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ABSTRACT 

 
 
The vast majority of nanomaterials are chemically synthesized, a costly process, 

that is environmentally risky, and the produced nanoparticles are potentially toxic 

to patients. Nature-based nanomaterials, however, are proving to be much more 

biocompatible with lower environmental toxicity. Even though a variety of natural 

nanomaterials have been designed, fabrication technologies for the desired 

natural nanoparticles with reproducible quality, high productivity and low cost 

remain a challenge. My objective has been to establish strategies for the isolation, 

purification and characterization of nanoparticles using a production system 

based on green tea and fungus (Arthrobotrys oligospora) and also to develop 

new approaches for sustainable ―green manufacture‖ of gold nanoparticles for 

biomedical applications. First, an infusion-dialysis procedure to isolate of the tea 

nanoparticles (TNPs) from a green tea infusion was developed and validated. 

The TNPs are spherical with a diameter of 100-300 nm, and have a zeta 

potential of -26.52 mV at pH 7.0. The TNPs enhance secretion of the cytokines 

and the chemokines from mouse macrophages, suggesting a potential 

immunostimulatory effect. As a natural nanocarrier, the TNPs are able to form 

complexes with doxorubicin (DOX). The DOX-loaded TNPs increase cellular 

DOX uptake, leading to higher cytotoxicity in cancer cells. Second, a new 

isolation procedure was established to purify the fungal nanoparticles (FNPs) 

from A. oligospora, giving two purified FNP fractions. Both purified FNPs had a 

reduced diameter of 100-200 nm, with glycosaminoglycan as the main 
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constituent. The purified FNPs cause mild cytotoxicity by inducing apoptosis and 

regulating the cell cycle in multiple tumor cell lines and have an 

immunostimulatory effect. Additionally, the FNPs have an 

immunochemotherapeutic effect upon complexing with DOX against tumor cells. 

Third, a sustainable system for green manufacturing of gold nanoparticles was 

developed by using actively growing English ivy. The efficient uptake of the 

synthesized gold nanoparticles in mammalian cells provides the potential for 

biomedical applications. Finally, a simple one-step approach using dopamine, a 

monoamine neurotransmitter appearing naturally in the human brain, to 

synthesize highly branched gold nanoflowers (AuNFs) was developed. These 

AuNFs are highly biocompatible and provide high surface enhanced Roman 

scattering (SERS) performance.  
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CHAPTER I  
INTRODUCTION  

 
 
Personalized medication and treatment are the optimal goals for disease 

treatment. This is particularly true for cancer therapy, due to the heterogeneity of 

cancer and its diverse causes. Individualized treatment could be achieved by 

developing an effective theranostic, defined as material that combines the 

modalities of the therapeutic medication and diagnostic imaging capability. [1]  

One huge advantage of theranostic is the avoidance of an adverse reaction 

between the diagnostics and the selectivity of the drug utilized in the treatment. 

Nanomaterials, which combine the imaging agents and the therapeutic drugs into 

molecules have the potential to be developed as the next generation of 

theranostics.  

 

The next generation drug delivery system: Nanoparticles 

Conventional therapeutic agents are distributed nonspecifically in the body where 

they affect both cancerous and normal cells. Thus the limiting dosage may not be 

optimal for treatment due to the excessive toxicities.  Nanoparticles, loaded with 

therapeutic drugs and modified for the tissue, cell and organelle targeting motifs, 

are able to target cancer cells using the unique pathophysiology of tumors, 

including cancerous cellular markers, organelle localization signals, and the 

enhanced permeability and retention effect of the tumor microenvironment. 

Additionally, nanoparticle carriers are able to improve the delivery of poorly 
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water-soluble drugs and enhance the circulation time of the drug in vivo to further 

reduce the dosage needed for treatment.  

 

Targeting: necessity or luxury? 

Current clinically approved nano-products are relative simple and lack of 

targeting motif. In fact, nearly 30 years after the first targeted l targeted 

liposomes is constructed. [2] Unfortunately, thus far this technology had a limited 

impact on human health. The reasons are complex and comprehensive. 

Targeted delivery of a therapeutic drug is a complicated procedure, involving the 

stability of the delivery particles, the mode of action of the drug and the efficiency 

of the site-specific delivery. In some cases, it is believed that targeting can cause 

anchoring of the delivery systems, reducing the efficiency of diffusion and tissue 

penetration. [3] However, dramatic molecular biology advances over the last 30 

years have expanded our understanding of the mechanisms involved, providing 

the means to develop new approaches to the design of drug delivery systems. 

The identification of specific molecular markers in different types of cancer cells 

provides new therapeutic targets, making it increasingly feasible to engineer a 

muti-functional and specific drug delivery system for therapeutic applications. 

This system is already being actively employed. Recently the phase I trial has 

been completed for CALAA-01[4], a transferrin-targeted particle delivering siRNA 

to reduce the expression of the M2 subunit of the ribonucleotide reductase (R2) 

for solid tumor therapy. 
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Polymer-based Nanoparticles as drug delivery systems 

Several types of nanoparticles can be utilized in the design of a delivery system, 

including polymer-based drug carriers, polymeric nanoparticles, polymeric 

micelles, dendrimers, liposomes, viral nanoparticles, carbon nanotubes. Polymer-

based nanoparticles are derived from polymers such as albumin, chitosan, and 

heparin. They can be naturally used as material to deliver oligonucleotides, DNA, 

proteins and therapeutic drugs, including paclitaxel and doxorubicin. Doxorubicin, 

an anticancer drug, inhibits DNA topoisomerase II, an enzyme that is in both 

mitochondria and nucleus. DOX has been used in several studies as a 

therapeutic drug delivered into cancer cells. DOX has been successfully 

encapsulated into human serum albumin nanoparticles to treat anoikis-resistant 

breast cancer cells. The DOX-conjugated nanoparticles have proven to be 

significantly more cytotoxic to the breast cancer cells than free DOX. The 

conjugated nanoparticles have been delivered into the cells much more efficiently 

than the free DOX by avoiding the drug efflux pump system. [5] DOX has also 

been delivered by folate-conjugated P(NIPAAm- co -DMAAm- co -UA)- g -

cholesterol nanoparticles, which target the folate receptor of the cancerous cells 

enabling a more rapid entry into the nucleus. Based on this model, this study 

defines a mechanism for faster nuclear entry using folate as a cell specific 

targeting factor and undecenoic acid as a PH sensitive component which 

mediates a more efficient drug release and nucleus entry. [6] 
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The production of gold nanoparticles for biomedical applications 

Gold nanoparticles are of great interest in fields as diverse as electronics, 

coatings, photonics, surface-enhanced Raman scattering (SERS) and 

biotechnology. This is due to their unique properties, including size- and shape- 

based optical and electronic characteristics, their high surface area to volume 

ratio and their ability to be easily modified with ligands containing functional 

groups such as thiols and amines. [7] Additionally, gold nanoparticles are able to 

traverse through the vasculature, be localized in targeted areas, and can be 

attached to single strands of DNA nondestructively. [8] The use of gold 

nanoparticles to date suggests that they may be potentially useful in many 

biomedical applications. Considering their broad potential, the production of gold 

nanoparticles on a large-scale and in a controlled manner depending on the size, 

shape and crystallization has drawn significant attention in recent years. 

 

It is well known that the production of nanoparticles can be achieved by various 

methods. Although several chemical and physical strategies have been utilized to 

successfully produce pure and well-defined gold nanoparticles, these methods 

are toxic, expensive and/or potentially dangerous to the environment. A 

biologically synthesis of gold nanoparticles could be easily prove to be superior 

to the chemical and physical processes, due to the low cost, high efficacy, 

suitability for large-scale synthesis and low environmental impact. [9, 10] A 

variety of plants, fungus, and bacteria have been successfully used for rapid 

biological synthesis for gold nanoparticles. Plant extracts, such as lemongrass 
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(Cymbopogon flexuosus) [11], Aloe vera [12], geranium (Pelargonium graveolens) 

[13], tamarind (Tamarindus indica) [14], and English ivy [15] have been shown to 

have the ability to reduce Au(III) ions to Au(0). Microorganisms like bacteria, 

yeast and a number of species of fungus have also been employed, such as 

Fusarium oxysporum [16], Colletotrichum sp.[13], Rhodopseudomonas capsulate 

[17], and Trichothecium sp. [18]. The use of different plants and systems 

resulting in gold nanoparticlces with various shapes and sizes has led to the 

discovery of the role of reductases and reducing agents involved in the synthesis. 

Nitrate reductase from a fungus (Fusarium oxysporum) has been demonstrated 

to utilize NADPH as a reducing agent. [9] A variety of proteins, polyphenols and 

carbohydrates are involved in the synthesis of gold nanoparticles with different 

sizes and shapes. [9] These constituents present in plants and microorganisms 

may be useful in the synthesis of individualized nanoparticles. The involvement 

of these constituents in the mechanism of the synthesis needs further 

experimental examination. [9] 

 

Thesis Objectives 

A great deal of research has led to the development of chemically synthesized 

nanomaterials; however, a variety of natural nanomaterials, including viruses [19], 

lipoproteins[20],  diatoms nano-biosilica [21], ivy nanoparticles [22, 23], and 

fungal nanoparticles (A. Oligospora) [24], have recently drawn widespread 

attention. They have the advantages of being biocompatible, have low 
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environmental toxicity associated with production, and have promising medical 

applications. [22, 25, 26]  

 

Tea, one of the most popular beverages in the world, has numerous therapeutic 

effects. It has been implicated as a players in lowering blood pressure [27], 

decreasing blood coagulation [28], treating HIV [29], repairing oxidative 

damage[30, 31],  and cancer prevention and treatment. [32-35] Several studies 

have shown that the most active anticancer compounds in tea are polyphenols, 

such as (-)-epigallocatechin gallate (EGCG), (-)-epigallocatechin (EGC), and (+)-

gallocatechin (GC). [36-38] These polyphenols exhibit anticancer effects by 

affecting various genes involved in the regulation of the cell cycle, apoptosis, 

invasion, metastasis, and angiogenesis. [39, 40] In addition to the polyphenols, 

natural polysaccharides from tea have also drawn researchers’ attention due to 

their antitumor, immunostimulatory and antioxidant properties. [28, 41, 42] 

Interestingly, some naturally occurring nanoparticles with diameters of 200-300 

nm in black tea were reported by Groning et al in 1995; [43] however, not enough 

nanoparticles were isolated from black tea for further component analysis and 

specific biomedical characterization. This thesis elucidates a novel efficient 

method for purifying the tea nanoparticles to utilize their potential therapeutic 

properties for cancer therapy.  

 

Organic nanoparticles have shown promise in cancer treatment, due to their 

biocompatibility, biodegradation and multifunctional capacities. [44] Most reports 



 

 7 

on natural organic nanoparticles are focusing on development in higher 

organisms, especially marine species and plants. Considering the rich biological 

diversity of the earth, natural organic nanoparticles may be produced in different 

forms and with different functions from unique origin. Investigation of 

nanoparticles in natural systems will not only help us to understand the roles of 

the nanoparticles in biological systems, but also provide us opportunities to 

develop these nanoparticles for specific biomedical applications. The discovery 

of new natural nanoparticles from A. Oligospora and the exploration of ―scalable 

green manufacturing‖ nanoparticles for cancer therapy is a step in this process. 

 

Gold nanoparticles have been utilized for many purposes. They have been 

proved to be especially effective for Surface Enhanced Raman Spectroscopy 

(SERS) [45], cancer diagnostics [46] and thermal therapy [47]. Several chemical 

and physical processes have been design in attempts to synthesize different 

sizes and shapes of gold nanoparticles. In order to reduce the use of toxic 

chemicals used in typical AuNP synthesis, active investigation for alternative 

synthesis methods are being employed using biological materials (proteins, 

polysaccharides, polyphenol, etc.) for green-synthesis of gold nanoparticles. 

While the use of plant extracts to synthesize AuNPs has been proposed, it has 

some serious drawbacks. Harvesting AuNPs from plant tissue introduces 

additional complexions due to the limited amount of AuNPs relative to the large 

plant biomass [48, 49], resulting in increased costs, and production delays. This 
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work offers a rapid and sustainable English ivy-based production system 

developed to synthesize gold nanoparticles for biomedical applications.  

 

Gold nanoflowers are specialized gold nanoparticles with multiple highly 

branched tips, which give the overall appearance of a flower. The 

nanomorphology of the highly tipped and branched often leads to the formation 

of sharp peaks and valleys, which are potential ―hot spots‖ for localized near-field 

enhancements. [45, 50, 51] The highly branched nanostructures can dramatically 

increase the ratio of total surface to volume. These factors lead to the 

enhancement of the Raman scattering on the highly branched gold 

nanostructures. [52, 53] Compared to smooth surfaces, highly branched surfaces 

(such as dendrites, multi-pods, and nanoflowers) have a greater potential for 

SERS based bioimaging and biosensing. While their potential usefulness has 

stimulated further research, the controllable synthesis of these unique 

nanostructures at a low cost remains a challenge. This thesis proposes a novel, 

one-step synthesis method to produce gold nanoflowers, using dopamine to 

insure a high SERS performance. 
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CHAPTER II  
TEA NANOPARTICLES FOR IMMUNOSTIMULATION AND 

CHEMO-DRUG DELIVERY IN CANCER TREATMENT 
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Introduction 

 
Much research has contributed to the development of chemically synthesized 

nanomaterials; however, a variety of natural nanomaterials, such as viruses [19], 

lipoproteins [20], diatoms nano-biosilica [21], ivy nanoparticles [22, 23], and 

fungal nanoparticles (A. Oligospora) [24], have recently drawn researchers’ 

attention due to their promising biocompatibility, less environmental toxicity 

associated with their production, and their features desired in medicine. [22, 25, 

26] 

Tea is one of the most popular beverages in the world and has been linked to 

numerous therapeutic effects, including lowering blood pressure [27], decreasing 

blood coagulation [28], treating HIV [29], repairing oxidative damage[30, 31],  and 

cancer prevention and treatment[32-35]. Several studies have shown that the 

most active anticancer compounds in tea are polyphenols, such as (-)-

epigallocatechin gallate (EGCG), (-)-epigallocatechin (EGC), and (+)-

gallocatechin (GC) [36-38]. These polyphenols exhibit anticancer effects by 

affecting various genes involved in the regulation of the cell cycle, apoptosis, 

invasion, metastasis, and angiogenesis. [39, 40] In addition to the polyphenols, 

natural polysaccharides from tea have also drawn researchers’ attention due to 

their antitumor, immunostimulatory and antioxidant properties. [28, 41, 42] 

Interestingly, some natural nanoparticles with diameters of 200-300 nm in black 

tea were reported by Groning et al in 1995 [43]; however, they didn’t isolate 

enough nanopartiles from black tea for further component analysis and specific 

biomedical applications. Considering the success of other natural-based 
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nanoparticles for cancer chemotherapy and immunotherapy [24], we 

hypothesized that tea is an ideal source of highly biocompatible nanomaterials 

for different biomedical applications, especially for cancer therapy. Due to the 

traditional role of tea as a cancer preventing beverage and good biocompatibility, 

we believe that the development of nanoparticles from tea as a biomaterial may 

open a new avenue for cancer therapy.  

The goal of this study was to develop a fabrication method for isolation of natural 

nanoparticles from tea, and to explore their potential applications as a 

immunostimulatory agent and a nanocarrier for chemo-drug delivery in cancer 

therapy in vitro. For this purpose, an infusion-dialysis based procedure was 

developed to isolate spherical nanoparticles with diameters of 100-300 nm from 

green tea infusions (Figure 1). These TNPs were characterized by (atomic force 

microscopy) AFM, (scanning electron microscopy) SEM and (dynamic light 

scattering) DLS/ (electrophoretic light scattering) ELS. We have also conducted 

studies to quantitatively measure the concentration of protein, polysaccharide 

and other small molecules in the TNPs. The potential for the TNPs to be used as 

an immunostimulatory agent, and a natural drug nanocarrier for chemo-drug 

delivery to sensitive and resistant tumor cells was further evaluated through this 

study.  
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Figure 1 Schematic of the infusion-dialysis based procedure for isolating the TNPs from 
green tea leaves for drug delivery.  

(A) Green tea infusion was prepared by hot DI water. (B) The syringe filter was used to remove 

big debris. (C) The dialysis tubing (MWCO=300KD) was used to remove small molecules in 

green tea infusion. (D) Isolation of the TNPs was determined by SEC-HPLC. (E) Sephadex G75 

column was used to separate the DOX-loaded TNPs and free DOX. (F) Isolated DOX-loaded 

TNPs were used for drug delivery. 
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Materials and Methods 

Materials 

 

Laoshan® green tea was purchased from China. (-) Epigallocatechin gallate 

(EGCG), caffeine, theobromine, 1,9-dimethyl-methylene blue (DMMB), 

chondroitin sulfate (CS), doxorubicin hydrochloride (DOX), HEPES, Sephadex 

G75 and phosphate buffered saline (PBS) were purchased from Sigma-Aldrich 

(St. Louis, MO). LysoTracker Green DND-26 and Hoechst 33342 were obtained 

from Invitrogen Life Technologies (Grand Island, NY). Fetal bovine serum, 

DMEM medium and RPMI 1640 medium were purchased from Mediatech 

(Manassas, VA). Penicillin (10000 units/ml)-streptomycin (10000 µg/ml) solution 

was obtained from MP biomedicals (Solon, OH). RAW 264.7 murine 

macrophages (TIB-71) and human non-small-cell lung cancer A549 cells (CCL-

185) were obtained from the American Type Culture Collection (Manassas, VA). 

The human breast tumor cell line MCF-7 and its resistant cell line MCF-7/ADR 

were obtained from the Frederick National Laboratory for Cancer Research 

(Frederick, MD). 

Preparation of Tea Nanoparticles (TNPs)   

 

Green tea infusions were made by steeping 15 g of dried green tea leaves in 200 

ml of boiling deionized water (DI water) for 20 minutes. The resulting hot tea 

infusion was then centrifuged at 5000 rpm for 10 min, and the supernatant was 

filtered through a 1 µm filter (Whatman Inc., Florham Park, NJ). The filtered 
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solution was then sonicated in a water-bath sonicater (model 750D, VWR) at 

room temperature for 30 min. The free small molecules, such as alkaloids, and 

polyphenols, were removed by dialysis using 300KD MWCO tubing against DI 

water for 3 days at room temperature. Size-exclusion high-performance liquid 

chromatography (SEC-HPLC) was used to further isolate the nanoparticles after 

dialysis. 250 µl of the dialyzed solution was loaded onto a SEC-HPLC column 

(Phenomenex® BIOSEP-SEC-S4000), and eluted with distilled water at 

1.0 ml/min of flow rate. The UV absorption at 280 nm was measured, and all 

fractions were collected.  

 

Determination of Chemical Components of TNPs  

 

The total amounts of polysaccharides were measured using the anthrone-sulfuric 

acid assay [54]. Briefly, the anthrone reagent was prepared freshly before 

analysis by dissolving 0.02 g of anthrone (0.2%) in 10 ml of concentrated sulfuric 

acid (98%). A standard glucose solution was prepared in PBS and serially diluted 

to 0, 15.625, 31.25, 62.5, 125, and 250 µg/ml. 0.2 ml of the glucose standards or 

tea nanoparticle solution (1mg/ml) was added to 0.5 ml of the freshly prepared 

0.2% anthrone-sulfuric acid. The mixture was stirred immediately and incubated 

in boiling water for 15 min. All samples were then put on ice for 5 min to stop the 

reaction. After keeping 10 min at room temperature, samples were placed in a 

96-well plate, and read at 620 nm in a microplate reader (Bio-Tek µQuant). The 

amount of proteins in the TNPs was determined using a bicinchoninic acid (BCA) 
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protein assay kit (Pierce) following the manufacturer’s instructions. Small 

molecules present in the TNPs, i.e. EGCG, caffeine and theobromine, were 

determined by the RP-HPLC method as reported previously.[55] Briefly, HPLC 

analysis was conducted on a Agilent 1200 series HPLC system equipped with 

DAD detector. The DAD acquisition wavelength was set from 200 to 400 nm, with 

output channel A at wavelength 280 nm and output channel B at 360 nm. 1 mg of 

the freeze-dried TNP sample was dissolved in 70% methanol solution, then 

incubated at room temperature for three hours and filtered through 0.22 µm filters 

(Carrigtwohill, Co. Cork, Ireland). 10µl of the filtered samples were then analyzed 

on an Eclipse XDB-C18 (4.6 mm ×150 mm, 5 µm) column. Gradient elution was 

performed by varying the proportion of solvent A (water-acetic acid, 97:3 v/v) to 

solvent B (methanol), with the flow rate of 1 ml/min. The mobile phase 

composition started at 100% solvent A for 1 min, followed by a linear increase of 

solvent B to 63% in 27 min, and then go back to the initial conditions in 2 min for 

the next run.  

Characterization of TNPs 

 

10µl of the TNP solution was air-dried on a silicon substrate or glass cover slip 

for SEM and AFM analysis to characterize the particle size and morphology of 

the TNPs. The SEM analysis was performed using a high resolution FE-SEM 

system (LEO 1525, Germany). AFM analysis (MFP-3D, Asylum Research, Santa 

Barbara, CA) was operated based on the software Igor Pro from Wavemetrics in 

AC mode, and an ACTA Probe from AppNano (Santa Clara, CA) at room 
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temperature. The samples were further analyzed by dynamic light scattering 

(DLS) and electrophoretic light scattering (ELS), using a Zetasizer Nano (Malvern 

Instruments Ltd, Worcestershine, UK), to determine the size distribution and zeta 

potential of the TNPs in solution. 

 

In Vitro Immunostimulatory Activity 

 

The mouse macrophage cell line, RAW 264.7, was incubated for 24 h in DMEM 

culture medium supplemented with 10% FBS and 1% penicillin-streptomycin at 

37°C in 5% CO2. The cells were then plated in 12-well plates at a density of 

5×106 cells/ml and cultured for 24 h. The TNP samples at the concentration of 

50µg/ml were added in each well. After incubation for 24 h, the supernatants 

were collected for ELISArray analysis. Mouse common cytokines and 

chemokines multi-analyte ELISArray kits (SABiosciences Corporation, Frederick, 

MD) were used to determine various cytokines (IL-1A, IL-1B, IL-2, IL-4, IL-6, IL-

10, IL-12, IL-17A, IFNγ, TNFα, G-CSF, and GM-CSF) and chemokines (RANTES, 

MCP-1, MIP-1a, MIP-1b, SDF-1, IP-10, MIG, Eotaxin, TARC, MDC, KC, and 

6Ckine) in the supernatants following the manufacturer’s instructions. 

Preparation and Characterization of Doxorubicin (DOX)-loaded TNPs 

 

The DOX-loaded TNPs were prepared by mixing DOX (0.3 mM) with the TNPs 

(1mg/ml) in HEPES buffer (20mM, pH=7.0) at room temperature for 3 hours. The 

DOX loaded into the TNPs were isolated from the free DOX in the solution by a 
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Sephadex G75 column method as previously reported.[56] The concentration of 

DOX loaded into the TNPs was determined by the DOX characteristic peak at 

480 nm. The absorbance was measured by a microplate reader (Bio-Tek 

µQuant). In order to evaluate the effect of pH on drug loading to the TNPs,  the 

DOX-loaded TNPs were prepared under different pH conditions (20mM HEPES 

buffer, pH=7.0, 5.5 and 3.5). After incubation at room temperature for 3 hours, 

samples were applied to the Sephadex G75 column, and eluted with 20 mM 

HEPES buffer under the corresponding pH values. Elution profiles of the DOX-

loaded TNPs (λ=480 nm) were plotted versus elution volumes. In order to 

characterize the hydrophobic interactions between DOX and the TNPs, the 

ultraviolet and visible (UV-Vis) spectra of the blank TNP solution, the DOX-

loaded TNP solution, and free DOX solution (with the same DOX concentration) 

were measured using a Thermo Scientific Evolution 600 UV-Visible 

spectrophotometer. Fluorescence spectra of the DOX-loaded TNPs and free 

DOX were then measured by using a spectrofluorimetry (LS-50B, Perkin Elmer) 

at the wavelength of 480nm (excitation). Fourier-transform infrared spectroscopy 

(FTIR) was finally performed to determine the possible binding effect of DOX and 

the TNPs. The DOX-loaded TNPs, and the blank TNPs were freeze-dried prior to 

FTIR analysis. Dry powders were mixed with potassium bromide, and 

transmission spectra were acquired with a Bruker Vertex 70 FT-IR spectrometer 

(Bruker Optics Inc, Billerica MA), equipped with a deuterated triglycine sulfate 

detector and controlled by the OPUS 6.5 software package. 
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In Vitro Release of DOX from TNPs 

 

In vitro release of DOX from the TNPs under acidic and neutral conditions 

(pH=5.0, 6.0 and 7.5) was evaluated. The release study was conducted in 

phosphate buffered saline (PBS, pH=7.5 and 6.0) and 0.1 M acetate buffer 

(pH=5.0) at room temperature with moderate shaking. Briefly, 1 ml of the DOX-

loaded TNPs or free DOX solution (with the same concentration of DOX= 0.1mM) 

was added to a dialysis membrane tube (MWCO= 12KD) and immersed in a 

glass container containing 30 ml of release buffers. 0.5 ml of the released 

solution was collected at different time intervals and replenished immediately with 

the same volume of the corresponding fresh medium. DOX release profiles were 

determined by a Synergy HT multi-detection microplate reader (Bio-Tek 

Instruments Inc., Winooski, VT) at 480 nm excitation and 590 nm emission.  

 Cellular Uptake and Confocal Microscopic Study of DOX-loaded TNPs 

 
The quantification of intracellular DOX uptake in cancer cells was evaluated by 

flow cytometry. In general, A549, MCF-7 and MCF-7/ADR cells were cultured in 

6-well plates at densities of 1×106 cells/ml, and incubated at 37°C in 5% CO2. 

The DOX-loaded TNPs  or free DOX solution at 10µM of DOX concentration 

were added into the wells and incubated at 37°C for 1h, 2h, and 3h, respectively. 

The media were aspirated and cells were rinsed with PBS for three times. Flow 

cytometry analysis was carried out on an Epics XL Analyzer (Beckman Coulter 

Inc., Brea, CA) by collecting 20000 events for each sample and measuring the 

cell associated fluorescence. Confocal laser scanning microscopy (CLSM) was 
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used to investigate intracellular DOX distribution in the above three cell lines 

treated with the DOX-loaded TNPs, and free DOX was used as a control. Briefly, 

the cells were seeded on cover slips with a density of 106 cells/ml in a 6-well 

plate and cultured at 37°C in 5% CO2 for 24 h. The cells were then treated with 

the DOX-loaded TNPs at 10 µM of DOX concentration for 1 h and 3h. To observe 

the intracellular distribution, endolysosome and nuclear markers, LysoTracker® 

green (100 nm) and Hoechst 33342 (4µM) were incubated with the cells for 30 

min prior to the confocal visualization. The cover slip was washed with PBS three 

times and then set on a microscope slide and examined by CLSM. 

In Vitro Cytotoxicity 

 
The cytotoxicity of the DOX-loaded TNPs against A549, MCF-7 and MCF-7/ADR 

was evaluated by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium 

bromide) assay.[57] Briefly, 5000 cells were plated in 96-well plates in 100 µl 

DMEM (for A549 cells) or RPMI 1640 (for MCF-7 and MCF-7/ADR cells) and 

supplemented with 10% fetal bovine serum (FBS) and 1.0 % penicillin-

streptomycin per well and incubated at 37 °C in 5% CO2 for 24 h to allow the 

cells to attach. The cells were then treated with different concentrations of the 

DOX-loaded TNPs for 48 h. Free DOX and the blank TNPs were used as 

controls. After the 48 h treatment, 10 μl of MTT solution (5 mg/ml in PBS; pH 7.4) 

was then added to each well and the plates were incubated for another 4 h. The 

cell culture media were removed and replaced with 100 µl DMSO. The 

absorbance was measured by a microplate reader (Bio-Tek µQuant) at 570 nm, 
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and the average IC50 (the dose having 50% cell inhibition) value was determined 

by cell survival plots using the ―DoseResp‖ function in OriginPro 8.0.  

Statistical Analysis 

 
Values were presented as mean ± standard deviation (S.D.) of at least three 

independent measurements. Statistical significance was tested by one-way 

ANOVA followed by a Student's t test for multiple comparison tests. A p value of 

<0.05 was considered statistically significant. 
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Results and Discussion 

Spherical nanoparticles isolated from tea infusion  

 
An infusion-dialysis based procedure was developed to isolate nanoparticles 

from tea infusion (Figure 1A-B). To remove the large debris, the tea infusion was 

centrifuged at 5000 rpm for 10 min. The supernatant was then filtered through a 

1µm filter, and dialyzed to remove any compounds with MW of less than 300KD. 

To further validate the infusion-dialysis based procedure, size exclusion 

chromatography-high performance liquid chromatography (SEC-HPLC) analysis 

was utilized for separating the tea infusions before and after the dialysis. As 

shown in Figure 1, there were multiple UV peaks at 280 nm that occurred at 

different elution times before the dialysis (Figure 1B), while only one well-defined 

peak was detected at 0-10 min after the dialysis (Figure 1D). The single peak in 

the SEC-HPLC profile indicated that the dialyzed sample was more homogenous 

and likely contained a narrow range of nanoparticles.[58] To determine if the 

nanoparticles could be found in the fraction collected from this peak, the sample 

was scanned using AFM and SEM. As hypothesized, AFM images (Figure 2A-B) 

showed clearly that abundant spherical nanoparticles with diameters in the range 

of 100-300 nm were observed. Similarly, SEM analysis revealed the presence of 

abundant spherical nanoparticles in the range of 50-200 nm in diameter (Figure 

2C). To determine the size distribution of the TNPs in solution, DLS was 

conducted on the TNP containing fraction. Results in Figure 3 and Table 1, the 

tea nanoparticles showed a relatively broad distribution of size with a mean 

hydrodynamic diameter of 318.3 nm. 
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Figure 2 AFM (A-B) and SEM (C) images of the TNPs obtained from the green tea infusion. 
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Figure 3 The size distribution of the TNPs at pH= 7.0 (A), and the DOX-loaded TNPs at pH= 

7.0 (B), pH= 5.5 (C), and pH= 3.5 (D) in suspension measured by DLS. 
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Table 1 Characteristics of the TNPs and the DOX-loaded TNPs. 

Samples Diameter  
[nm] 

PDI Zeta 
potential 
[mV] 

Protein  
[µg/mg] 

Polysaccharide  
[µg/mg] 

TNPs 

(pH=7.0) 
318.3 0.324 -26.52±2.21 453.36±7.71 189.12±9.03 

DOX-loaded 

TNPs 

(pH=7.0) 

287.0 0.305 -6.34±1.49 -- -- 

DOX-loaded 
TNPs 
(pH=5.5) 

301.6 0.292 -8.30±1.35 -- -- 

DOX-loaded 
TNPs 
(pH=3.5) 

271.9 0.275 -9.15±0.33 -- -- 
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Further, the surface charge potential of the TNPs was analyzed using ELS. The 

TNPs were found to be -26.52±2.21 mV at pH 7.0. The results from this analysis 

clearly demonstrated that the method developed for isolating nanoparticles from 

green tea infusion was effective, leading to a stable population of the TNPs. At 

present, it is not well understood how the nanoparticles are formed in tea, and 

what roles they play in the growth and development processes of green tea. 

However, several studies have reported the observation and tentative 

components of the nanoparticles in black tea.[43, 59] In 1995, a study reported 

nanoparticles in aqueous black tea extracts formed on cooling.[43] The black tea 

nanoparticles showed particle size of about 200-300 nm, similar to the 

nanoparticles isolated from green tea in this study. A study in 1963 [59] proposed 

that the main components in black tea nanoparticles were caffeine, theaflavins 

and the thearubingins; however, there was no direct evidence to validate these 

tentative components in their paper.[43]  Due to the use of the infusion-dialysis 

based procedure for the TNP isolation in our study, small molecules not 

complexed with the TNPs were removed, thus several bioactive phytochemicals 

in green tea were not expected to be contained in the TNP fraction. In order to 

validate this assumption, we have analyzed the concentrations of three common 

phytochemicals from green tea, including (-)-epigallocatechin gallate (EGCG), 

caffeine and theobromine, using the reversed phase HPLC (RP-HPLC) method. 

To effectively solubilize these small molecules from the TNPs, a single extraction 

with methanol was used[60]. As shown in Figure 4A-C, the UV 280nm  
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Figure 20 Apoptosis (A-B) and cell cycle arrest (C-D) in human non-small-cell lung cancer 

A549 cells (A and C) and mouse melanoma B16BL6 cells (B and D) induced by the FNPs.  

The cells were treated with the FNPs at the GAG concentration of 10µg/ml for 48 h (apoptosis 

assay) or 24h (cell cycle analysis). For apoptosis assay, the fragmented DNA was stained with 

TUNEL method (M&M Section 2.6) and then measured by flow cytometry. For cell cycle analysis, 

the cells were stained with PI, and then measured with flow cytometry. 

  

(C) 

(D) 

(A) 

(B) 
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The physical characteristics, in vitro cytotoxicity and immunochemotherapeutic 

effect of the complexes were further evaluated. As shown in Figure 21A, DOX 

could be efficiently bound to both fungal nanoparticle fractions, FNP1 and FNP2, 

when mixing DOX and the FNPs in 20mM HEPES buffer at pH 7.0. Due to 

negative surface charges for both FNP1 and FNP2 (Table 4), DOX, carrying 

positive charges from deprotonation of the amino group at pH7.0 in HEPES 

buffer [147], could be bound to FNPs via electrostatic interactions. The binding 

between DOX and FNPs was so highly efficient that leads to formation of 

precipitates overnight after centrifugation at 10,000 rpm for 10min (Figure 21A). 

The collected precipitates were then dispersed in PBS buffer (pH 7.0) and nano-

sized DOX-FNP complexes were formed. As shown in Table 2, for both 

complexes, DOX-FNP1 and DOX-FNP2, the hydrodynamic diameters, measured 

by DLS analysis, were less than 200nm, which was slightly increased compared 

to the blank FNPs (Table 4). The morphology of the dispersed DOX-FNP 

complexes in the PBS buffer was also imaged with AFM, and both DOX-FNP 

complexes were spheroidal nanoparticles with diameters of less than 200 nm 

(Figure 21 C-D), similar to the blank FNPs (Figure 16). In addition, from Table 5, 

there were significant decreases in zeta potentials for the DOX-FNP complexes 

as compared to both blank FNPs, indicating a direct association of DOX with the 

FNPs via electrostatic interactions [148]. More importantly, the entrapment ratio 

of DOX in the FNPs was as high as ~72%-77%, and the precipitated DOX-FNP 

complexes with such a high drug loading were demonstrated to be stable after 

the nano-sized DOX-FNP complexes were formed in the PBS buffer.  
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Figure 21 Characterization of the DOX-FNP complexes and pH-responsive release of DOX 

from the complexes. 

(A) The DOX-FNP complexes were precipitated in 20mM HEPES buffer (pH7.0) after 

centrifugation at 10,000 rpm for 10min; (B) Purification of the precipitated DOX-FNPs complexes 

from free DOX using SEC column after being well dispersed in PBS buffer (pH7.4); (C) AFM 

images of the DOX-FNP1 complexes; (D) AFM images of the DOX-FNP2 complexes; (E) pH-

responsive release of DOX from the complexes. 
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(B) 
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Table 5 Physical characteristics and cytotoxicity of the DOX-FNP 
complexes 

 
Size 

Zeta 

potential 

Entrapment 

ratio 

IC50 (nM) 

A549 B16BL6 MCF-7 MCF-7/ADR 

DOX-

FNP1  
194.5±79.5 -22.2±7.5 77.4%±2.4% 1170.60±92.33 494.87±38.00 1830.53±270.47 5464.57±16.87 

DOX-

FNP2 
186.9±89.7 -24.24±6.0 72.2%±0.7% 599.34±15.85 209.63±23.72 355.71±23.06 3522.55±110.03 

Free 

DOX 
- - - 1052.54±67.58 308.82±26.55 648.39±75.77 4177.36±116.12 
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As shown in Figure 21B, the amount of DOX dissociated from the complexes in 

the PBS buffer was as low as ~20%. As such, the DOX-FNPs complexes 

dispersed in PBS buffer were directly used as a nano-sized antitumor agent 

without further purification to remove free DOX for the following studies, including 

uptake, cytotoxicity and immunochemotherapeutic effect.  

In principle, pH-responsive release of DOX was expected from the nano-

complexes formed via an electrostatic driving force between DOX and 

nanoparticles, which could provide a stimulus-responsive release mechanism 

after internalization by tumor cells or penetration into the tumor tissue in vivo 

[149]. The release profiles of DOX from both complexes at different pHs were 

further evaluated by immersing the dialysis tubes in large volume centrifuge 

tubes containing 6 ml of release buffers with different pH values. As shown in 

Figure 21E, a free DOX control confirmed that the dialysis membrane tubing with 

300K MWCO in this study couldn’t restrict diffusion of the released drugs into the 

bulk release media in which the sink condition was established, and they were 

able to reach 100% release after 5 h. However, the release of DOX from both 

complexes at different pH couldn’t reach a plateau until at least 9-10 h. The total 

released drug from both DOX-FNP complexes was significantly different under 

different pH conditions (Figure 21E). Up to ~55% and ~65% of total drug were 

released at the physiological pH 7.4 for the DOX-FNP1 and DOX-FNP2 

complexes, respectively; however, around 80% of total drug released at pH 5.5 

were observed for both complexes. More importantly, the release rate of drug 

from both complexes increased with decreasing in the pH of release medium, 
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indicating a pH-sensitive release behavior with accelerated release of DOX in an 

acidic environment from both complexes. This favorable property is believed to 

facilitate passive tumor targeting and endosome escaping since the interstitial 

space of solid tumors and intracellular endosome compartments have a lower pH 

value [56].  

 

Cytotoxicity, uptake and intracellular distribution of DOX-FNP complexes in 

tumor cells 

Fungal nanoparticles have been demonstrated to be cytotoxic in our previous 

study [114]. In current work, we also confirmed that both purified fractions, FNP1 

and FNP2, had mild to moderate cytotoxic activity against multiple tumor cell 

lines. However, compared to the FNP1, the FNP2 itself at the same GAG 

concentration had around 2-fold increase in cytotoxicity against 4 tumor cell lines 

tested in this study (Figure 19 A-C). In our early study, we demonstrated that 

there was synergistic cytotoxicity exerted by covalently conjugating DOX with 

FNPs via amide bond [114]. As such, a synergistic cytotoxic effect between DOX 

and the FNPs when forming the physical complexes via the electrostatic 

interactions is anticipated in this study. As expected, the DOX-FNP2 complexes 

showed significantly higher cytotoxicity against 4 tumor cells than free DOX after 

a 48-h incubation (Figure 19 G-J). The IC50 of the DOX-FNP2 complexes and 

free DOX are listed in Table 5. For A549, B16BL6 and MCF-7 cell lines, the IC50 

for the DOX-FNP2 complexes was ~1.5-1.8 fold lower than free DOX; even for 
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the multidrug resistant cell line MCF-7/ADR, the IC50 for the DOX-FNP2 was still 

~1.2 fold lower than free DOX. These data demonstrate a synergistic cytotoxic 

effect when DOX was bound to one fraction of the FNPs, i.e., FNP2, even 

against the resistant tumor cell line. As shown in Figure 5G-J, at the respective 

IC50 values of free DOX (Table 5), free DOX inhibited cell proliferation by 50%, 

whereas the DOX-FNP2 complexes showed ~62%-75% inhibition against the 

four tumor cells. According to a ~72% entrapment ratio for the DOX-FNP2 

complexes (Table 5), the concentration of the FNP2 in the complexes at the 

respective IC50 values of free DOX for the A549, B16Bl6 and MCF-7 cells was 

calculated to be less than 0.25 µg/ml of GAG concentration, and for the resistant 

MCF-7/ADR cells less than 1.0µg/ml of GAG concentration. From Figure 19A-C, 

almost no significant inhibition effect on four tumor cells was observed at that 

concentration for FNP2 itself, indicating that DOX and FNP2 in their physical 

complexes via the electrostatic interactions exerted synergistic cytotoxic effects 

and led to the IC50 values 1.2-1.8 fold lower against four different tumor cells 

(Table 5). 

Unexpectedly, the cytotoxicity of the DOX-FNP1 complexes was similar or even 

lower than free DOX in the four different cell lines, which is completely different 

from the DOX-FNP2 complexes. As shown in Table 5, the IC50 values for the 

DOX-FNP1 complexes were ~1.1-2.8 fold higher than free DOX against 4 tumor 

cell lines, indicating that there is no obvious synergistic effect between DOX and 

the FNP1 upon forming the physical complexes. We postulate that the difference 

in the cytotoxicity of both complexes was due to their different cytotoxicity of the 

http://onlinelibrary.wiley.com/doi/10.1002/adfm.201202619/full#table3
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FNPs themselves, because the FNP1 showed at least 2-fold higher cytotoxicity 

against different tumor cells than the FNP2 at the same GAG concentration 

(Figure 19A-C). Presumably, the differences in the cytotoxicity of the FNPs 

portend the different chemical structures for both FNP1 and FNP2 fractions, 

including polysaccharide chain, monosaccharide composites and linkages, uronic 

acid content, sulfation degree, and possible core proteins. Although the similar 

chemical components were characterized for both FNPs in the Table 1 and 

Figure 17, showing that the polysaccharide including acidic GAG and neutral 

polysaccharides were main components in both FNPs, the specific chemical 

structures for both FNPs still remained elusive. We presume that different 

chemical structures in both purified FNPs eventually lead to different cytotoxicity 

of FNPs themselves and the DOX-FNP complexes, as well as the different 

physical properties including zeta potential and morphology (Table 4, Figure 16 

and 21). 

In order to elucidate whether the different cytotoxicity between the DOX-FNP1 

and DOX-FNP2 complexes is related to DOX uptake and intracellular distribution 

after forming the complexes, we quantitatively analyzed the cell-associated DOX 

fluorescence intensity using flow cytometry after treatment of both tumor cell 

lines, A549 and B16BL6, with both complexes. As shown in Figure 22, for both 

tumor cells, there was no significant difference in the DOX fluorescence for both 

complexes and free DOX at the DOX concentration of 10 μM after a 4-h 

incubation, indicating that DOX uptake wasn’t impeded upon the formation of the 

DOX-FNP complexes via the electrostatic interactions.  
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Figure 22 Quantitative analyses of DOX uptake by human non-small-cell lung cancer A549 

cells (A-B) and mouse melanoma B16BL6 cells (C-D).  

Both cells were treated with the DOX-FNP complexes or free DOX at DOX concentration of 10 

μM for 4 h, and then the mean DOX fluorescence associated with the cells were measured by 

collecting 20 000 events for each sample.  

  

(A) (B) 

(C) (D) 
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Table 6 Characteristics of the FITC-labeled FNPs* 

 

Size (nm) 
Zeta potential 

(mV) 
Conjugation ratio (%) 

FITC-labeled FNP1  246.9±42.6 -19.9±3.8 0.031%±0.007% 

FITC-labeled FNP2 252.5±60.6 -27.1±0.9 0.025%±0.009% 

*Note: The preparation of FITC-labeled FNPs was detailed in the M&M Section 2.10. 

  


