated as mass permillage of Au in 1 gram of the corresponding tissue. The inset chart shows the percentage increase (in tumor, represented as positive values) or decrease (in liver, represented as negative values) of gold content in target group when compared to the control group on different days. The data indicate that conjugation of our selected peptide 1 onto AuNRs can effectively increase their uptake by tumors but decrease their uptake by livers.
[bookmark: _Toc530133453][bookmark: _Toc532468430]3.4.5 Tumor targeting photothermal treatment
The photothermal treatment was conducted 24 h after injection because the concentration of peptide-AuNRs in tumors is maximized at this time point according to the ICP-AES based biodistribution study. During the treatment, MCF-7 tumors were irradiated directly by a 808 nm laser at a power density of 2.25 W/cm2 for 5 min. Figure 3.7 shows photographs of tumors and the corresponding average tumor volumes in each group 20 days after the photothermal therapy. One can see that the size and volume of the tumors in the targeting group (AuNRs functionalized with peptide 1) is significantly smaller than those in the other groups. In fact, two of the tumors in this group were destructed so severely that it was hard to collect any tumor tissue even after 20 days following the treatment. The development of tumors treated by non-targeting AuNRs, modified with PEG and control peptide, has also been retarded, although not as significant as that in the targeting group. This is because even without the assistance of targeting peptide, AuNRs can still be delivered to tumors through the passive targeting mechanism. 
Hematoxylin and Eosin (HE) staining study further illustrates the death of tumor cells as a result of photothermal treatment (Figure 3.7c). Tumors used for this study were collected from mice 3 h after the laser treatment. For control tumors without AuNRs (Saline group), both apoptosis and necrosis, the two typical cell death mechanisms, are barely found in the tumor cells, suggesting that the laser power density used for the photothermal treatment was safe to normal tissues. For tumors in the target group (Target-AuNRs), however, the classic necrosis characters, including karyolysis, nuclear swelling and extensive pale eosinophilic cytoplasm are all observed, indicating contiguous cell necrosis upon acute injury caused by photothermal treatment. In addition, the apoptosis characters such as nuclear pyknosis, hypereosinophilic cytoplasm and apoptotic bodies were also seen, which are indications of programmable cell death following the laser treatment. In contrast, such damages on the other two AuNRs groups (PEG-AuNRs and Control-AuNRs) were not as significant. Overall, our photothermal investigation is in accordance with the study of organ distribution of AuNRs by ICP-AES, namely, the in vivo selected targeting peptides, when conjugated onto AuNRs, can indeed result in enhanced delivery and accumulation of AuNRs at the tumor sites, which further leads to the remarkably improved efficiency in the photothermal cancer therapy. 
[image: ]
[bookmark: _Toc530127654]Figure 3.7. Photothermal treatment of MCF-7 tumors. (a) Photographs of tumors taken out from the mice 20 days after the photothermal therapy (For the target-AuNRs group, only two animals had visible tumors); (b) Average tumor volume before and 20 days after the treatment; (c) Images of HE stained sections of tumors obtained 3 h after 808 nm laser treatment. Target-AuNRs: AuNRs modified with peptide 1; PEG-AuNRs: PEG modified AuNRs; Control-AuNRs: AuNRs modified with a control peptide; Saline: saline only and without AuNRs. Comparing to the normal nucleus of cancer cells in the control tumor, contiguous cell necrosis is determined by the extensive pale eosinophilic cytoplasm (typically highlighted by dashed ovals) as well as karyolysis and nuclear swelling (typically highlighted by solid ovals). The cells apoptosis with the presence of nuclear pyknosis, hepereosinophilic cytoplasm (typically highlighted by arrows) and apoptotic bodies (typically highlighted by arrow heads) are marked. The normal tumor tissue area in each AuNRs treated group is also circled by angled dash frames.
[bookmark: _Toc530133454][bookmark: _Toc532468431]3.4 Conclusion and Discussion
Phage display can be carried out both in vitro and in vivo. Phage library is allowed to interact cancer cells in the culture media in the in vitro phage display whereas it is intravenously injected into animals and circulated in blood stream to enable the discovery of phages homing to tumors in the in vivo phage display. In principle, in vivo selection against tumors should be more target-specific and more effective for clinic applications, as the peptides were selected under conditions similar as the physiological environment. So far, none of the groups has studied the discovery of tumor-targeting peptides using in vivo phage display and then tested the use of such peptides in in vivo homing and destruction of tumors, all using the same animal models and in the same lab.130-132 Most of the reported studies were based on peptides reported previously by others, rather than selected through exactly the same tumor model in the same work, thus these peptides cannot be considered as patient-specific. Hence, these works did not meet the requirement of precision medicine. In particular, for MCF-7 breast cancer, such study was reported exclusively based on peptides selected through in vitro phage display.133-136 In addition, although I only demonstrated the concept of phage display-based breast cancer precision medicine by using photothermal treatment, the same procedures can be readily applied to other cancer therapeutics, such as chemo-, gene and photodynamic therapies.
In summary, I have demonstrated a new strategy of breast cancer precision medicine by using the MCF-7 breast cancer mice model. In this strategy, a patient specific tumor-targeting peptide was first identified through in vivo phage display. Our in vivo imaging study showed that these peptides can actively target MCF-7 tumors. By conjugating the as-selected peptides with the model drug, AuNRs, enhanced accumulation of the nanomedicine to the tumors was observed by the ICP-AES measurement, which further leads to improved cancer killing efficiency.


[bookmark: _Toc530133455][bookmark: _Toc532468432]Chapter 4: 3D multiple cell spheroids in silica coated fungi network scaffolds

4.1 Introduction
According to the cancer fact sheet of World Health Organization in 2018, cancer was the second global leading cause of death and caused about 9.6 million deaths.  A developed tumor model is desired for anti-cancer research. In vitro 3-dimensionally growing cancel cell spheroids can mimic the complex in vivo tumor microenvironment and retain an in vivo cancer cell phenotype with a similar solid structure like tumor tissues.50-53 Studies of multicellular cancer spheroids confirmed that the biological profile of 3D cultured cancer cells is closer to in vivo tumors comparing to 2D cultured cells, including cell proliferation and resistance to anti-cancer therapy.54-57 Thus, 3D cultured cell spheroids are the ideal model for studying the physiology of cancer and anti-cancer drug screening as a non-invasive alternate to animal tumor models. For generating 3D cultured cell spheroids, non-adherent surface cell culture dish58-60 such as bacterial culture dish, microwell non-adherent cell culture plate or microfluidic platform61-63 is the most popular device to employ. To culture the cells in space limited gel matrix of collagen fibers57, 64-66, the hanging drop technique67-68 or coculture the cancer cells69 with endothelial cells is another common way to have the cells grown into multicellular spheroids. However, using either way to culture cell spheroids requires special devices consuming or advanced experimental skill. In addition, all those scaffold-free isolated cell spheroids or cell-seeded in hydrogel or microparticles are hard to identify, operate or transfer without a microscope. So that the 3D cultures cell spheroids have been rarely used for paraffin embedding histology and phage-antibody selection.137
In this research, I first used the natural network structure of Penicillium fungi to build silica-based biocompatible branched scaffolds effortlessly. MCF-7 cancer cells will develop attached cell spheroids growing on the scaffold within 3 days, showing higher cell viability than those grow freely on non-adherent surface. The fibers of a scaffold are naturally connected as a single colony of fungi. Thus, the scaffolds could be easily transferred by clipping the edge of it without losing any fiber and the cells attached on it. Consequently, I first applied phage-antibody selection against in vitro tumors and paraffin embedding histology of cell spheroids. A total of four promising in vitro tumor binding peptides were identified by employing Ph.D.-12 phage peptide display library biopanning against MCF-7 cell spheroids on silica-coated fungi network scaffolds.
[bookmark: _Toc530133456][bookmark: _Toc532468433]4.2 Material and method 
[bookmark: _Toc530133457][bookmark: _Toc532468434]4.2.1 Cell line and 3D cell spheroids generation 
Human breast cancer cells MCF-7 (ATCC Org.) were cultured in Eagle’s Minimum Essential Medium (EMEM, ATCC Org.) with 10% fetal bovine serum (Gibco Inc).  To generate 3D cell spheroids, 2.5×103 to 2×104 cells in 2-5 µl medium were seeded into a piece of dry scaffold and then cultured in 96 well plate. Transfer the cell loaded scaffold into a new well with fresh medium to discard the unattached cells at the second day after cell-loading. The same number of cells were seeded into ultra-low attachment 96 well plates without scaffolds as a control. The cell viability was evaluated by AlarmaBlue assay (BioRed Inc.). The morphology of cell spheroids was imaged on an Eclipse Ti microscope system (Nikon Instruments Inc.) for both light images and phase contract images.
[bookmark: _Toc530133458][bookmark: _Toc532468435]4.2.2 Preparation of silica coated Penicillium fungi network scaffolds   
The Penicillium colony were seeded into lysogeny broth (LB) broth and gently shaken at 100-120 RPM for 2-3 days at room temperature to form network spheres 5mm in diameter. The fungi spheres were fixed with 4% PFA for 12 hours and autoclaved in water to completely kill the fungi. The sterile fungi spheres were gradient dehydrate by 20%, 35%, 50 %, 65% and finally 80% (v/v) ethanol/water solution. To coat silica layer on the surface of the fungi mycelium, the fungi spheres were soaked in 75-85% (v/v) ethanol/water solution with 200 µl TEOs and 300 µl 38%-40% ammonia hydrate and gently shaken overnight. After 3 steps of 80% ethanol washing, the same step of silica-coating will be repeated for two more time to assure enough silica deposit for long-term cell culture. Then, the silica coated spheres were washed, gradient re-rehydrated and soaked with water, frozen rapidly in liquid nitrogen and finally dried in a freeze-drying system (). To avoid possible bacteria contamination, the scaffolds will be exposed under ultraviolet (UV) light for 45 min before cell seeding.
[bookmark: _Toc530133459][bookmark: _Toc532468436]4.2.3 Light microscopy and phase contract microscopy
The cell spheroids were directly observed under the microscope (Nikon Instruments Inc.). An area of 1mm × 1mm was imaged under the phase ring, the detailed area of 225 µm × 225 µm inside the phage contract image was pictured by normal light microscope. For better observation of the cell spheroids growing on the scaffold, the whole sample will be removed from the 96 well plate and place in a well of 24 well plate before it was imaged by light microscope.
[bookmark: _Toc530133460][bookmark: _Toc532468437]4.2.4 Cell viability assay of cell spheroid growing with or without scaffolds.
 The AlamarBlue assay was applied for comparing and semi-quantificating the cell viability between the cell spheroids growing on the scaffolds to those growing without the scaffold. The assay was repeated for 4 times, at day 1, day 3, day 5 and day 7 respectively for 5 repeating wells of cells. In another word, the cell proliferation profile of a group of wells was monitored every two day for a week. Briefly, at each time point, 200 µl of pre-mixed assay medium (20 µl of AlamarBlue reagent added in 180 µl of serum-free EMEM medium) were placed in each well of a new 96 well plate. The cell spheroids on one scaffold in one well was transferred into a well of pre-mixed assay medium and cultured at 37 °C for 3.5 to 4 hours and then transferred back to the 96 well plate filled with fresh medium and kept culturing in the cell incubator. For AlamarBlue assay on free cell spheroids, 180 µl out of 200 µl of the old medium was removed and replaced by 180 µl of fresh serum-free medium and then 180 µl of the medium was removed again. Thus, 99% of the old medium and serum was removed from the well, 20 µl of serum-free medium remained in the well. 180 µl of pre-mixed assay medium (20 µl of AlamarBlue reagent added in 160 µl of serum-free EMEM medium) was added into each well of free cell spheroids. The plate was incubated at 37 °C for the exact same time as the cell spheroids on the scaffold were. 150 µl of the assay medium out of the total volume for both groups was transferred into a new 96 well plate and measured the absorption at 570 nm and 600 nm. The remain assay medium in the cell culture well was removed in the similar way above.
[bookmark: _Toc530133461][bookmark: _Toc532468438][bookmark: _Hlk530040822]4.2.5 Scanning electron microscopy (SEM) and Energy-dispersive X-ray spectroscopy (EDS)
The cell spheroids were fixed with 4% PFA PBS buffer for 20 min, following by gradient dehydration using from 20% (v/v) to 100% ethanol/ water solution with concentration increment of 10%. Then the samples will be dried by critical point drying (CPD), attached on the specimen holder under the microscope to make sure the major area of cell spheroids growing is upward and sputtering coated with gold. The images and X-ray EDS were performed by NEON high resolution scanning electronic microscopy (Zeiss, Thornwood, NY). The component of gold was excluded from the weight calculation.
[bookmark: _Toc530133462][bookmark: _Toc532468439]4.2.6 In vitro 3D multi-cell spheroids targeting peptide selection by phage library biopanning
[bookmark: _Hlk530040875]1 × 1012 transducing units (TU) of Ph.D.-12 phage display peptide library (E8110S BioLabs.Inc) were added into a 24 well plate with an empty scaffold and incubated for 1 h at 37°C to remove the scaffold and environment binding phages. The unbound phages were transferred into a new well with the cell spheroid loaded scaffold to interact with the cells for 1 h at 37°C. The scaffold was washed 10 times to remove the unbound phage. The spheroid-binding phages were then eluted from the scaffold. Additionally, cell penetrating phages were eluted by lysing the cell spheroids. The cell lysis releases the cell-penetrating phages. Both types of binding phages were amplified separately and used as the input phage for the next round of biopanning. After the third round of biopanning, the binding phage colonies were randomly picked and sequenced to identify the potential tumor-homing peptide. 
[bookmark: _Toc530133463][bookmark: _Toc532468440]4.3 Results 
[bookmark: _Toc530133464][bookmark: _Toc532468441]4.3.1 Structure of silica-coated Fungi scaffold.
[bookmark: _Hlk530040895]The Penicillium mycelium sphere can grow over 3 cm long in diameter within 4-5 days in LB broth. To control the fungi to grow slowly is a key factor to have the fungi sphere grown with impact enough network of fibers. So that, instead of shaking the fungi at 220 RPM and 37℃, the fungi were cultured at room temperature and less than 150 RPM shaking speed. According to our experience, the fungus sphere with the size of 0.7-0.8 cm in diameter has the best fiber density and intensity of construction to provide network surface for cell attachment and suitable space for cell growth. Due to dehydration process for silica coating, the average diameter of silica-coated fungus spheres is 6.3± 0.3 mm that is 15% smaller than 7.4± 0.7 mm, which is the average diameter of the fungus spheres before silica coating (Figure 4.1A and 4.1B). The SEM image showed the scaffold is composed by numbers of fibers with the average diameter of 1.5 ± 0.4 µm (Figure 4.1C and 4.1D). The detailed SEM image of an open-end fiber indicated that the fibers of scaffold are hollow (Figure 4.1E). X-ray EDS result (Figure 4.2) confirmed the silica layer on the fiber surface with the silicon (Si) weight ratio of 10.6 %, the weight of gold caused by sputtering coating has been excluded. The peak of carbon (C) is excluded from the spectrum due to its dominating high counts. After incubating the empty scaffold in cell culture medium for 7 days, the silicon weight ratio decreased to 7.6%, which was still able to support the scaffold [image: ]structure and the cell growth.
[bookmark: _Toc530127655]Figure 4.1. Fungus template branched silica scaffolds. (A) Fixed fungus spheres with average diameter of 7.4±0.7mm soak in sterile water. (B) Silica-coated fungus spheres with average diameter of 6.3±0.3mm soak in sterile water. (C and D) SEM images of the surface of the fungus template branched silica-coated scaffold. The average diameter of the silica coated fiber is 1.5±0.4 µm. (E) detailed SEM image of an open-end fiber of silica-coated scaffold.
[bookmark: _Toc530127656][image: ]Figure 4.2. EDS spectrum of empty silica-coated scaffold at day 0 before incubation and at day 7 after incubation with EMEM. The peak of C is not included. The data table shows the weight distribution of C, O and Si. 
[bookmark: _Toc530133465][bookmark: _Toc532468442]4.3.2 Size shrinkage in pre-SEM process
[bookmark: _Hlk527988515]The SEM images showed that the cells have formed spheroids with the diameter range of 35-135 µm at day 3 after cell-seeding (Figure 4.3). However, the shrinkage of mammal cells during the dehydration and drying process for SEM is unignorable without using osmium tetroxide, which is extremely toxic and high-risk to use.138 The shrinkage range of the mean diameter of mammal cells and tissues is from 25% to 45% according to the related literature. In this study, I measured and compared the average size of both single cells and cell spheroids between LM and SEM images. The cell spheroids are significantly smaller in SEM image than them in LM image with the shrinkage range from 34% to 48% (the average is 43 ± 6%) according to Figure 4.4A and B showing SEM image and LM image of the identical area of cell spheroids (the same sample of cell spheroids at day 7 after 1×104 cells loaded in Figure 4.3). The single cell has the average diameter of 15 ± 3 µm in phase contract microscope image (Figure 4.4D), which is 38% larger than the average diameter of 9 ± 2 µm in SEM image (Figure 4.4C). Overall, the size shrinkage of single cell and cell spheroid in our pre-SEM process in our procedure mostly located in the range of 35%- 45%. Therefore, the calculated diameter range of the cell spheroids at day 3 is actually from 60 µm to 240 µm. The size of cell spheroid on the scaffold acquired from SEM image in the following discussion, including the dimeter and volume, were recalculated. 
[bookmark: _Toc530127657][image: ]Figure 4.3. (A and B) SEM and LM images of the same sample of cell spheroids growing on the scaffold. The LM image was pictured right before the pre-SEM process. (C and D) SEM and phase contract microscope images show single cells respectively.
[bookmark: _Toc530133466][bookmark: _Toc532468443]4.3.3 Statistics of 3D cultured MCF-7 cell spheroids.
The cell spheroids growing circumstance in non-adherent well plate was monitored for 7 days post-cell-seeding (Figure 4.5). The cell spheroids growing circumstance on the scaffold at day 3 and day7 post-cell-seeding was showed in SEM images (Figure 4.4). Some cell spheroids started to form at 24 hours post-cell-seeding, most of them were smaller than 100 µm in diameter. Either the size or the amount of cell spheroids increased as the time went or as the number of cell-seeding increased. 
[bookmark: _Toc530127658][image: ]Figure 4.4. SEM images of MCF-7 cell spheroids growing on silica-coated fungi network scaffolds at day 3 and day 7 after loading cells of 2.5×103, 5×103, 1×104 and 2×104 on the scaffold respectively. The side containing most of the cell spheroids were displayed by adjusting the specimen stage. All the scale bars indicate 500 µm. For each image, the inset image in red frame showed the detailed information of the area highlighted with red square. The red square area is 250 µm × 250 µm.
[bookmark: _Toc530127659][image: ] Figure 4.5. Phase contrast images of cell spheroids growing in Corning ultra-low attachment surface 96 well plate for 7 days. The bars indicate 200 µm. The inset image in each individual image is the zoom in view of area highlighted with green square. The green square area is 225 µm × 225 µm.
To evaluate the efficiency of cell spheroids forming with the scaffolds, I compared the size distribution for 2 × 104 cells being cultured for 7 days, between them growing with the scaffold and them growing without the scaffolds. The SEM images of cell spheroids growing on the scaffold (Figure 4.6) showed two types of growing manners. One was that the cells trended to form cell spheroids in larger scale, up to 500 µm in diameter. However, the amount of cell spheroids is low (Figure 4.6A to D). This manner was found in the scaffolds those were loaded with high concentrated cell solution (2 × 104 cells in 2-3 µl of medium). The other manner is that the cells trended to form hundreds of relatively equal sized spheroids (Figure 4.6E to H). For this manner, 2 × 104 cells were loaded within 5 µl of medium. According to the two manners, I supposed that the cells prefer to stay at the certain spot and interact with the surrounding cells once they had attached on the scaffold, rather than to migrate. The size distribution statistic between cell spheroids growing with and without scaffold showed the comparable result (Figure [image: ]4.7). 
[bookmark: _Toc530127660]Figure 4.6. SEM images of cell spheroids growing on silica-coated scaffold for 7 days after cell-seeding with 2 × 104 cells. (A) shows cells aggregating and growing into a few large cell spheroids; (B, C and D) show the zoom in views of the labeled areas highlighted with white squares in A, respectively; (E) shows cells evenly distributing on whole scaffold and forming hundreds of small uniform cell spheroids. (F, G and H) show the zoom in views of the labeled areas highlighted with white squares in E, respectively. Some of the zoom in images were captured at different stage tilt angle, so that did not show identical images in the corresponding [image: ]highlight area. 
[bookmark: _Toc530127661]Figure 4.7. Statistic of size distribution for the cell spheroids with or without scaffold being cultured for 7 days. Only the cell spheroids having the largest diameter longer than 50 µm are included. 
[bookmark: _Toc530133467][bookmark: _Toc532468444]4.3.4 Cell viability assay of 3D cultured MCF-7 cell spheroids
To evaluate the cell proliferation growing on the scaffold, AlamarBlue assay was applied as a semi-quantification for the cell viability of the spheroids with or without the scaffolds (Figure 4.8). The cell viability of the spheroids growing on the scaffolds are significantly higher than those growing without scaffolds in most control groups, especially for the groups have larger amount of cell seeding. Based on our best knowledge, the possible reason is that the scaffolds provide more space 3-dimensionally rather than the bottom of the well. Another advantage of using the scaffold is that beyond the cell density limitation of the 96- well plate, over 5×104 cells could be seeded on a single piece of scaffold and formed numerous of cell spheroids (Figure 4.9) for some specific type of purpose, like in vitro tumor derived tumor xenograft.
[bookmark: _Toc530127662][image: ][image: ] Figure 4.8. Comparation of AlarmaBlue assay between in vitro cell spheroids with or without the presence of scaffolds. The relative AlarmaBlue level is normalized by the one for 2.5 × 103 cells without scaffold at day 1. All the comparation between two corresponding groups has P value less than 0.05. ** indicates P<0.01. The inset table shows the t-test comparison of the cell viability, for the same amount of cells growing for the same days.
[bookmark: _Toc530127663]Figure 4.9. Microscopic images of 5×104 cells growing on scaffold for 7 days. Some cell spheroids are indicated by arrows.
[bookmark: _Toc530133468][bookmark: _Toc532468445]4.3.5 Phage-antibody selection 
Phage-antibody selection, also known as phage biopanning is a promising way to screen target-specific peptides out of billions of random peptides efficiently. This technique has been applied to find ligand for targeting therapy and specially to develop human antibody phage display-derived (APD) mAb since the first full human APD mAb were made for therapeutic use in 2007. However, this technique has never been applied in vitro tumor targeting ligand selection for the following possible reason. The free cell spheroids could be easily lost during the wash step every round. After 10 repeats of the washing steps, the best targeting phage candidates might have been lost in the first round of biopanning. The character of the silica coated fungi network scaffold makes phage biopanning against in vitro tumor much easier to accomplish than using the free cell spheroids. So, in this study, I first employed phage biopanning against in vitro MCF-7 tumors and identified a 12-residue peptide sequence with excellent binding affinity to the tumors. After 4 rounds of phage biopanning, 4 targeting peptide sequences SYPSNALSLHKY, TLGLRPVPVATT, SEPQNIWQYLRN and SYWYEASSYTGV with the highest frequency were selected as the in vitro tumor targeting peptide (Table 4.1). The peptide with the highest tumor affinity should be verified by phage titer and IHC of cell imaging.   
	
	Peptide Sequence
	Count (201 colonies total)
	Frequency

	1
	[bookmark: _Hlk526837986]SYPSNALSLHKY
	11
	5.5%

	2
	TLGLRPVPVATT
	7
	3.5%

	3
	SEPQNIWQYLRN
	6
	3.0%

	4
	SYWYEASSYTGV
	6
	3.0%

	5
	TLNVPPAKRSLS
	5
	2.5%

	6
	WGVTKPIRTSTL
	4
	2.0%

	7
	MKAHHSQLYPRH
	4
	2.0%

	8
	TISAFTSFMPTN
	3
	1.5%

	9
	WGLTAQVPESRH
	3
	1.5%

	10
	YPSAHHSLMRPA
	3
	1.5%

	11
	GSAARTISPSLL
	3
	1.5%

	12
	HSTLLNHTTGVL
	3
	1.5%

	13
	IPWSPTRIIHAQ
	3
	1.5%

	14
	NLWATQPPSHHV
	3
	1.5%

	15
	NYLPHQSSSPSR
	2
	1.0%

	16
	SSHSSASVSPKT
	2
	1.0%

	17
	SSMPINSPATRQ
	2
	1.0%

	18
	SYASRHLPLLSS
	2
	1.0%

	19
	ISPSHLFHQAVK
	2
	1.0%

	20
	TYNYDMPLRGRA
	2
	1.0%

	21
	FQARWEPPRLLQ
	2
	1.0%

	22
	APPITSVLFPYL
	2
	1.0%

	23
	AAHRVGGFNYHM
	2
	1.0%


[bookmark: _Toc530127664]Table 4.1. Summary of peptide sequences and frequencies in both 3rd and 4th rounds of Ph.D.-12 phage display against in vitro MCF-7 tumors. Only peptides having total colonies no less than 2 are included in this table. 
[bookmark: _Toc530133469][bookmark: _Toc532468446]4.4 Conclusion and Discussion
In this study, I have first applied the natural structure of fungi Penicillium to effortlessly make a cell-safe scaffold for culturing 3D in vitro tumors. The method has a low cost and requires no advanced skills. The cells formed a comparable number of spheroids with a similar size on the scaffold as them growing in commercial non-adherent culture dish. The cell viability assay indicated enhanced cell proliferation on the scaffold, most likely because the scaffold could provide more space for cell growth. Another advantage of our new scaffold is that the unique structure allowed itself to be easily transferred in different solutions. Therefore, the in vitro tumors could be used for complex protocol such as paraffin embedding based histology and phage biopanning. In vitro tumors were first employed for phage-antibody selection in this study and four tumor-binding peptide candidates were identified. Tumor-homing analysis should be evaluated in vitro and in vivo in the future.
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2D                           two-dimensional
3D                           three-dimensional
AFM                       atomic force microscope
ALP                        alkaline phosphatase
APD                       antibody phage display
AuNRs                    gold nanorods
CPD                        critical point drying
CTAB                     cetyl trimethylammonium bromide 
CTP                         cell-targeting peptide
Ctrl                          control
DAPI                       4′,6-diamidino-2-phenylindole
DLS                        dynamic light scattering
DMEM                    dulbecco's modified eagle medium
E. coli                      Escherichia coli         
EDC                        N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride
EDS                       energy-dispersive X-ray spectroscopy
EGTA                    ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid
ELISA                    enzyme-linked immunosorbent assay
EMEM                   eagle’s minimal essential medium
ER                           estrogen
Ff                             filamentary bacteria phage
HE                           haematoxylin and eosin
HRT                         hormone replacement therapy
IC50                         half maximal inhibitory concentration
ICP-AES                 inductively coupled plasma atomic emission spectroscopy
IGEPAL CO-520     polyoxyethylene (5) nonylphenylether,
[bookmark: _Hlk530040724]LB                           lysogeny broth
mAb                         monoclonal antibody
mPEG-Silane           methosy polyethyleneglycol-silane
MES                          2-(N-morpholino) ethanesulfonic acid
MT                             microtubule
MW                           molecular weight
NHS                           N-Hydroxysuccinimide
NIR                            near-infrared
OD                              optical density
ODE                           1-octadecene
pNPP                           p-nitrophenyl phosphate
PBS                             phosphate buffered saline
PEG                             polyethyleneglycol
PFA                             paraformaldehyde
PIPES                          1,4-piperazinediethanesulfonic acid
Rd                                round
SEM                           scanning electron microscope
Silane-PEG-COOH     silane-polyethyleneglycol-acetic acid
[bookmark: _Hlk530039895]TEM                            transmission electron microscope
TEOS                           tetraethoxysilane
TIP                               tubulin-interactive peptide
TU                               transducing units
UCNP                          up-converting nano-particle
U. S.                             United States
[bookmark: _Hlk530040790]UV                                ultraviolet
V                                   volume 
WT                                 wild type


[bookmark: _Toc499021452][bookmark: _Toc530133472][bookmark: _Toc532468449][image: ]Appendix B: List of Copyrights and Permissions 



[image: ]



[image: ]



[image: ]



image2.png
plll pVI pVIII pIX pVil




image3.png
NaYFy(Yb,Tm) *YFa(Yb,EO

" —F

| com—

980 nm

280 mW cw ! I ! ||

B ' ;
UV light NIR light
Skin \

SP-loaded
PEG-UCNPs





image4.jpeg
=
=
e
=
=
ag





image5.jpeg
@) cancer  Nanoparticles NIR Tumor cell
cells laser death
— —
Tumor.
capillary

(b)

Nanoshells Nanorods Nanocages Nanostars

Schematic [ o ]

SEM
Size for PTT =50 o 0 ooy =080 B ~45-120 nm
diameter 40 nm length
Clinical trials:

Stage of lung, head & o o L

development neck, and Preclinical Preclinical Preclinical
prostate cancer
Unique Core:shell Two resonance Drug loading Larag'ee:l:grace
features structure peaks capabilities

bioconjugation





image6.gif
14 x 74
1
1.5

Y

14 x40
1:3
Aspect ratio

@)

1:1

14
.
11

o~
(01) 1199 sod
sajonsedoueu pjob jo "oN





image7.jpeg
Spheroid Formation

Experimental Setup

Variables

Outputs

Suspension/Spinner Flasks

Liquid Overlay Technique
Non-adherent Surfaces

[Uuuuuy]

Spheroids in Media

Proliferation/
Migration/Invasion

Hanging Drop Technique

Spheroids in Matrix

Drug Screening

Characterization of spheroid
composition, growth and
proliferation

Protein and gene expression
changes

Migration and invasion assays

Characterization of spheroid
composition, growth and
proliferation

Protein and gene expression
changes

Survival assays

Efficacy, distribution and
accumulation of therapeutics

Microfluidic

Coculture Spheroids

<@ Cancer cell
© Endothelial cell
# Immune cell

Angiogenesis

Characterization of spheroid
composition, growth and
proliferation

Protein and gene expression
changes (i.e. angiogenic factors)

Migration and invasion assays

Angiogenesis assays

Immune Cell
Response

Characterization of spheroid
composition

Protein and gene expression
changes

Adhesion assays

Infiltration of immune cells into
spheroids

Migration and extravasation
assays




image8.png
Intensity (a.u.)
a
o
o

J 200 400 600 800 1000
Wavelength (nm)





image9.png
A
Label Peptide Sequence

T1 ADTVSGAMV
T2 VARVGLDND
T3 ASYQDLGSS
T4 AEMVKSSMD
T5 GSRDGVISE

C 120%

% of cell viability

Phages displaying 3000 copies of tubul

nom R
inding peptides on pVIll

0.000

0.24

0.21

0.18
E 015
£
1
S o012
[

0.09

0.06

0.03 .

o
W1 T T2 T3 T4 5

0500
g

0400
S —Paclitaxel
L . —Standard
3 —wr
5
£ om -
g -3
£ om0 o
i

16 11 16 21 26 31 36 41 46 51 56 61time (min)





image10.png
980 nm laser Overlay

© f
A SR A S
)
C





image11.png
Cell viability of SKBR-3

120%

100%

80%

60%

40%

20%

0%

u Ctrl-UCNPs uTIP-UCNPs u CTP/TIP-UCNPs

o *%
*%
*kk *kk
‘ *kk

0.25mg/ml 0.5mg/ml 1.0mg/ml
Concentration of peptide modified UCNPs

2.0mg/ml




image12.png
annefaN SdNON-1110 SdNON-dID SdNON-dIL SdNON-dIL/dID




image13.png




image14.png
Phage library

removal of phage tumor phage
bound tumor homogenization collection

input for the next round of selection

As-selected peptide —| S W
AREYGTRFSLIGGYRJ oS

sequencing «——

i

—_—
treatment

PEG-AuNRs





image15.png
Peptide sequences 3rd Rnd | 4th Rnd | 5th Rnd Sum
(30cln) | (54cln) | (162 cln) | (246 cln)
(PKAFQYGGRAVGGLW | 0 [ 3/5.56 | 7/4.32 | 10/4.07 ]
| PVRYGFSGPRLAELW | 0 [ 0 | 3/185 | 3/122 |
| RNVPPIFKEVYWIAQ | 0 | 0 | 3/185 | 3/122 |
| RTLIRMGTGAHAFAV | 0 | 0 | 3/185 | 3/122 |
| DRYLPINGVSMFGVP | 0 | 0 | 2/1.23 | 2/081 |
|IPVQFSTIDFVAASY | 0 [ 0 | 2/123 | 2/081 |
| PGHSLGKLSVLHSFF | 0 [ 0 | 2/1.23 | 2/081 |
| QADGPNSVVRPFTLT | 0 [ 0 | 2/1.23 | 2/081 |
| RSFAYAAAPTSFPWY | 0 | 0 | 2/1.23 | 2/081 |
| SYVGCPVVGTVGYLRCG | 0 | 0 | 2/1.23 | 2/081 |
 VRMFDYGVPRRAVYGG | 0 | 0 | 2/123 | 2/081 |





image16.png
Peptide 1-Cy5

Control-Cy5

Control

Peptide 1

Peptide 2

Peptide 3
Peptide 4

Peptide 5

KGYGVGLRFPAWQGA
AREYGTRFSLIGGYR
PKAFQYGGRAVGGLW
PVRYGFSGPRLAELW
RNVPPIFKEVYWIAQ
RTLIRMGTGAHAFAY

11450 15100




image17.png
[
|9)

[E—
S

Absorbance /a.u.

400 500 600 700 800 900
Wavelength / nm





image18.jpeg
1000
1000

100
100

10
10

100 1000

10

Hydrodynamic radius (nm)

T T -

= o o o o o o o o
S @ @ 5 -

(=) o
~ - < <
o (%) Asuag o (%) Aisuayug o (%) Kisuag

o o o
@ < =




image19.png
Gold concentration (mg/ml)

Blood Circulation of AuNRs

—o—Target-AuNRs

—o— Control-AuNRs

0.05

0 12 24 36 48
Hours after intravenous injection




image20.tif
Au%o per gram tissue

0.4

&
W

&=
o

&
(Y

In vivo gold distribution

. . - EDay 1
Target vs. Control (% higher in tumor & % lower in liver) m Day 2
100% m Day 3
~1nnll
0% HE N = N mbavs

s

-100%
Dayl Day2 Day3 Day4 Days$s

ETumor 63%
H Liver -56%

61%
-44%

64%
-37%

74% 83%
22%  -34%

Control Target |(Control Target [Control Target |Control Target [Control Target |Control Target
Blood Heart Lung Liver Kidney Tumor

Days after injection




image21.jpg
[
O
= O
s N e

|| Before Treatment
I After Treatment

§=
=
)
=
o |
=
>
—
o
=
—
(i

(T
T I e B R B

[ﬂﬂllﬂllllll (L nnnm‘nmnn
1 4 1

S A TR N T o T Sa dmain I 4

4 r ----------- \I
: \ : I !
\ T, 1 )
-~ 2 ' \ L . F §F ¢ & F F F N F F
- N
, S
; P N
\ S N
27NN b 77N
N\ N\ N
» ( ? \\ \\\ ) /, b Y
4 ’
S \ N 0y
N V'é
\ b N i 4 ’
\ \ ~ 4 V4
\ S 74 /
N S / 7
"N ,l ( /
\\ ’ S /,





image22.png




image23.png
Counts
Day 0 Weight %
2000 C 543
(0] 25.9
Si Si 10.6
0
1 4 KeV
Counts
Day 7 Weight %
4000 C 53.8
(0] 35.0
Si 7.6
Si
0

4 KeV





image24.png
£
=)
(=]
-





image25.png
2.5x103 cells 5x103 cells 1x10% cells 2x104 cells





image26.png
2.5x103 cells

5x103 cells

1x10% cells





image27.png




image28.png
80%

60%

40%

20%

0%

Size distribution among cell spheroids

>200

B With Scaffold Without Scaffold

100-150
longest diameter (pm)

50-100




image29.png




image30.png
Relative AlarmaNIue Produced

Cell viability of in vitro tumors

400%
P< Dyt Day3 Dws Dy7| mps5xq03cells M 5x103cells

350% 2.5%10%cells | 0.001 0.05 0.05 0.05 o

5x10%ells | 005 001 001 001 | m{x104cells = 2x10% cells
300% | 1x10%cells | 0.01 001 0.001 0.01

1

2x10%cells | 0.001 0.01 0.01 0.01

250%
1

200%
150%
100%
50%
0%

With Scaffold No Scaffold With Scaffold No Scaffold With Scaffold No Scaffold With Scaffold No Scaffold

Day 1

Day3 Day 5 Day 7




image31.png
“ RightsLink Printable License - Google Chrome

hitps://s100.copyright.com/A

Print Tnsze FighisLink Prnable

Total: 3 pages 'SPRINGER NATURE LICENSE

TERMS AND CONDITIONS

‘This Agreement between Xuewei Qu ("You") and Springer Nature ("Springer Naturc")
Destination consists of your license details and the terms and conditions provided by Springer Nature
and Copyright Clearance Center.
nse Number 447027118359

Nov 15, 2018

Springer Nature

Nature Nanotechnology

Nanocarriers as an emerging pltform for cancer therapy.

Dan Peer, Jffrey M. Karp, Seungpyo Hong, Omid C. Farokhzad,
Kimona margair et a

Portrait

Thesis/Dissertation
demic/university or research institute
electronic
Defauit figures/tables/ilustrations
i

High-res required
you be transiating?
ptions W Headers and footers Circulation/distribution

Author o this Springer  no
Nature content

Background graphics
Tite Graduate assistant
Institution name University of Okiahoma
Expected presentation date Dec 2018
Order reference number 21
Figure 3

Xuewei Qu
317 Wadsack Dr. Apt.

NORMAN, OK 73072

Biling Type Invoice:

Biling Address xvewei Qu
317 Wadsack Dr. Apt.

NORMAN, OK 73072
United States
Attn: Xuewei Qu

Total 0.00usD

Terms and Condtions

o100 copyrightcom/AppDispatchSarvt

10:51 AM

O Type here to search B S e B





image32.png
“ RightsLink Printable License - Google Chrome

hitps://s100.copyright.com/A

Print

Total: 4 pages

Destination

Portrait

O Type here to search

Tnsze FighisLink Prnable

JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS

‘This Agreement between Xuewei Qu ("You") and John Wiley and Sons (*John Wiley and
Sons") consists of your license details and the terms and conditions provided by John Wiley
and Sons and Copyright Clearance Center.

nse Number 4470310560708
Nov 15, 2018
John Wiey and Sons.
Advanced Materials

Recent Advances in Upconversion Nanoparticies-Based
Multfunctional Nanocomposites for Combined Cancer Therapy

(Gan Tian, Xiao Zhang, Zhanjun G,
oct27, 2015

2

Dissertation/Thesi
University/Acadermic
Electronic
Figure/table

1

Scheme 3
number(s)

you be transiating?  No

Graduate assistant

Dec 2018
1

Xuewei Qu
317 Wadsack Dr. Apt. G

NORMAN, OK 73072
United States
Attn: Xuewei Qu
Publisher Tax 1D Eus26007151
Total 0.00usD
Terms and Condtions

TERMS AND CONDITIONS
‘This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companics (each a"Wiley Company”) or handled on behalf of a society with
ley Company has exclusive publishing rights in relation to a particular work
"WILEY"). By clicking "accept” in connection with completing this licensing.
transaction, you agree that the following terms and conditions apply to this ransaction
(along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that

o100 copyrightcom/AppDispatchSarvt

L

AT

$ 8

1211PM
1nsore





image33.png
“ RightsLink Printable License - Google Chrome

hitps://s100.copyright.com/A

Print

Total: 5 pages

Destination

Portrait

Defaut

105

ptions W Headers and footers

Background graphics

O Type here to search

Tnszie

FighiLink Prnabl Liconse

JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS

Nov 15, 2018

This Agreement between Xuewei Qu ("You") and John Wiley and Sons (*John Wiley and
Sons") consists of your license details and the terms and conditions provided by John Wiley
and Sons and Copyright Clearance Center.

Li
Li
Li
Li

Lig

Li
Li
Li
Li
Li

nse Number
nse date
nsed Content Publisher

nsed Content Publication

nsed Content Title

nsed Content Author
nsed Content Date
nsed Content Volume
nsed Content Issue

nsed Content Pages

Type of u

equestor type

Format

Portion

Number of figures/tables

Original Wiley figure/table
number(s)

Wil you be translating?

Title of your thesis /
dissertation

Expected completion date

Expected size (number of
pages)
equestor Location

Publisher Tax 1D

Total

Terms and Conditions

ntpss

4470310821413
Nov 15, 2018
John Wiley and Sons

Wiley Interdisciplinary Reviews - Nanomedicine and
Nanobiotechnology

Gold nanoparticle-mediated photothermal therapy: appli
opportunities for multimodal cancer treatment

Rachel S. Riley, Emily S. Day
Feb 3, 2017

°

a

16

Dissertation/Thesis
University/Academic
Electronic

Figure/table

1

Figure 1

No
Graduate assistant

Dec 2018
1

Xuewel Qu
317 Wadsack Dr. Apt. G

NORMAN, OK 73072
United States
Attn: Xuewel Qu

EUB26007151
0.00 USD

100 copyrghtcom/AppDispaichServiet

L

AT

$ 8

1215PM
150 B0





image34.png
Recent Advances in Upe- X {22 Gold nanoparticle-medi- X\ g Determining the Size an- X ) ¢ Rightslink® by Copyrigh X

M Invitation to Doctoral e X '\ /f Small Animal Scientist Jo' X (3} FRESRIHE—MONA X ([2) intranet {4 BB intre. X (@ Creative Commons— A X (€ NIRlight controlied relec X '\ ¢ Copyright Clearance Cer X { ¢ Copyright Clearance Cer X

<« C ) | @ Secure | https://s100.copyright.com/AppDispatchServiet
Apps [] Work [1 Life [] Technique Fi] Google Scholar £ Home-PubMed-N( £ Drugdelivery sppro: &3 Effective use of nanc ) Targeted CancerThe: 117 Clustal Omega < Mo
Copyright . . e
2 RightsLink £ G
g S Rightslin
’ ACSPublications Title: Determining the Size and Shape  Logged in as¢
o Tt ot Ch. ot s Dependence of Gold @
Nanoparticle Uptake into Account

Mammalian Cells 2001386532

Chithrani, Arezou A.

Ghazani, Warren C. W. Chan
Publication: Nano Letters
Publisher:  American Chemical Society
Date: Apr 1, 2008
Copyright © 2006, American Chemical Society.

Author:

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

“This type of permissiony/license, instead of the standard Terms & Conditions, is sent to you because no
fee is being charged for your order. Please note the followi

= Permission is granted for your request in both print and electronic formats, and
translations.

= If figures and/or tables were requested, they may be adapted or used in part.

= Please print this page for your records and send a copy of i to your publisher/graduate
school.

= Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright
(YEAR) American Chemical Society.” Insert appropriate information in place of the
capitalized words.

= One-time permission is granted only for the use specified in your request. No additional
uses are granted (such as derivative works or other editions). For any other uses, please
submit a new request.

If ereditis given to another source for the material you requested, permission must be obtained
from that source.

[ oo cuosewmoon |

right Clssrance Canter_Inc, Al Rights Reservad. privacy statement, Terms and Conditions.

Copyright © 2018 Coy
o hear from yau. E-mail us st customercars Beoz, iant com

Commants? e viould

B racing A B Fapg ~ Showall | X

12:19PM

H O Type here to search I




image1.jpeg
Imuno toxincrug Carbon nanonoe

usion poten

Poymsr-conugale

aon b
v

Narcshells

Ugandhound
anccarier

Dy
confogton

Dy
entapment

Wiceles

Peymerc carters

Lposome

Blodegradable potmer
Cremaerspeutc

Sutace ntionalty
Spacer gounl
long chculatng agent

Tergeting molecule
{oamersanboses a4 e ognents)

~0&d:0000

norga: parice
Netallcshol
Amphgatic molesle
% antiner
K
5 Caton nanotube





