
 

 

 

 

 

Synthesis of Anodic Alumina Nanotubes for 

Drug Delivery and Nanotoxicity Study: 

understanding of bio-nano interactions by a 

nanomaterial model 

 

Ye Wang 

 

A thesis submitted for the degree of Doctor of Philosophy 

 

The University of Adelaide 

School of Chemical Engineering 

August 2015 



 

 

Table of Contents 

 

Acknowledgements ................................................................................................................ 1 

Thesis Declaration Statement ................................................................................................. 3 

Abstract .................................................................................................................................. 4 

Chapter 1 Literature Review and Thesis Outline ................................................................... 9 

1.1 Introduction of Aluminium Anodization and Anodic Aluminium Oxide .................... 9 

1.2 An Overview on Nanotoxicity and Nanomedicine Research: Principles, Progresses 

and Implications ................................................................................................................ 14 

1.2.1 Introduction, Significance and Commentary ....................................................... 14 

1.2.2 Publication ........................................................................................................... 14 

1.3 Thesis outline .............................................................................................................. 37 

Chapter 2 Experimental Protocol ......................................................................................... 39 

Chapter 3 Mechanistic Study of Electrochemical Pulse Anodization for Synthesis of Novel 

Anodic Aluminium Oxide Nanostructures ........................................................................... 44 

3.1 Fabrication of AAO-based Nanophotonics by Potentiostatic Pulse Anodization ...... 44 

3.1.1 Introduction, Significance and Commentary ....................................................... 44 

3.1.2 Publication ........................................................................................................... 44 

3.2 Fabrication of Ultra-Short Anodic Alumina Nanotubes by Galvanostatic Pulse 

Anodization ....................................................................................................................... 62 

3.2.1 Introduction, Significance and Commentary ....................................................... 62 

3.2.2 Publication ........................................................................................................... 62 

Chapter 4 Cytotoxicity Study of Anodic Alumina Nanotubes ............................................. 77 

4.1 Introduction, Significance and Commentary .............................................................. 77 

4.2 Publication .................................................................................................................. 77 

Chapter 5 Anodic Alumina Nanotubes as Nano-Carriers for Delivery of Anticancer 

Therapeutics ....................................................................................................................... 103 

5.1 Introduction, Significance and Commentary ............................................................ 103 

5.2 Publication ................................................................................................................ 103 

Chapter 6 Targeting of Autophagic and Endoplasmic Reticulum Stress Signaling by 

AANTs-based Combinatorial Delivery System ................................................................. 120 

6.1 Introduction, Significance and Commentary ............................................................ 120 

6.2 Publication ................................................................................................................ 121 



 

 

Chapter 7 Conclusions and Perspectives ............................................................................ 164 

7.1 Conclusions............................................................................................................... 164 

7.2 Recommendations for Future work .......................................................................... 165 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

 

Acknowledgements 

 
This thesis not only presents my work on the keyboard, but also epitomizes a milestone of a 

3-year journey embraced with warmness and care. I’m grateful to acknowledge those 

remarkable individuals who academically and emotionally supported me to finish the rough 

road of a PhD. 

First, I wish to thank my supervisors Prof. Dusan Losic, Prof. Andreas Evdokiou and Dr. 

Abel Santos. Their respectful personalities, dedication to research and passion for science 

enlighten me to keep pushing my upper limit to become a better scientist. Prof. Dusan 

Losic as my principle supervisor provided me invaluable research resources and freedom I 

needed to explore bio-nanotechnology. Dr. Abel Santos has been a mainstay throughout my 

PhD study, who generously supported me in all respects of my life both professionally and 

personally. I would not have finished this PhD without the guidance of Prof. Andreas 

Evdokiou, who has been a steady hand to steer me to through my cancer research at Basil 

Hetzel Institute. I will always be indebted to Dusan, Andreas and Abel for their life-time 

mentorships and friendships.     

I am thankful to my colleagues and friends in Dusan and Andreas’ groups, who are willing 

to help me particularly during the difficult times. I want to thank especially Gagandeep 

Kaur, Irene Zinonos, Aneta Zysk, Vasilios Liapis, Vasilios Panagopoulos, Shelley Hay and 

Tushar Kumeria. I could not have accomplished my PhD study without your assistance. My 

time at Adelaide was enjoyable in large part due to many friends, including Steve Amos, 

Anne Philcox, Ji Lang and Sheena Chen. The good memories that we have together mean 

so much to me, and I will treasure our friendship forever.  I would like to specially thank 

Abel again as my dear friend, and I wish all the best of his life and career. 



2 

 

I cannot finish this acknowledgement without expressing my deepest gratitude to my 

parents and girlfriend for their sacrifice, support and encouragement. It is their unselfish 

love that gives me strength to finish my overseas study. Finally, I acknowledge China 

Scholarship Council and The University of Adelaide for the offer of my scholarship. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 



3 

 

Thesis Declaration Statement 
 

I certify that this work contains no material which has been accepted for the award of any 

other degree or diploma in my name, in any university or other tertiary institution and, to 

the best of my knowledge and belief, contains no material previously published or written 

by another person, except where due reference has been made in the text. In addition, I 

certify that no part of this work will, in the future, be used in a submission in my name, for 

any other degree or diploma in any university or other tertiary institution without the prior 

approval of the University of Adelaide and where applicable, any partner institution 

responsible for the joint-award of this degree.  

I give consent to this copy of my thesis when deposited in the University Library, being 

made available for loan and photocopying, subject to the provisions of the Copyright Act 

1968.  

The author acknowledges that copyright of published works contained within this thesis 

resides with the copyright holder(s) of those works.  

I also give permission for the digital version of my thesis to be made available on the web, 

via the University’s digital research repository, the Library Search and also through web 

search engines, unless permission has been granted by the University to restrict access for a 

period of time. 

 

Name:   Ye Wang 

 

Signature: 

 

Date:  12/8/2015 



4 

 

Abstract 
 

Nanomedicines, which utilize nano-sized drug-carriers so-called nanoparticles to load 

therapeutic drugs for selective cancer targeting and treatment, are promising therapeutics 

for fighting cancer. Unfortunately, although achieving commercial success, the first 

generation of nanomedicines only showed limited improvement of cancer therapy in 

clinical practice. In this situation, the fabrication of novel nanomedicines has been and will 

continue to be an important approach for improving cancer therapeutics. It is equally 

important to understand the paradigms and mechanisms of nanotoxicity in order to 

minimize or eliminate the potential toxicological consequence of synthetic nanomaterials to 

the living organism and environment.  

In this thesis, a new model nanomaterial, so-called anodic alumina nanotubes (AANTs) 

were synthesised for the study of nanotoxicity and drug delivery. Firstly, an advanced 

nanofabrication technique so-called pulse anodization was intensively studied in this thesis 

for structurally engineering anodic aluminium oxide (AAO) nanostructures. This enabled 

the production of AAO-based nanophotonics (i.e. microcavities) as well as AANTs. Then, 

systematic studies were conducted on the toxicological properties and drug delivery 

applicability of AANTs toward cancer therapy. This 3-year PhD project not only sheds new 

light on the fabrication of novel AAO-based nanostructures by pulse anodization, but also 

expands our knowledge and understanding in the field of nanotechnology, cancer biology, 

drug delivery and nanotoxicity. The AANTs-based nanotoxicity and drug delivery studies 

also highlight the potential of this novel nanomaterial for biomedical applications.  

Key word: drug delivery, nanotoxicity, cancer therapy, nanotube, anodic aluminium oxide, 

anodization, cancer biology 
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Chapter 1 Literature Review and Thesis Outline  

1.1 Introduction of Aluminium Anodization and Anodic Aluminium Oxide  

Aluminium anodization is a well-established electrochemical process that converts 

aluminium surfaces into nanoporous alumina by electrochemical oxidization. This 

technique has long been established over a hundred years in aluminium industry as a 

surface finishing method for preventing metal corrosion and allowing colouring.
1
 Beside 

the numerous applications in the aluminium industry, aluminium anodization also showed 

significant applications in nanotechnology during the past 30 years.
3
 The anodic aluminium 

oxide (AAO) films produced by industrialized conditions have irregular nanopore 

arrangements and uncontrolled geometry, which are unfavourable for nanotech research 

and application. To control the morphology of nanopore at nanoscale, Masuda and co-

workers developed a ground-breaking technique so-called two-step anodization in 1995. 

This technique takes advantage of the pre-patterning effect of first-step anodization at 

optimized conditions to fabricate self-organized AAO nanostructures.
2
 The resulting porous 

oxide films have close-compacted hexagonal arrangement and long-range straight channels 

(Scheme 1). Under specific electrochemical conditions, the pore diameter can be feasibly 

tuned from 10 to 400nm.  Due to their confined geometry, AAO nanostructures have been 

widely used as templates for fabricating other nanostructures such as nanotubes, nanorods, 

nanowires.
3
 Other outstanding properties of AAO such as thermo/ chemical stability, 

dielectric and optical properties also attracted intensive research to explore the application 

of this nanomaterial in different areas, including but not limited to optical sensing, catalysis, 

biomedical implant, solar cells and energy storage.  
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Scheme 1 Schematic illustration of aluminium anodization process. Anodization is 

conducted by passing direct current through acidic electrolyte solution, where aluminium is 

used as anode. During anodization, the oxygen ions driven by the current will move to the 

anode to oxide the surface of aluminium into alumina. At certain electrochemical 

conditions so-called self-organised regimes, self-assembled nanopores will form on the 

anodic film. 

Porous AAO nanostructures with straight cylindrical geometry are conventionally 

fabricated by a technique so called mild anodization (MA) in regard to the slow growth rate 

of the oxide film (2–7 μm/h) under low current density (j=1-5 mA/cm
2
).

2
 Experimental 

studies and theoretical models have confirmed that the formation of such self-organized 

nanoporous anodic film is due to the mechanical stress driven by the migration of ions (i.e. 

Al
3+

 and O
2-

) across the oxide barrier layer as well as field-enhanced dissolution of oxide.
4-8

 

Since the mechanical stress and electrochemical oxidation rate are proportional to the 

current passing through the oxide layer, not only does the current density applied during 

anodization govern the growth rate of nanopore, but also the geometric features of the 

resulting nanoporous film such as the nanopore size and shape.
7
 For example, AAO with 

high growth rates and large pore diameters can be achieved when the anodization process is 

carried out under high current densities (j > 30 mA/cm
2
) so-called hard anodization (HA).

9
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AAO nanostructures fabricated by MA and HA with straight channels generated numerous 

interest and applications in nanotechnology.
3
 The current challenge is the difficulty of 

structural engineering AAO with well-controlled morphology. Such precisely controlled 

morphology at nanoscale is expected to generate new properties and potential applications 

that straight nanopore structures do not have. Thanks to the elucidation of the 

electrochemistry of anodization process, the structural engineering of AAO can be feasibly 

conducted by using pulse anodization (PA) approach
10-14

. 

It is known that the grow rate of oxide film and features of nanopores (i.e. porous diameter, 

interporous distance) are mainly governed by the applied current density and voltage at a 

given electrolyte system.
1-7

 Anodization conducted at constant voltage (potentiostatic 

anodizaiton) or constant current (galvanostatic anodization) can form straight nanopore 

along the channel wall with a steady growth rate. The terminology of PA is related to the 

application of periodic voltage or current pulses during anodization, which are referred as 

potentiostatic PA and galvanostatic PA respectively. The programmed periodic 

electrochemistry during PA can control the nanopore geometry in real time, and 

consequently enable the continuous structure engineering of AAO into stack-layered AAO 

nanostructure. The resulted nanostructures have distinct properties as compared to AAO 

with straight nanopores. For instance, the development of PA technique makes it possible 

to precisely tailor the effective refractive index profile of AAO along the depth of nanopore 

in order to generate photonic crystals (e.g. distributed Bragg reflectors). In addition, novel 

one-dimensional and three-dimensional (3D) nanostructures can be produced by replicating 

nanostructures from pulse-anodized AAO. More importantly, PA can be used to directly 

produce anodic alumina nanotubes (AANTs) at specific conditions, in which stack-layered 

AAO nanostructures are fabricated and then broken down into individual nanotubes.
13

 This 
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fabrication process enhances the productivity of nanotube by taking advantage of 3D stack-

layer AAO structures as starting materials instead of using monolayer AAO structures.
12

  

Although the fabrication of AAO and AANTs has been reported, detailed fabrication 

mechanisms of AANTs associated with PA are not well understood. The length control of 

AANTs has only been demonstrated within a narrow range so far
13

, while attempts of 

improving length control of AANTs are yet to come. In addition, the applicability of 

AANTs for drug delivery application has never been explored. The benefits of using non-

spherical nanomaterials for drug delivery have been confirmed by theoretical models and 

experimental studies based on their effects on cellular internalization and vascular 

dynamics.
15-16

 Furthermore, AANTs should have low toxicity since they have the same 

material composition with bulk-sized anodic alumina, which have been used as biomedical 

implants due to its excellent biocompatibility.
17

 Based on the above statement about the 

background and research gaps of aluminium anodization, it can be envisioned that studies 

of PA and AANTs should generate new research opportunities for advanced applications 

such as nanofabrication (e.g. nanophotonics), optical sensing, and drug delivery.   
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1.2 An Overview on Nanotoxicity and Nanomedicine Research: Principles, 

Progresses and Implications 

 

1.2.1 Introduction, Significance and Commentary 
 

This section is a comprehensive overview on the basic principles and progress of 

nanomaterial-based drug delivery and nanotoxicity research. First, the basic concepts and 

mechanism of nanomaterial-medicated drug delivery and nanotoxicity are summarized 

individually. Second, the classification of drug delivery strategies and nanotoxicity 

paradigms are presented in detail supported by the most recent research cases. Importantly, 

interconnection of nanotoxicity and drug delivery research are highlighted to address the 

future opportunities for developing advanced therapeutic approaches by utilizing intrinsic 

nanotoxicity.  Finally, the review is summarized with conclusions and future prospects of 

utilizing nanoparticles for manipulating the behaviour of cells in vitro and in vivo. The 

scope and vision of this review covers a wide-range of bioengineering research including 

material chemistry, nanotechnology, cancer biology, toxicology and immunology, which 

underpin the fundamental knowledge and methodologies of this PhD project.  

1.2.2 Publication 

 

This section is a research paper published by Ye Wang, Abel Santos, Andreas Evdokiou, 

Dusan Losic, An Overview on Nanotoxicity and Nanomedicine Research: Principles, 

Progresses and Implications, Journal of Materials Chemistry B, 2015, DOI: 

10.1039/C5TB00956A.
 

 

 



15 

 

 

 



16 

 

 

 



17 

 



18 

 



19 

 



20 

 



21 

 



22 

 



23 

 



24 

 



25 

 



26 

 



27 

 



28 

 



29 

 



30 

 



31 

 



32 

 



33 

 



34 

 



35 

 



36 

 

 

 



37 

 

1.3 Thesis outline 
 

The aim of this thesis is to structurally engineering anodic aluminium oxide (AAO), and to 

fabricate a new nanomaterial, so-called anodic alumina nanotubes (AANTs) for the study 

of drug delivery and nanotoxicity. The scheme of the thesis structure is shown in Figure 1.  

(1) In chapter 3, in-depth mechanistic studies of pulse anodization (i.e. potentiostatic and 

galvanostatic pulse anodization) were conducted for the fabrication of advanced anodic 

aluminium oxide (AAO) nanostructures, including AANTs and AAO-microcavities. These 

studies enabled an improved understanding of structurally engineering AAO by pulse 

anodization. Importantly, these fundamental nanofabrication studies allow the feasible 

fabrication of AANTs with different aspect ratio, paving the way for the following 

nanotoxicity and drug delivery study. 

(2) A systematic in vitro nanotoxicity study of high aspect ratio AANTs was performed in 

chapter 4. This is the first toxicological study of AANTs, which characterized seven 

criteria of toxic paradigms of AANTs with different aspect ratio ranging from 7.8 to 63.3. 

These results highlighted the aspect ratio-associated nanotoxicity paradigm as well as the 

methodologies of using high-throughput toxicological screening platform for nanotoxicity 

studies.  

(3) In chapter 5, AANTs were used as drug carriers to deliver a pro-apoptotic receptor 

agonist, tumor necrosis factor-related apoptosis-inducing ligand (Apo2L/TRAIL) for cancer 

therapy. AANTs showed exceptional drug loading capacity (104 ± 14.4 μg per mg of 

AANTs) and demonstrated efficient cancer killing in vitro due to the apoptosis induction by 

Apo2L/TRAIL.  

(4) To further understand the nanotoxicity mechanism and develop novel therapeutic 

approach, the effect of autophagy and endoplasmic reticulum (ER) stress on AANTs-

associated toxicity was studied in chapter 6. Targeting of autophagic and ER stress 
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signaling networking by using AANTs to deliver drugs (i.e. thapsigargin and 3-

Methyladenine) successfully achieved synergistic effect of cancer killing.  

 

Figure 1 Scheme of the thesis outline. This thesis started with pulse anodization, which consisted of 

potentiostatic and galvanostatic anodization. Understanding the mechanism of this technique 

enables the feasible fabrications of AAO-microcavities and AANTs. Then AANTs were used as 

nanomaterial models for the research of drug delivery and nanotoxicity. In particular, novel cancer 

therapy concepts were demonstrated in regard to the delivery of TRAIL or cell signaling modulators 

for efficient cancer targeting and killing.    
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Chapter 2 Experimental Protocol 

 

Materails/Chemicals 

Aluminum (Al) foils of thickness 0.32mm and purity 99.9997% were supplied by 

Goodfellow Cambridge Ltd. (UK). Sulfuric acid (H2SO4), copper(II) chloride (CuCl2), 

hydrochloric acid (HCl), perchloric acid (HClO4), hydrogen peroxide (H2O2), chromium 

trioxide (CrO3), paraformaldehyde, Fluorescein isothiocyanate–dextran (average mol wt 

70,000), 2′,7′-Dichlorofluorescein diacetate, 4',6-diamidino-2-phenylindole (C16H15N5 – 

DAPI) and Alizarin Red S were purchased from Sigma-Aldrich (Australia). PE annexin V 

apoptosis detection kit, JC 1 detection kit and TNF-α ELISA detection set were purchased 

from BD science. Western blot antibodies were purchased from Cell Signaling. Dulbecco’s 

modified Eagle’s medium, RPMI 1640 media, fetal calf serum (FCS), 

penicillin/streptomycin, and glutamine were purchased from Biosciences (Australia). 

Trypsin (Gibco); phosphate buffer solution (PBS) (HyClone Laboratories, Inc); Culture 

flasks, 96-well plate, 24-well plate and 6-well plate (greiner Bio-One); 8-well glass 

chamber slide (Thermo Fisher); AlamarBlue® and ER-Tracker Blue-White DPX (Life 

Technologies Corporation); Ultrapure water Option Q–Purelabs (Australia) was used for 

preparation of all the relevant solutions.  

Anodization:  Anodization was conducted with a customer-designed setup as described in 

literature.
1 

(Scheme 1) Briefly, Al chip was in contact with a copper plate used as anode, 

and platinum wire was used as cathode. The copper plate was connected with a powerful 

cooling stage in order to maintain the electrolyte temperature. The surface area of Al 

exposure to the electrolyte was confined by a window with the size of 0.95 cm
2
. During 

anodization, the electrolyte solution was vigorously stirred to stabilize the reaction. 

Keithley 2400 / 2612 source-meter unit was used to control the electrochemical parameters 
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via Labview interfaces. To start anodization, Al chips 1.5 cm in diameter were first 

sonicated in ethanol and ultrapure water. Then, Al chips were electro-polished prior to 

anodization in a mixture of ethanol and HClO4 4:1 (v:v) at 20 V and 5 °C for 3 min. After 

electropolishing, surface-finished Al chips were thoroughly washed by deionized water and 

dried for future use. The fabrication of anodic aluminum oxide (AAO) nanostructures was 

performed through different anodization technique including mild anodization, hard 

anodization or pulse anodization. The detailed conditions of material fabrication have been 

fully addressed in each chapter.   

 

Scheme 1 Schematic illustration of the anodization set-up used in this thesis.
 1
 

Material characterization: Briefly, transmission electron microscope (FEI Tecnai G2 

Spirit TEM), field emission gun scanning electron microscope (FEG-SEM FEI Quanta 

450), confocal microscope (Leica SP5 spectral scanning confocal microscope), UV-VIS-

NIR spectroscopy (Cary 5000, Agilent), thermogravimetric (TGA) analysis (Auto TGA 

Q500, TA Instruments) and Fourier transform infrared spectroscopy (Spectrum 400 FT-IR 

Spectrometer, PerkinElmer) were routinely used. ZetaSizer Nano (Malvern Instruments 

Ltd., Worcestershire, UK) was used for measuring hydrodynamic diameter and zeta-

potential of nanomaterials. A XS analytical balance with readability 0.01mg (Mettler-

http://www.adelaide.edu.au/microscopy/instrumentation/tecnai.html
http://www.adelaide.edu.au/microscopy/instrumentation/tecnai.html
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Toledo International, Inc.) was used for sample weight measurement in all the experiments. 

The frequently used settings of each above mentioned facility has been summarized in 

Table 1.  

Table 1 Summary of major parameter settings of instruments used for material 

characterization 

Instrument Name Major Parameter Settings 

TEM 
High Tension: 100kV 

Spot size: 1-4 

SEM 

High Vaccum: Chamber Pressure: 130Pa 

Spot size: 3-5 

High Voltage: 10 – 30 kV 

Confocal Microscope 

Excitation lazers: 405-nm, 488-nm, and 561-nm 

Band-pass filters: 420–480 nm, 505–530 nm, and 

570–700 nm. 

Pinhole: default setting 

TGA 

N2 flow rate: 23 – 60 ml/min 

Ramp: 10 
o
C/min to 600 degree 

Pan Type: Platinum 

FITR 

Wavenumber (nm): 650 – 4000 

Scan resolution: 4 cm
-1

 

Accumulation: 10 scans 

UV-VIS-NIR spectroscopy 

Scan range: 300 – 3000 nm 

Scan rate: 600nm/min 

Data interval (nm): 0.1 to 5 

ZetaSizer Nano 

Refractive Index: 1.670 (Aluminum hydroxide) 

Adsorption: 0.030 

Temperature: 25 
o
C 

Cell: DTS1060C 
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Cell Culture: Cells  were cultured in Dulbecco's modified Eagle's medium (DMEM), 

supplemented with glutamine (2 mM), penicillin (100 IU mL
-1
)  streptomycin (100 μg m 

-

1
) and 10 % fetal bovine serum at 37°C in a 5% CO2-containing humidified atmosphere.

2-3
 

Prior to each test, cells were harvested using trypin-EDTA-PB  and 1∙10
4
 cells were plated 

in each well in 96-well plate setup with 200 μ  of growth media. Unless otherwise 

indicated, cells were allowed to attach overnight before inducing treatment. (e.g. AANTs ) 

All the cell experiments were repeated three times. 

Biochemical assays: cell toxicity assay (e.g. trypan blue, alarmar blue etc.), flow cytometry 

assays and immunoassays (e.g. ELISA, western blot) are conducted by standard protocols.
4-

8
 The detailed methodologies of bioassays used in this thesis have been illustrated in related 

publications. For immunostaining and confocal microscopy characterization, cells after 

treatment were fixed with 4 % paraformaldehyde on the 8-well chamber slide.
9
 The 

chamber was then visualized under a confocal microscopy. 

TEM microtome sample preparation: To prepare microtome cells samples, 1ffl10
5
 

cells/well were seeded in a 6-well plate and allowed to attach overnight. After treatment, 

cells were carefully washed with sterile phosphate-buffered saline (PBS) two times, and 

transferred into 1.5 mL eppendorf tubes. Collected cell pellets were re-suspended in a 

solution of 4 vol % paraformaldehyde and 1.25 vol % glutaraldehyde and were fixed 

overnight. Then, all samples were post-fixed in a 2 vol % osmium tetroxide solution for 45 

min. After this, cells were fully dehydrated and embedded in epoxy resin. Ultrathin sections 

of 70 nm were cut and post-stained with uranyl acetate and lead citrate. Cell samples were 

analyzed by TEM at 100 kV. 

Statistical analysis: Data were analyzed using Origin pro and Microsoft Excel software 

and presented as mean values ± standard deviation (SD) from three independent 
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measurements. Statistical comparisons between different treatments were assessed by two-

tailed t-tests. The criterion for significance was p < 0.05 for *, p < 0.01 for **, and p < 

0.001 for ***. The effect of drug combinations on cytotoxicity was assessed by the median-

effect method as previously described. Combination index (CI) values were calculated from 

median results of cytotoxicity assays, which were done in triplicate. CI values significantly 

>1 indicate drug antagonism. CI = 1 indicated summation, CI < 1 indicated synergism.
10
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Chapter 3 Mechanistic Study of Electrochemical Pulse Anodization for 

Synthesis of Novel Anodic Aluminium Oxide Nanostructures  

3.1 Fabrication of AAO-based Nanophotonics by Potentiostatic Pulse 

Anodization 

 

3.1.1 Introduction, Significance and Commentary 
 

Pulse anodization is a powerful technique to control the geometry of nanopore on anodic 

films by programming electrochemical parameters (e.g. current density and voltage) during 

anodization. However, fabricating nano-architectures of anodic alumina oxide (AAO) is 

still challenging due to the complexity of electrochemical oxidation. The aim of this section 

is to understand the mechanism of structurally engineering of AAO by pulse anodization, 

and to produce novel AAO-based nanophotonics. Herein potentiostatic pulse anodization 

was used to engineer the geometry of nanopores in real time, which for the first time 

produced a novel AAO-based nanophotonics so called AAO-microcavities. The elucidation 

of the pulse anodization mechanism is of fundamental importance for the fabrication of 

novel AAO-based nanostructures, especially for advanced applications such as optical 

sensing. 

3.1.2 Publication 
 

 

This section is a research paper published by Ye Wang,
 
Yuting Chen,

 
 Tushar Kumeria,

 
 

Fuyuan Ding,  Andreas Evdokiou,
 
 Dusan Losic,

 
 Abel Santos,

 
Facile Synthesis of Optical 

Microcavities by a Rationally Designed Anodization Approach: Tailoring Photonic Signals 

by Nanopore Structure, ACS applied materials & interfaces, 2015, 7 (18), pp 9879–9888.  
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Figure S1 SEM cross-section image of AAO-DBR structure. Red arrow heads denote the 

end of branching nanopore.  
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Figure S2 Transmission spectra of AAO microcavities (type I) prepared by different HVA 

durations.  
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Figure S3 Voltage and current density profile of pulse anodization with programmed phase 

change after 20 cycles’ pulse. Red arrow heads denote the transition of current density 

corresponding to the phase change of voltage profile.  
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Figure S4 Cross-section SEM images of AAO microcavities (type II) produced by phase 

shift of refractive index profile at (a) 1/2 π and (b) 7/4 π. The series number of layers 

islabeled at the left side of images. The induction of phase shift is at the 20th layer. 

Magnified images are inserted, in which the interfaces of phase shift have been denoted by 

white dash-line. Inserted scale bar: 1 µm.  



62 

 

3.2 Fabrication of Ultra-Short Anodic Alumina Nanotubes by Galvanostatic 

Pulse Anodization 

 

3.2.1 Introduction, Significance and Commentary 
 

The aim of this topic is to understand the mechanism of galvanostatic pulse anodization 

(PA) for the fabrication of anodic alumina nanotubes (AANTs). We found that AANTs can 

only be produced by PA with high current density, which generates significant heat during 

PA. Based on this phenomenon, we hypothesized that Joule’s heat plays a critical role on 

the fabrication of AANTs. In this study, we proved that the heat evolution results in an 

enhanced oxygen generation and a rapid voltage recovery during PA, which consequently 

facilitated the production of AANTs. The understanding of AANTs fabrication mechanism 

enables us for the first time to fabricate ultra-short AANTs by reducing pulse duration to 

one second, and using ethanol modified electrolyte to enhance heat generation. The 

resulting AANTs with controlled dimensions offer new opportunities for advanced 

applications such as catalysis, template-assisted nanofabrication and drug delivery. 

3.2.2 Publication 
 

 

This section is a research paper published by Ye Wang,
 
Andreas Evdokiou,

 
Dusan Losic,

 

Abel Santos,
 
Rational Design of Ultra-Short Anodic Alumina Nanotubes by Short-Time 

Pulse Anodization, Electrochimica Acta, 2015, 154, 379-386. 
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Figure S 1 (a) Cross-section SEM image of pulse anodized AAO nanostructure synthesised 

at the condition of jMA = 3.26 mA/cm
2
/ tMA = 5s and jHA= 368.52 mA/cm

2
 / tHA= 2 s. White 

dash line denotes the interface between MA layer and pulse layer. (b) SEM images of 

AANTs after liberation.  
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Figure S 2 Cross-section SEM image of pulse anodized AAO nanostructure synthesised at 

the condition of jMA = 3.26 mA/cm
2
/ tMA = 5 s and jHA = 210.52 mA/cm

2
 / tHA = 10 s. Inset 

is an enlarged view of cross-section SEM image.  
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Figure S 3 Hard anodization (HA) with a starting layer thickness of 110 μm at constant 

current intensity of 368.52 mA/cm
2
. (a and b) SEM image of AAO after (a) 16 mins HA 

and (b) 6 mins under 0.3 M H2SO4 condition. Inset shows a magnified SEM image of AAO 

after 16 mins HA, showing significant cell sepeartion effect. (c) SEM cross-section 

characterization of AAO after 150 s HA with 0.3 M H2SO4 and 10% ethanol. HA was 

stopped when electri-breakdown happened. The resulting layer thickness is approximately 

50 µm. It is evident that the HA duration and resulting AAO thickness is limited by ethanol 

mixture. White dash line denotes the interface between MA layer and pulse layer. 
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Chapter 4 Cytotoxicity Study of Anodic Alumina Nanotubes  

4.1 Introduction, Significance and Commentary 

 

In the previous chapter, the mechanisms of structurally engineering AAO and the 

fabrication of anodic alumina nanotubes (AANTs) have been discussed. AANTs are ideal 

nanomaterial models to study bio-nano interactions and drug delivery due to their intrinsic 

bio-inert property and well-controlled morphology. However, the toxicity of AANTs is still 

unknown. The aim of this chapter is to understand the toxicity paradigms of anodic alumina 

nanotubes (AANTs) regarding to the aspect ratios. Aspect ratio is defined as the ratio of the 

length and width of a nanomaterial in two dimensions. In this study AANTs with different 

aspect ratio (AR) ranging from 7.8 to 63.3 are used to study toxicity in vitro. Cytotoxicity 

studies were conducted in vitro with mouse macrophage cell line RAW 264.7 and human 

breast cancer cell line MDA-MB 231-TXSA. The presented results successfully identified 

the aspect ratio-dependent toxicity patterns of AANTs, in which the toxic AR threshold of 

AANTs was determined to be 7.8. This study demonstrated the impact of nanomaterials’ 

AR to cell functions at the level of sub-cellular organelles, and also highlighted the 

significance of using high-throughput toxicity screening platform for rapid establishing 

hierarchical nanotoxicity assessment. 

4.2 Publication 

 

This section is a research paper published by Ye Wang, Gagandeep Kaur, Aneta Zysk, 

Vasilios Liapis,
 
Shelley Hay, Abel Santos,

 
Dusan Losic, Andreas Evdokiou, Systematic 

in vitro nanotoxicity study on anodic alumina nanotubes with engineered aspect ratio: 

Understanding nanotoxicity by a nanomaterial model, Biomaterials, 2015, 46, 117-130. 
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Figure S 1 Light microscopy characterization of RAW 264.7 cells after 3 days exposure to 

the three types of AANTs  (100 μg/ml). Note that AANTs-M and AANTs-L induce 

significant morphological changes throughout the 3-days experiment. 
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Figure S 2 Light microscopy characterization of  MB 231-TXSA breast cancer cells cell 

after 3 days exposure to the three types of AANTs (100 μg/ml). No cell morphology change 

was found.  
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Figure S 3 Semi-quantitative statistics analysis of RAW 264.7 morphological changes after 

3 days exposure to the three types of AANTs (100 μg/ml). In general, at least 800 cells 

were counted from three different fields of the image for the quantification of the number 

of multinucleated and pyknotic cells. (a) Representative H&E staining image of RAW 

264.7 after AANTs treatment. Scale bar: 50 µm. (b) Quantification of morphological 

changes determined from optical images.  
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Figure S 4 ROS detection by DCF-DA assay 

DCF-DA (2′,7′-Dichlorodihydrofluorescein diacetate) has been widely used for assessing 

nanomaterial associated ROS toxicity. Among the protocols of microplate-reader analysis, 

two methods were generally used for assessing nanomaterial associated ROS production. 

(Scheme 1)  

In the first method, DCF-DA was incubated with cells before adding any ROS inducer. 

This method can minimize the influence of DCF-DA self-oxidation with air so that DCF-

DA only reacts with intracellular ROS, as shown in Method 2.  However, DCF-DA may be 

extracted by cells through their transport system which lead to the reaction of DCF-DA and 

ROS inducer outside cells. To eliminate the influence of DCF-DA extraction, a washing 

step was added before plate-reader detection, as shown in Method 1. [1-4] 

 

In another protocol, ROS inducer was first introduced to trigger intracellular ROS 

production, and then ROS inducer was washed away followed by DCF-DA incubation and 

 

Scheme 1 schematic illustration of microplate-based ROS production protocol used in this 

study.  
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detection, as shown in Method 4. [5-7] Similar to Method 1, we added a washing step 

before taking a reading in order to distinguish the influence of DCF-DA extraction and 

extracellular oxidation process. (Method 3) [8,9] H2O2 was used as ROS inducer in these 

experiments. Note that to minimize the system’s error, the microplate-reader instrument 

was set in well-scan mode. All experiments were conducted in triplicate. We found that the 

cell culture media gave rise to auto-fluorescence due to the presence of factors such as folic 

acid which significantly increases the background. Therefore, PBS was chosen as the 

standard working buffer.  

We first examined method 1 and 2 by using RAW 264.7 and MB 231-TXSA cells. (Figure 

S 4 a) Strikingly, RAW 264.7 cells showed a strong dose dependent ROS production in 

Method 2. The significant reduction of the signal, however, appeared after the washing 

step (Method 1), which suggested that most of the signal detected in Method 2 is from 

extracellular DCF-DA through the extracellular oxidation process by hydrogen peroxide. In 

the case of MB 231-TXSA, no clear pattern was found no matter whether washing step was 

introduced.  We suspected that the MB 231-TXSA cells have very active transport system 

so that DCF-DA cannot accumulate effectively inside the cells during the incubation step.  

In Figure S 4 b, we tested Method 3 and Method 4. It is clear that without the washing 

step (Method 4), the fluorescence intensity in all treatment groups were very high and did 

not show a dose dependent pattern. This is because DCF-DA dye was quickly oxidized 

with oxygen during the dark incubation step and thus led to a high background. Finally, 

Method 4 was demonstrated to be a suitable method, in which an increasing fluorescence 

intensity corresponding to the increased dose of H2O2.  Note that the significant reduced 

signal in 0.6% H2O2 group was caused by the detachment of cells during the washing steps 

due to the toxic dose. Therefore, we chose Method 4 as a standard protocol to test ROS 

production in MB 231-TXSA and RAW 264.7 cells using two time-courses (Figure S 4 c 

and d) where 0.6% H2O2 was used as a positive control to directly react with DCF-DA 

without cells. No significant ROS production was detected even at highest concentration of 

1 mg/ml after 24hs treatment. We argue that DCF-DA dye may not be a suitable and 

reliable method for ROS detection at least under our own experimental conditions. More 

sensitive characterization, for example flow cytometry might be a reliable approach.  
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Figure S 4 (a and b) ROS detection with four methods mentioned in the scheme. (c and d) 

ROS quantification in MB 231-TXSA and RAW 264.7 cell line after AANTs treatment at 

the time-course of 4h and 24h. 
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Figure S 5  TEM characterization of cell uptake and morphology of important organelles in 

MB 231-TXSA cell line after overnight (16h) exposure with three types of AANTs at a 

concentration 100 µg/ml. Similar to our observation in RAW 264.7 cell lines, we found the 

accumulation of autophagosome and autolysosome after AANTs exposure. AANTs were 

localized inside autophagosome. No significant morphological change mitochondria and 

endoplasmic reticulum was found.  Black arrows: autophagosome; Red arrows: 

mitochondria; Yellow arrows: endoplasmic reticulum. Scale bar: 1 µm. 
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Chapter 5 Anodic Alumina Nanotubes as Nano-Carriers for Delivery of 

Anticancer Therapeutics 

5.1 Introduction, Significance and Commentary 

 

The aim of this chapter is to explore the possibility of AANTs as drug carriers for drug 

loading and in vitro drug delivery. In this study, a novel therapeutic concept was developed 

by delivering a pro-apoptotic receptor agonist, tumor necrosis factor-related apoptosis-

inducing ligand (Apo2L/TRAIL) for in vitro cancer cell killing. AANTs have been 

structurally engineered by an optimized pulsed anodization approach and subsequently 

employed as drug carriers. AANTs showed excellent biocompatibility, alterable 

geometry/surface chemistry, high drug loading capacity (104 ± 14.4 μg per mg of AANTs) 

and outstanding in vitro cancer cell killing. These results demonstrate that AANTs 

represent promising nano-carriers for drug delivery applications.   

5.2 Publication 

 

This section is included in the thesis as a research paper published by Ye Wang, Abel 

Santos, Gagandeep Kaur, Andreas Evdokiou, Dusan Losic, Structurally engineered anodic 

alumina nanotubes as nano-carriers for delivery of anticancer therapeutics, Biomaterials, 

2014, 35, 5517-5526 

 

 

 

 



104 

 

 

 



105 

 

 

 

 



106 

 



107 

 



108 

 



109 

 



110 

 



111 

 



112 

 



113 

 



114 

 



115 

 

 

 



116 

 

Supporting Information 

 

Structurally engineered anodic alumina nanotubes as new nano-

carriers for drug delivery of anticancer therapeutics 

Ye Wang
1
, Abel Santos

1
, Gagandeep Kaur

1
, Andreas Evdokiou

2
*, Dusan Losic

1
* 

1. School of Chemical Engineering, The University of Adelaide, Adelaide, SA, 5005 

2. School of Medicine, Discipline of Surgery, The University of Adelaide, Adelaide, SA, 

5005 

*Corresponding author: dusan.losic@adelaide.edu.au  

 

Figure S1 Zeta-potential characterization of AANTs and alumina nanoparticles 

AANTs have different inside and outside surface chemistry. [1] It is known that the inner 

wall of nanoporous anodic alumina fabricated in sulphuric acid contain sulphate groups 

created by HA process; while the outer wall of AANTs contains hydroxyl group which 

exists intrinsically on alumina surface.[2] The difference surface chemistry of inner/outer 

wall unavoidably influences the zeta-potential measurement, which might contribute to the 

increment of zeta-potential at pH above 7. We hypothesize that sulphate groups become 

positively charged above pH 7, which leads to the increment of zeta-potential. However, 

since the outer surface is still highly negatively charged, AANTs can disperse 

homogeneously at pH 7 and 8.  To illustrate the outer surface chemistry of AANTs, 

alumina nanoparticles (NPs) with 1 μm diameter are used due to its similar property to 

AANTs.  
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Figure S2  

(a) UV-Vis spectrometer analysis of AANTs and AANTs-FITC composite.  

To prove FITC was covalently bond on AANTs, we incubated FITC with AANTs at same 

condition without APTES functionalization. After several times washing steps, no UV 

adsorption was found. However, after FITC labeling by the used protocol, the AANTs-

APTES-FITC solution changed to orange color and have adsorption peak at 500 nm, 

proving the successful functionalization of FITC. 

(b) FTIR characterization of NAA template and AANTs-FITC.  

Before APTES modification, as-prepared NAA template was analyzed by FTIR. Consisted 

with previous report, a characteristic peak of sulfate group was found at ~1096cm
-1

.[3] 

Modification of APTES on AANTs surface was confirmed by –NH bending at ~1400cm
-

1
[4], CH2 stretching at ~2883/2971 and Si-OH peak at ~804cm

-1
[5].  
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Figure S3 Thermogravimetric analysis of Apo2L/TRAIL drug loading on AANTs 
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Chapter 6 Targeting of Autophagic and Endoplasmic Reticulum Stress 

Signaling by AANTs-based Combinatorial Delivery System 

6.1 Introduction, Significance and Commentary 

 

Using nanomaterials to target cancer cell signaling is an intriguing but rarely reported 

concept. In chapter 4, we showed that anodic alumina nanotubes (AANTs) activated 

autophagy and endoplasmic reticulum (ER) stress in breast cancer cells (MDA-MB231-

TXSA). ER stress signalling is a cell-rescuing process triggered by the dysfunction of ER. 

Autophagy is a degradation pathway that regulates the degradation of cytoplasmic material 

such as internalized nanoparticles and damaged organelles (e.g. ER and mitochondria). 

Autophagy can reduce ER stress, while inhibition of autophagy may cause ER stress 

signaling cascade, which can eventually lead to cell death. We hypothesised that targeting 

of these pathways may be an effective way to eliminate cancer.  

The aim of this chapter is to target autophagic and ER stress signaling pathways by using 

drug loaded AANTs co-treated with an autophagy inhibitor 3-methyladenine (3-MA). We 

have shown that AANTs induce autophagy as a cyto-protective response in different cell 

types, including human fibroblast cells (HFF), human monocyte cells (THP-1) and human 

breast cancer cells (MDA-MB 231-TXSA). Treatment with 3-MA at a non-toxic dose 

inhibit autophagy, and consequently sensitized breast cancer cells to ER stress signaling 

without affecting apoptotic signaling. To target autophagic and ER stress signaling 

networking, breast cancer cells were treated with 3-MA together with AANTs loaded with 

the prototype ER stress inducer thapsigargin (TG). We demonstrated that 3-MA effectively 

enhanced the anti-cancer efficiency of AANTs loaded with TG. This effect was associated 

with enhanced ER stress signaling due to the combination effect of AANTs, TG and 3-MA. 
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These findings provide new opportunities for the development of novel ER and autophagy 

targeted delivery systems for the treatment of breast cancer.   

6.2 Publication 

 

This section is a research paper prepared by Ye Wang, Gagandeep Kaur, Yuting Chen, 

Abel Santos, Dusan Losic, Andreas Evdokiou
 
(submitted to Journal of Material Chemistry 

B at 11
th

 Auguest 2015)
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Abstract 

Although nanoparticle-based targeted delivery systems have gained promising preclinical 

achievements for cancer therapy, the development of sophisticated strategies with effective 

combinatorial therapies remains an enduring challenge. Herein, we report an autophagic 

and endoplasmic reticulum (ER) stress signaling targeting combination delivery system by 

using thapsigargin (TG) loaded anodic alumina nanotubes (AANTs) co-treated with an 

autophagy inhibitor 3-methyladenine (3-MA) for potential chemotherapy. We showed that 

AANTs induce autophagy as a cyto-protective response in different cells including human 

fibroblast cells (HFF), human monocyte cells (THP-1) and human breast cancer cells 

(MDA-MB 231-TXSA). Treatment with 3-MA at a non-toxic dose reduced the level of 

autophagy, and consequently sensitized breast cancer cells to AANTs-induced cellular 

stresses. To target autophagic and ER stress signaling networking, breast cancer cells were 

treated with 3-MA together with AANTs loaded with the prototype ER stress inducer 

thapsigargin (TG). We demonstrated that low dose 3-MA (1 mM) enhanced the cancer cell 

killing effect of AANTs loaded with TG. This effect was associated with enhanced ER 

stress signaling due to the combination effect of TG and 3-MA. These findings provide new 

opportunities for developing novel ER and autophagy targeted delivery systems for future 

clinical cancer therapy.    

 

Keywords anodic alumina nanotubes, endoplasmic reticulum stress, autophagy, cell 

signaling, nanotoxicity, drug delivery 

 

1. Introduction 

Our increasingly understanding of the interaction between biological entities (i.e. 

biomolecules, cells, tissues etc.) and nanomaterials has triggered the development of 
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various drug delivery systems targeting specific organelles in recent years.[1-3] For 

example, nuclei and mitochondria targeting can be readily achieved by conjugating 

corresponding bio-molecular ligands, such as nuclear localization signals on nanomaterial’ 

surfaces.[4] Cationic nanoparticles are also widely used as nanocarriers for nuclei targeting 

which can accumulate in the peri-nuclear region through the so-called endosomal escape 

pathway.[5,6] In addition, biodegradable polymers such as polylactic-co-glycolic acid can 

localize into lysosome, endoplasmic reticulum (ER) and Golgi as part of their intracellular 

degradation pathway.[7,8] Although targeting a sub-cellular organelle which drives cancer 

development can result in selective cancer cell killing, such a strategy may not always 

succeed due to the development of multi-drug resistance.[9,10]
 
Drug resistance is mainly 

caused by the complex interplay of cell survival signaling pathways, which facilitate cell 

survival by various mechanisms including enhanced drug transport[11], over-expression of 

anti-apoptotic proteins[12], increased DNA damage repair[13] and autophagy[14]. An 

effective and specific strategy for cancer cell killing is to target subcellular compartments 

associated with signaling networks. Such strategies not only require a good understanding 

of the cell survival mechanisms induced by chemotherapy, but also demand an optimal 

design of drug cocktails and nano-carriers based on the biological performance of drug 

delivery systems.  

Macro-autophagy, herein referred to as autophagy, is of growing interest in the area of 

nanotoxicity and cancer therapy due to its paradoxical role for both cell survival and cell 

death. Autophagy is a homeostatic, catabolic degradation process which regulates the 

degradation of cytoplasmic material to support cell preservation in response to various 

stress signals including those culminating from nanomaterial internalization and 

chemotherapy. [15,16] Nanotoxicity studies have demonstrated that a number of 

nanomaterials can trigger autophagy in various cell types. However, the role of autophagy 
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can be either cyto-protective or cyto-destructive which is depended on several features of 

the nanomaterial including size, surface chemistry and other experimental factors such as 

working dose and treatment time.[19-24] At the same time, accumulating evidence clearly 

showed that autophagy is exemplified as a survival pathway in cancer cells when treated 

with anticancer drugs.[14] Therefore, utilizing autophagic signaling pathways in 

combination with other therapies may be a rational strategy for developing novel drug 

delivery systems.  

The application of autophagy inhibitors such as chloroquine (CQ) in combination with 

other therapies is currently in clinical trials and has recently been translated into 

nanoparticle-based drug delivery systems.[25,26]
 
However, increasing evidence suggests 

that the combination effects of CQ and 3-methyladenine (3-MA) with other anti-cancer 

drugs are independent of autophagy, although enhanced cancer cell killing has been 

achieved. This combination effect may be partially attributed to the toxicity of CQ and 3-

MA when used at high working dose as well as their off-target effects acting on other 

survival signaling pathways.[27-29] Therefore, novel autophagic-based combination drug 

delivery systems are urgently required together with a systematic approach to study the 

combination effect at the bio-molecular level.  

In this study, we report for the first time a potential combination delivery system based on 

the targeting of autophagic and ER stress signaling using anodic alumina nanotubes 

(AANTs) as a nanomaterial model. ER is an essential intracellular organelle responsible for 

multiple cell functions, such as intracellular calcium homeostasis, lipid biosynthesis and 

protein secretion.[30] Perturbation of ER functions leads to protein misfolding, which 

triggers a cyto-protective response so-called ER stress to re-establish the homeostasis of ER 

function.  Importantly, ER stress is a well-established nanotoxicity paradigm associated 

with several types of nanomaterials including gold/silver nanoparticles[33,34] and 
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polystyrene nanosphere[35]. Excessive ER stress leads to cell death, while autophagic 

pathway is interconnected with ER to ameliorate ER stress.[30,31] Therefore, we reasoned 

that delivering an ER stress inducer by nanocarriers while simultaneously blocking 

autophagic pathway may be a novel and effective strategy for enhanced cancer therapy, 

which has not been explored before.[32] Here we systematically investigated the impact of 

autophagy and AANTs on the cell function, and then utilized AANTs as drug carriers to 

load a prototype ER stress inducer, thapsigargin (TG) and co-treated with 3-MA for 

enhanced killing of breast cancer cells in vitro. This research highlighted the importance of 

manipulating signaling networks for developing advanced nanoparticle-based targeted 

delivery systems.  

2. Materials and Methods 

2.1 Materials 

Aluminum (Al) foils of thickness 0.32 mm and purity 99.9997 % were supplied by 

Goodfellow Cambridge Ltd. (UK). Sulphuric acid (H2SO4), copper(II) chloride (CuCl2), 

hydrochloric acid (HCl), perchloric acid (HClO4), hydrogen peroxide (H2O2), chromium 

trioxide (CrO3), paraformaldehyde, Fluorescein isothiocyanate–dextran (average mol wt 

70,000), 2′,7′-Dichlorofluorescein diacetate, 4',6-diamidino-2-phenylindole (C16H15N5 – 

DAPI), monodansylcadaverine, 2-mercaptoethanol, polystyrene sulfonic acid and 

poly(allylamine hydrochloride) were purchased from Sigma-Aldrich (Australia). PE 

annexin V apoptosis detection kit and JC 1 detection kit were purchased from BD science. 

Primary antibodies including LC-3, p62, p53, BiP, IRE1α, PERK, CHOP, mTOR 

substrates, caspase 3, 8, and 9, Bcl-2, BiD and actin were purchased from Cell Signaling 

Technology. Dulbecco’s modified Eagle’s medium (DMEM), RPMI 1640 media, fetal calf 

serum (FCS), penicillin/streptomycin, and glutamine were purchased from Biosciences 

(Australia). Trypsin (Gibco); phosphate buffer solution (PBS) (HyClone Laboratories, Inc); 
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Culture flasks, 96-well plate, 24-well plate and 6-well plate (greiner Bio-One); 8-well glass 

chamber slide (Thermo Fisher); AlamarBlue® and ER-Tracker Blue-White DPX (Life 

Technologies Corporation); Ultrapure water Option Q–Purelabs (Australia) was used for 

preparation of all the relevant solutions used in this study. 

2.2 Preparation of anodic alumina nanotubes (AANTs) 

AANTs were synthesized by a modified pulse anodization process using galvanostatic 

mode.[36,38,62] Briefly, Aluminum foils 1.5 cm in diameter were first sonicated in EtOH 

and ultrapure water for 5 min each. Aluminum foils were electropolished prior to 

anodization in a mixture of EtOH and HClO4 4:1 (v:v) at 20 V and 5° C for 3 min.  After 

this, the first step anodization was carried out in a 0.3 M aqueous solution of H2SO4 at 25 V 

and 6 °C for 20 h to prepare the first NAA layer on the surface. The second step pulse 

anodization was conducted under galvanostatic conditions at 1°C. The area exposed to the 

electrolyte solution was 0.95 cm
2
. This anodization step consisted of a cyclic combination 

of mild (MA) and hard anodization (HA) pulses under galvanostatic mode. The MA-pulse 

was keep at 5 s with a current of 3 mA; the HA-pulse current intensity was 350 mA and the 

HA duration was 2 s. Then, the remaining aluminum substrate was removed by wet 

chemical etching in a mixture of 0.2 M CuCl2 and 6.1 M HCl. Free-standing AANTs were 

obtained from prepared NAA structure by immersion into the 0.2 M CuCl2 and 6.1 M HCl 

solution for 15 mins, followed by gentle ultrasonic in ultrapure water for 1 h. 

2.3 Structural and surface charge characterization of AANTs 

The shape and structure of AANTs were characterized by a transmission electron 

microscope (FEI Tecnai G2 Spirit TEM) and a field emission gun scanning electron 

microscope (FEG-SEM FEI Quanta 450). The length distribution was characterized by 

analysing 700 to 1000 nanotubes by TEM image analysis. Zeta-potential and particle size 

distributions of AANTs were analyzed by a ZetaSizer Nano (Malvern Instruments Ltd., 
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Worcestershire, UK). To measure zeta-potential and hydrodynamic diameter, AANTs at a 

concentration 50 μg/ml were dispersed in 500 μl of the Mill-Q water (pH 5.8) or DMEM 

media with 10% FCS and sonicated for 30 s before analysis. To characterize the charge 

difference of inner / outer surface of AANTs, the Al substrate of pulse anodized alumina 

nanostructures were first removed followed by chemical etching (Figure S1 a - 

Supporting Information), then incubated with 1ml PSS solution (3 mg/ml in 0.5M NaCl 

solution) or PAH (1 mg/ml) under vacuum at room temperature for 3 h to selectively 

functionalize inner surface of AANTs. After this, the modified NAA substrates were 

thoroughly washed several times with ultrapure water and treated with sonication to get 

liberated AANTs. Since the polyelectrolyte modified the inner layer surface charge without 

affecting outer surface, the outer surface charge can be measured. A XS analytical balance 

with readability 0.01 mg (Mettler-Toledo International, Inc.) was used for sample 

weighting in all the experiments.  

2.4 Cell culture and toxicity assay 

2.4.1 Cell culture 

MDA-MB-231-TXSA, HFF and THP-1 cell lines were used for toxicity study. MDA-MB-

231-TXSA and HFF cells were cultured in Dulbecco's modified Eagle's medium (DMEM), 

supplemented with glutamine (2 mM), penicillin (100 IU/ml), streptomycin (100 μg/ml) 

and 10 % FCS at 37 °C in a 5 % CO2-containing humidified atmosphere. THP-1 cells were 

suspended in RPMI 1640 medium supplemented with 10 % FCS and 0.05 mM 2-

mercaptoethanol.  Unless otherwise indicated, all the cell experiments in this study were 

repeated three times. 

2.4.2 Cell toxicity assay 
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Cell toxicity was determined by Alamar blue assay. Briefly, for HFF cells, cells were 

harvested using trypin-EDTA-PBS and 1*10
4
 cells per well were plated in 96-well plate 

setup with 200 μl of growth media. Cells were allowed to attach overnight before AANTs 

treatment. For THP-1 cells, cells were harvested by centrifuge and plated in 96-well plate 

2*10
4
 per well in total volume of 200 μl. Cells were treated with AANTs at the doses of 20 

μg/ml, 100 μg/ml, 250 μg/ml, 500 μg/ml for 24 hs and 3 days. After determined time point 

in study, 20 μl alamar blue stock solution was added to each well and incubated at 37 C 

for 1 to 2h, after which fluorescence was measured at 560/590nm using a plate reader 

(Fluostar OPTIMA, BMG Labtech). 

2.4.3 Annexin-V and JC-1 assay by flow cytometry 

Annexin-V and JC-1 assay was conducted according to the manufacturer’s instructions. 

Briefly, 2*10
4
 cells were seeded in 24-well plates overnight for attachment. After 3 days of 

treatment, cells were trypsinized and washed one time by PBS. Then cells were stained by 

Annexin-V/7-AAD or JC-1 dye followed by washing step. 0.1% hydrogen peroxide and 

200nM valinomycin was used as positive control for Annexin-V/7AAD and JC-1 assay 

respectively. Events were acquired by a FACScalibur (BD Bioscience), and data were 

analyzed using FlowJo (TreeStar) software on at least 10,000–30,000 events. 

2.5 Cell imaging 

2.5.1 TEM microtome sample preparation 

To prepare microtome samples of cells, cells were incubated with AANTs at the 

concentration 100 μg/ml for overnight treatment (16hs). After that, cells were carefully 

washed with sterile PBS twice, and transferred into 1.5 mL eppendorf tubes. Collected cell 

pellets were re-suspended in a solution of 4 vol % paraformaldehyde and 1.25 vol % 

glutaraldehyde and were fixed overnight. Then, all samples were post-fixed in a 2 vol % 
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osmium tetroxide solution for 45 min. After this, cells were fully dehydrated and embedded 

in epoxy resin. Ultrathin sections of 70 nm were cut and post-stained with uranyl acetate 

and lead citrate.[18] Cell samples were analyzed by TEM at 100 kV. 

2.5.2 Fluorescence microscopy 

To visualize autophagosome, 2*10
4
 cells were cultured on 8-well chamber slide with 

AANTs treatment, followed by incubation with freshly prepared 0.05 mM MDC in PBS at 

37°C for 10 mins. Then the cell was washed one time with PBS and fixed by 4% 

paraformaldehyde. The chamber was then visualized under a confocal microscope (Leica 

SP5 spectral scanning confocal microscope) using 405-nm lasers with band-pass filters of 

420–480 nm. 20 nM rapamycin and 1mM 3-MA were used as positive and negative control 

respectively. For ER staining, cells were treated with AANTs or TG for 24hs and then 

washed one time with PBS and fixed by paraformaldehyde. To label ER, the fixed cells 

were incubated with ER-Tracker (1 μM for 30 min at 37°C) and then imaged using DAPI 

channel. For imaging the localization of AANTs inside cells, Alizarin Red S labeled 

AANTs was incubated with AANTs overnight. Next day, cells were first stained with 

MitoTracker
®
 Deep Red (500nM) for 10mins at 37 

o
C, then washed twice with PBS and 

stained with MDC for 10 mins 37 
o
C. Finally, the cells was fixed and visualized by 

confocal micscopy (Carl Zeiss LSM 700) using 405-nm, 555-nm, and 639-nm lasers with 

band-pass filters of 420–480 nm, 575–600 nm, and 650–700 nm, respectively. To 

quantifying mitochondria volume by 3D surface reconstruction, confocal slice thickness 

was kept at 0.3 μm consistently with twenty slices typically being taken to encompass the 

three-dimensional entirety of the cells in the field of view. Z-stack images were 

deconvoluted with ImageJ (NIH) and Z-Stack analysis of the thresholded images volume-

reconstituted using the VolumeJ plug-in, and volumes of mitochondria were quantified 

using the ImageJ-3D Object Counter plug-in. Calculation for the adjusted total 
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mitochondrial volume per cell was as follows: (percentage of total volume of 

mitochondria)/(percentage of total area of cell). This process was completed for at least 60 

cells over three separate fields of view for each sample and is representative of three 

independent experiments.[63]
 

2.6 Western Blotting 

1*10
6 

cells were seed in T25 flask and treated with 100 μg/ml AANTs, RP, 3-MA or TG in 

a 24 hs time course. After that, Cells were lysed in buffer containing 10 mmol/L Tris-HCl 

(pH 7.6), 150 mmol/L NaCl, 1% Triton X-100, 0.1 % SDS, 2 mmol/L sodium vanadate, 

and a protease inhibitor cocktail (Boehringer Mannheim) and stored -70
 
°C until ready to 

use. The amount of protein in each sample was quantified using the BCA protein assay 

reagent (Pierce) according to the manufacturer’s instructions. Fifty micrograms of cell 

lysates was separated using 12.5 % SDS-PAGE. Gels were then electro-blotted onto 

polyvinylidene difluoride membranes (Novex, San Diego, CA) and blocked using 5 % skim 

milk in TBST buffer (10 mM Tris-HCl, pH 7.5/150 mM NaCl/0.05% Tween-20) at room 

temperature for 1-3 hour. Immunodetection was done overnight at 4 °C in TBST/blocking 

reagent, using the following primary antibodies at the dilutions suggested by the 

manufacturer. Primary antibodies were purchased from Cell Signaling Technology. Anti-

actin pAb (Santa Cruz, CA) was used to normalize for protein concentration. Membranes 

were then rinsed several times with PBS containing 0.1 % Tween 20 and incubated with 

1:5,000 dilution of anti-mouse or anti-rabbit alkaline phosphatase conjugated secondary 

antibodies (Amersham) for 1 hour. Visualization and quantification of protein bands was 

done using the Vistra ECF substrate reagent kit (Amersham) on a FluorImager (Molecular 

Dynamics, Inc., Sunnyvale, CA). The intensity of the band was quantified utilizing the 

software, NIH ImageJ (National Institutes of Health, Bethesda, MD, USA) and normalized 

by the band intensity of actin. 
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2.7 Thapsigargin loading and in vitro drug delivery 

For TG loading experiments, 1 mg of as-prepared AANTs were dispersed in 300 μL of TG 

solution (50 μg/ml) by 10 min of sonication. The solutions were kept at room temperature 

for 3h, followed by 3 times wash to remove TG residue. Drug loading capacity of AANTs 

was determined for thermogravimetric (TGA) analysis (Auto TGA Q500, TA Instruments). 

Disposable aluminum pan loaded with samples (AANTs or drug loaded AANTs) was used 

for TGA chatacterization. The drug loading amount is calculated by the average weight lost 

difference between AANTs and drug loaded AANTs from three independent experiments. 

The experiment temperature was increased from room temperature to 590 °C at a rate of 10 

°C min
-1

 under pure nitrogen gas flow at 23 ml/min. For in vitro TG delivery assays, 1*10
4
 

cells/well were seeded in a 96-well plate and incubated overnight to allow cell attachment. 

Then, TG-loaded AANTs with different concentrations range from 20 to 100 μg/ml were 

added to each well co-treated with 1 mM 3-MA. Cell viability was checked after 24hs by 

using alamar blue assay. To confirm the synergism of 3-MA and TG, parallel experiments 

was conducted by treating cells with 3-MA, TG and TG + 3-MA.  

2.8 Statistical analysis 

Data were analyzed using Origin pro and Microsoft Excel software and presented as mean 

values ± standard deviation (SD) from three independent measurements. Statistical 

comparisons between different treatments were assessed by two-tailed t-tests. The criterion 

for significance was p < 0.05 for *, p < 0.01 for **, and p < 0.001 for ***. The effect of 

drug combinations on cytotoxicity was assessed by the median-effect method as previously 

described.[51] Combination index (CI) values were calculated from median results of 

cytotoxicity assays, which were done in triplicate. CI values significantly >1 indicate drug 

antagonism. CI = 1 indicated summation, CI < 1 indicated synergism. 

3. Results  
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3.1 Preparation and characterization of AANTs 

AANTs were fabricated by a modified pulse anodization approach as we previously 

described.[37,38] (Figure 1 a) This electrochemical technique utilizes periodically 

manipulated galvanostatic current density switching between mild anodization (MA) and 

hard anodization (HA) to create an engineered stack-layered anodic aluminum oxide 

(AAO) nanostructure, in which the layer thickness is precisely controlled by current 

intensity at a given time. Individual AANTs were obtained by removing the aluminum 

substrate followed by sonication treatment to break down the AAO nanostructure into 

liberated nanotubes. The resulting AANTs used in this experiment have a unique hollow 

and open ends structure with an inner diameter of 33 nm ± 8 nm and length of 736 nm ± 

460 nm. (Figure 1 b to e)  The physicochemical characterization of the AANTs is 

summarized in Table 1 – Supporting information. AANTs are composed of Al2O3 with 

high density of oxygen groups on surface which can be protonated in deionized water (pH 

5.6) to form positively charges at 27.0 ± 0.6 mV. However, it is worth stressing that 

AANTs have an intrinsic heterogeneous surface chemistry between the inner and outer 

surface due to the incorporation of electrolyte anions (i.e. sulfonate group) into the inner 

surface wall during the anodization process.[39,40]
 
Consequently, a total charge of AANTs 

is influenced by both outer and inner charges, which have different levels of positive 

charges as illustrated in Figure S1 – Supporting Information. In our condition, AANTs 

exhibited a negative surface charge (-11 ± 0.9 mV) with hydrodynamic diameters of 482.4 

± 20.6 nm when used in cell culture media with 10% FCS. This difference is caused by the 

complex ionic composition of cell culture media and the formation of bimolecular coronas 

(i.e. serum proteins) on both inner / outer surfaces.[41] 
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Figure 1 Preparation and characterization of AANTs. (a) Schematic illustration of AANTs 

fabrication by pulse anodization. Briefly, electro-polished aluminum was first anodized at MA 

condition to grow a certain thickness of nanoporous anodic alumina as the starting layer (step one). 

Pulse anodization was then applied (step two) followed by removal of aluminum substrate (step 

three). The liberation of AANTs was finally achieved by acid etching and mild sonication (step 

four). (b) Representative anodization profile of current density and voltage against time using 

conditions of jHA=368.52 mA/cm
2
 / tHA= 2s, and jMA= 3.26 mA/cm

2
/ tMA= 5s (c and d) SEM and 

TEM images of AANTs (e) Length distribution of AANTs characterized by TEM analysis. 

3.2 AANTs induced autophagy is an intrinsic cellular response 

We previously reported the effect of autophagy induction by AANTs in breast cancer cells 

MDA-MB 231-TXSA and mouse macrophage cells RAW 264.7.[37] For better 

understanding the AANTs-associated nanotoxicity pattern in various cell lines, we now 

show that primary human foreskin fibroblasts (HFF) and human monocytic cells (THP-1) 

readily internalize AANTs into autophagosome structures which contain other damaged 
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cellular components. (Figure 2) Cell viability characterization by an alarmar blue assay 

showed that treatment with AANTs at a maximum concentration of 500 μg/ml reduced 

viability down to 80% in THP-1 cell line. In addition, AANTs failed to influence the cell 

viability of HFF cells at the highest concentration after 72hs’ treatment. These results 

showed that AANTs as a non-degradable nanomaterial model are non-toxic to cells at a 

working dose of 100 μg/ml. Since autophagy has been activated after cell uptake of 

AANTs, we reasoned that autophagy induction may play a cyto-protective role in the 

contexts of AANTs induced toxicity. However, excessive autophagy may favor an 

apoptotic process since autophagic and apoptotic machineries share common signaling 

pathways that may link these two processes together.[42] Therefore, understanding the  role 

of autophagy in AANTs associated nanotoxicity requires further detailed characterizations. 

 

Figure 2 Cell viability and cell uptake characterization after AANTs treatment in (a) HFF and (b) 

THP-1 cell lines. AANTs exhibited a time-dependent and dose-dependent toxicity in both cell lines. 

Autophagy induction was evident in both cell lines characterized by the formulation of 
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autophagosome, which is depicted here as yellow arrows. AANTs were localized in the 

autophagosome structure, which were shown by red arrows.  

3.3 Autophagy protects MDA-MB 231-TXSA breast cancer cells from AANTs induced 

toxicity.  

To better understand the role of autophagy in cancer and nanotoxicity, we chose the breast 

cancer cell line MDA-MB 231-TXSA as a cell model and AANTs as a nanomaterial model. 

Cells were treated with AANTs at a concentration 100 µg/ml for 24 hs followed by 

systematic autophagy characterization, including monodansylcadaverine (MDC) staining 

(Figure 3 a), TEM imaging (Figure 3 b) and western blot analysis (Figure 3 d). Typical 

autophagy modulators including 3-MA and rapamycin (RP) were used here as autophagy 

inhibitor and promoter respectively. We found that 3-MA can induce significant type II cell 

death (autophagic cell death) at a commonly used dose (5 to 10 mM). (Figure S2 – 

Supporting Information) Therefore, we carefully optimized the dose and chose 1mM as a 

working concentration in the following experiment. Surprisingly, we found MDA-MB 231-

TXSA had a relatively high basal level of autophagy. Both AANTs and RP treatment 

enhanced the level of autophagy, featuring the accumulated autophagosome and the 

lipidation of cytosolic-associated protein light chain 3 (LC-3 I) into its membrane-bound 

lipidated form, LC-3 II.[15] While low concentration of 3-MA did not completely abolish 

autophagy under these conditions, it effectively reduced the level of autophagy 

demonstrated here by the decreased intensity of MDC staining and reduced level of LC-3 

II. Sequestosome-1 (p62), a protein targeted specific cargo (i.e. cellular waste) for 

facilitating autophagy, showed no significant modulation after treatment with AANTs, 

suggesting that treatment with AANTs at a relatively high concentration did not impair the 

autophagy degradation capacity. 
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Figure 3 Autophagy characterizations of AANTs induced autophagy in MDA-MB 231-TXSA cells. 

(a) confocal microscopy characterization of autophagosome by MDC staining. MDA-MB 231-

TXSA cells have a high basal level of autophagy, which can be inhibit by 3-MA or enhanced by 

rapamycin (RP) or AANTs treatment.  Scale bar: 25 μm. (b) TEM characterization of 

autophagosome treated with 3-MA, RP and AANTs. Scale bar: 1 μm. (c) Quantitative analysis of 

autophagy levels by counting autophagic vacuoles from TEM and MDC staining images. AANTs 

and RP treatment can effectively induce autophagy. 1 mM 3-MA treatment reduced autophagy 

level, which is indicated by back arrows. (d) Western blot characterization of autophagy marker 

LC-3 and p62. The accumulation of LC-3 II is evident with RP and AANTs treatment. The ratio of 

LC-3 II/ LC-3 I was shown at the bottom of the LC-3 II band. The level of significance was set to a 

probability of p < 0.05 for *, p < 0.01 for **, and p < 0.001 for ***. 

The impact of autophagy inhibition on cell viability was characterized by various well-

established assays, including alarmar blue (Figure 4 a), annexin-V / 7-AAD double 
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staining (Figure 4 b), and JC-1 assay (Figure 4 c). As shown in Figure 4 a, treatment with 

low concentration of 3-MA sensitized breast cancer cells to AANTs treatment after 

prolonged exposure with high doses (> 100 μg/ml). At the same time, treatment with 

AANTs at a concentration of 100 μg/ml did not induce significant apoptosis (annexin-V 

positive), necrosis (7-AAD positive) or mitochondria depolarization (JC-1positive) even 

after 72 hours. Such a toxicity pattern is indicative of exceptional AANTs’ 

biocompatibility. Consistent with alarmar blue assay, 3-MA treatment enhanced the 

cytotoxicity of AANTs after 72 hours treatment, which further confirmed the cyto-

protective role of autophagy in AANTs’ triggered nanotoxicity. Further detailed 

characterizations of mitochondria volume, mitophagy (the specific autophagic clearance of 

mitochondria) and colocalization of AANTs and mitochondria inside autophagosome by 

confocal microscopy are shown in Figure S3 – Supporting Information. These results 

taken together demonstrated the cyto-protective function of mitophagy in degrading 

damaged mitochondria induced by AANTs uptake.  
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Figure 4 The impact of autophagy inhibition on MDA-MB 231-TXSA cell viability when treated 

with AANTs. (a) Alarmar blue assay of cell viability characterization by AANTs and 1mM 3-MA 

treatment. 3-MA slightly increased the AANTs induced toxicity at low dose (100 μg/ml) but 

significantly enhanced the toxicity of AANTs at high dose treatment (500 μg/ml) and longer time 

course. (b) Flow cytometry analysis of annexin-V / 7-AAD double staining and (c) JC-1 staining for 

quantification of cell viability treated with AANTs at a concentration 100 µg/ml. 20nM 

valinomycin was used as positive control. The level of significance was set to a probability of p < 

0.05 for *, p < 0.01 for **, and p < 0.001 for ***. 
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Homeostasis of protein, lipid biosynthesis and energy metabolism impacts on cell function 

and longevity. PI3K-AKT-mTOR pathway as a key regulator of cell function (i.e. 

proliferation, protein synthesis and glucose metabolism) is increasingly gaining attention in 

cancer development and is a target for cancer therapy.[43,44] However, the impact of 

nanomaterials on this metabolic pathway is still unclear, although several types of 

nanoparticles were found to regulate PI3K-AKT-mTOR pathway by totally distinctive 

patterns.[45,46] As shown in Figure 5 a, RP, a typical mTOR inhibitor used here as a 

positive control, significantly down-regulated thephosphorylation of S6 kinase (p70 S6) 

and eukaryotic initiation factor 4E-binding protein (4E-BP1), two well-characterized 

mTOR substrates responsible for protein synthesis and cell cycle progression.[47] AANTs 

and 3-MA treatment had no effect on the downstream substrates of mTOR as well as the 

upstream regulators of mTOR such as class III phosphoinositide 3-kinase (PI3K III), 

protein kinase B (AKT) and  phosphorylation of AKT at ser 473 site (phosphor-AKT (Ser 

473). However, phosphorylation of mTOR at Ser-2448 (phosphor-mTOR (Ser 2448) was 

significantly down-regulated following treatment with AANTs + 3-MA, indicating the 

possible metabolic stress caused by the reducing kinase activity of p70 S6 and 

mTOR.[48,49] In addition, we found that 3-MA treatment up-regulated AANTs induced 

ER stress evidenced here by an increase in BiP and IRE1α levels (Figure 5 b and c). While 

AANTs + 3-MA triggered an ER stress response, nonetheless apoptosis signaling was not 

affected since the modulation of apoptosis regulators including caspase 3, p53 and Bcl-2 

was virtually undetectable. Taken together these results demonstrate that inhibition of 

autophagy can sensitize cells to AANTs-induced ER stress leading to changes in protein 

biosynthesis without triggering programmed cell death.  
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Figure 5 PI3K-AKT-mTOR, ER stress and apoptotic signaling in MDA-MB 231-TXSA exposure 

to AANTs. Cells were treated with AANTs at a concentration of 100 μg/ml followed by western 

immunoblotting analysis. (a)  AANTs with or without 3-MA treatment did not influence the 

function of mTOR pathway. In contrast, low concentration of rapamycin down-regulated two 

downstream substrates of mTOR, p70 S6 and 4E-BP1. (b) AANTs treatment did not alter the 

pattern of apoptotic and anti-apoptotic protein expression. However, up-regulation of ER stress 

markers such as IRE1α and BiP is clearly evident. (c) Quantification of expression level of BiP and 

IRE1 α. 

 

3.4 Autophagy inhibitor enhances cytotoxicity of thapsigargin delivered by AANTs in 

vitro 

Since 3-MA increase AANTs associated nanotoxicity through ER stress, we reason that 3-

MA may have synergistic effect when combined with an ER stress inducer together with 

AANTs for cancer killing. To rationalize our hypothesis, we chose TG as a prototype ER 
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stress inducer and developed a TG delivery system by using AANTs as a nano-carrier 

model. The drug loading was conducted by incubating AANTs with high concentration of 

TG followed by washing and vacuum drying. The drug loading amount was quantified by 

thermogravimetric analysis, which was calculated to be 25.4 ± 10.2 µg per mg of AANTs. 

(Figure S4 – Supporting Information).  As shown in Figure 6 a, treatment with TG or 

AANTs loaded with TG (AANTs@TG) induced significant changes in cellular 

morphology. Visualizing ER structures by the ER-tracker Blue-White DPX (ER tracker) 

under confocal microscopy showed that both TG and AANTs@TG treatment induced 

separated bright dots located in the cytoplasm, possibly due to the aggregation of unfolded 

proteins on the ER membrane.[34,50] More importantly, a clearly dose-dependent toxicity 

and synergistic effect of AANTs@TG and 3-MA is shown in Figure 6 b. After 24h 

treatment at a concentration of 100 μg/ml, AANTs@TG reduced cell viability to 78 %; 

while co-treated with 1mM 3-MA reduced cell viability even further to 60 %. The co-

operative synergy analysis was confirmed using the median effect methods developed by 

Chou and Talalay.[51] 3-MA showed a combination index of 0.61 with AANTs@TG at the 

concentration 100 μg/ml. The synergy effect of 3-MA and TG was also confirmed as 

shown in Figure S5 – Supporting Information. 
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Figure 6 In vitro thapsigargin delivery by AANTs co-treated with 3-MA at the time-course of 24 

hour. (a) Bright field images and ER tracker staining characterization of MDA-MB 231-TXSA cells 

treated with TG and AANTs@TG. Red arrows denoted the accumulation of AANTs on cell surface. 

White arrows showed bright dots existed in the cytoplasm of TG and AANTs@TG treated cells. 

Scale bar: 50 µm (b) dose dependent toxicity of AANTs@TG treatment alone and combined with 

1mM 3-MA. Inset is the combination index data obtained by using Chou and Talalay method. The 

level of significance was set to a probability of p < 0.05 for *, p < 0.01 for **, and p < 0.001 for 

***. 
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Such synergistic effect of AANTs@TG and 3-MA was further characterized at the bio-

molecular level. (Figure 7) Treatment with TG showed significant up-regulation of several 

critical ER stress markers, including BiP, C/EBP homologous protein (CHOP), IRE1α and 

PKR-like ER kinase (PERK). Specially, treatment with 250nM TG together with 1mM 3-

MA showed approximately a 13 fold increase of in BiP level and a 2 fold increase in CHOP 

when compared to treatment with 250nM TG alone, in which a 10 fold increase of BiP and 

1.5 fold increase of CHOP were observed. Treatment with AANTs@TG and AANTs@TG 

+ 3-MA dramatically up-regulated BiP expression. Importantly, the level of CHOP, a 

downstream component of ER stress signaling pathway, showed a 3.3 fold increase in 

AANTs@TG + 3-MA treatment when compared to 2.6 fold increase in the AANTs@TG 

alone group. Trans-membrane signaling proteins, IRE1α and PERK were both up-regulated 

by AANTs@TG and TG treatment, but such a pattern was not enhanced significantly with 

3-MA co-treatment. To clarify the cell death reason, we characterized various markers of 

apoptosis inducers including caspase-3, 8, 9 and BiD.[52] The expression of these pro-

apoptotic factors were not modulated by TG and AANTs@TG treatment within 24hs, 

indicating a caspase-independent mechanism of cell death. Characterization of autophagy 

markers LC-3 I, LC-3 II and p62 showed enhanced expression levels of LC 3-II after TG 

and AANTs@TG treatment, while p62 levels and the ratio of LC-3 II/LC-3 I were 

maintained at basal levels. However, treatment with 1mM 3-MA reduced the level of LC-3 

II back to basal level. Taken together, these results strongly suggest that blocking 

autophagy by an autophagy inhibitor facilitates the cytotoxicity of ER stress at the 

molecular level and results in enhanced toxicity that is mediated by a caspase-independent 

cell death mechanism(s). 
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Figure 7 Synergistic effect of AANTs@TG and 3-MA treatment on the ER stress, apoptotic and 

autophagic signaling pathways. (a) MDA-MB 231-TXSA cells were treated with TG, AANTs@TG 

combined with 1 mM 3-MA for 24h followed by western immunoblotting analysis. Up-regulation 

of ER stress marker proteins is evident in the group of TG, AANTs@TG combined with 3-MA (b) 

Quantification of expression level of ER stress and autophagic marker proteins. 

4. Discussion 

Recent fundamental studies of nanotoxicity revealed the indispensable roles of ER stress 

and autophagy in the regulation of nanomaterial induced cellular stresses.[16,53] Indeed, 

ER stress and autophagy as two essential homoeostasis processes constitute both pro-

survival mechanisms and lethal programs. ER is the major membrane source which 

contributes to autophagosome formation by interconnected with autophagosome through 

ER-associated cisternae structures.[54] Such functional connection makes autophagy an 

essential pro-survival pathway to reduce ER stress. It is believed that ER stress is iniciated 

by the release of BiP followed by the activation of three crucial transmembrane signaling 
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proteins named IRE1α, PERK, and activating transcription factor 6 (ATF6) in respond to 

the misfolded proteins on ER[30]; while autophagy is functional involved for the clearance 

of misfoled proteins to alleviate the ER stress.[14]  

However, our understanding about the cross talk between ER and autophagy molecular 

pathways in nanotoxicity remains limited due to the complexity of autophagy modulation 

by nanomaterials. Although autophagy can be cyto-protective, various nanomaterials such 

as graphene oxide[55] and polyethylenimine[56] were reported to induce type II cell death, 

in which autophagy led to cell death rather than cell survival. Therefore, the role of 

autophagy in cell function, like other nanotoxicity paradigms, appears to be dependent on 

the type of nanomaterial.[17] To clarify the role of autophagy on AANTs-associated 

cytotoxicity, we systematically characterized cell viability and autophagy by multiple 

techniques. (Figures 3, 4 and S3) Our results clearly demonstrate that AANTs have 

superior biocompatibility even under condition of autophagy inhibition. At the molecular 

level, such biocompatibility pattern was evidenced by the unaltered PI3K-AKT-mTOR and 

apoptotic signaling pathways. In addition, autophagy inhibition by 3-MA led to the 

induction of ER stress and down-regulation of phosphor-mTOR (Ser 2448) after AANTs 

treatment, which further substantiated the function of autophagy for alleviating AANTs 

induced cellular stress. It is worth noting that 3-MA was used here at a non-toxic dose (1 

mM) due to the known cytotoxicity displayed at high concentration. (Figure S2 – 

Supporting Information) Since autophagy inhibitors such as 3-MA and CQ were 

routinely used at high doses in other autophagy studies, caution needs to be raised when 

using these drugs for nanotoxicity studies.  

The complexity of cancer cell survival / death signaling pathways and their dysregulation 

by oncogenes have motivated the development of novel therapeutic approaches for 

improving therapeutic outcome.[57] It is known that a wide array of conventional 
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chemotherapeutic agents can induce cyto-protective autophagy and ER stress responses.
14

 

Although the clinical transition of combining autophagy inhibitors with anti-cancer drugs 

for chemotherapy is in progress, the  simultaneous targeting of autophagic and ER stress 

signaling is rarely reported.[58,59] TG is a natural compound that selectively inhibits the 

ER calcium-dependent ATPase pump and thus can induce extensive ER stress at nanomolar 

doses.[60,61] As a proof-of-concept, we chose TG as a prototype ER stress inducer and 

conducted TG delivery by AANTs co-treated with low concentration of 3-MA. The drug 

loading was conducted by utilizing the electrostatic adsorption between drug molecular and 

AANTs’ surface. Although the drug loading was not ideal, in this instance, nonetheless 

AANTs@TG efficiently delivered TG into cells and consequently triggered ER stress-

associated cell death when co-treated with 3-MA. (Figure 6) The synergistic effect of this 

drug delivery system was further confirmed both at the cellular and bimolecular level. 

(Figure 7) A schematic illustration of the cytotoxicity pattern of AANTs and AANTs-

based drug delivery system is shown in Figure 8. It is anticipated that adapting this 

signaling network targeting strategy with other nanoparticle-based delivery systems will no 

doubt prove to be a promising approach for improving the drug delivery performance in 

targeted cancer therapy. 
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Figure 8 Schematic representations of AANTs induced toxicity pattern and ER stress – autophagic 

signaling targeting drug delivery system. (a)  Autophagy protect cell from AANTs induced ER 

stress. Inhibition of autophagy and co-delivery TG together cause ER stress signaling cascade and 

finally lead to cell death. (b) AANTs treatment down-regulated phosphor-mTOR (Ser 2448), thus 

were suspected to inhibit mTOR signaling pathway. (c) A detailed illustration of signaling network 

connection between autophagy pathway and ER stress. 3-MA inhibited the formation of 

autophagosome by suppressing PI3K complex III. ER stress induced by AANTs was further 

enhanced by TG treatment, which up-regulated ER stress marker expression, such as BiP, PERK, 

IRE1α and CHOP. 

5. Conclusions 

With the growing knowledge of autophagic and ER stress signaling pathways in regulating 

cancer cell growth, survival and death, developing precise and sophisticated signaling 

networks targeting delivery platforms offers novel strategies for combating cancer. Herein, 

we addressed this challenge by developing a simple AANTs-based drug delivery platform 
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for delivering TG and 3-MA. This stagey is based on our systematic nanotoxicity study, 

which clarifies the network connection between ER stress and autophagy in response to 

AANTs at the molecular level. Our research not only demonstrates the biocompatibility of 

AANTs for future advanced biomedical application, but also highlights the clinical 

therapeutic potential of modulating cell signaling pathways using nanoparticle-based drug 

delivery approaches.    
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Graphical Abstract 

 

 

Cancer cell signaling targeting strategy is achieved by using anodic alumina nanotubes 

(AANTs) as nanocarriers to deliver an endoplasmic stress inducer, thapsigargin, co-treated 

with an autophagy inhibitor 3-methyladenine.  Autophagy inhibition not only sensitizes 

cancer cells to AANTs-induced nanotoxicity, but also contributes to the synergism effect 

when combined with the AANTs-based thapsigargin delivery system.   
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Figure S1 Surface charge measure of AANTs in deionized water 

It is known that electrolyte anions (i.e. sulfonate group) can incorporate into the inner-wall 

surface of AAO during anodization. Therefore, the charge of inner surface should be taken 

into account when measuring the outer surface charges. To clarify the charges of outer 

surface which directly in contact with physiological environment, we selectively coated 

inner surface with positive or negative charged polymer (i.e. polystyrene sulfonic 

acid (PSS) and poly(allylamine hydrochloride) (PAH) ) by a template-assisted 

functionalization protocol. (Figure S1 a) We denoted the inner surface coating of AANTs 

as AANTs-inner PSS / AANTs-inner PAH in contrast to the unselective polymer coating as 

AANTs-PSS / AANTs-PAH. As shown in Table 1, such polymer coating protocol have no 

effect on the DLS diameter, but significantly modulated the total surface charge pattern of 

the resulting AANTs. As-prepared AANTs had a positive surface charge of 27.0 mV, while 

AANTs-inner PSS showed a reduced ζ-potential of –1.8 mV. Interestingly, the sample of 

AANTs-PSS, which contained polymer coated on both inner / outer surface of AANTs, 

showed an enhanced negative surface charge of -33.1 mV. In contrast, AANTs-inner PAH 

did not alter the surface charge as compared to AANTs. However, AANTs-PAH showed a 

strong positive charge + 54.8 mV. Taken together, these analyses demonstrated that the 

inner and outer surface are both positively charged but at different levels due to the 

heterogeneous surface chemistry.  

Table 1 surface charge and size distribution analysis of AANTs  

 Size (nm) 
a
 PDI 

b
 ζ-potential (mV) 

c
 

AANTs 475.6 ± 38.2 0.21 ± 0.03 27.0 ± 0.6 

AANTs-inner PSS  485.4 ± 57.9 0.28 ± 0.05 -1.8 ± 0.4 

AANTs-PSS 450.4 ± 4.9 0.24 ± 0.01 -33.1 ± 0.5 

AANTs-inner PAH 456.8 ± 21.4 0.23 ± 0.02 26.8 ± 0.6 

AANTs-PAH 496.2 ± 11.0 0.26 ± 0.04 54.8 ± 0.9 

    

               a. The values represent the means of at least three experiments; ±: standard deviation 

               b. PDI: polydispersity index 

               c. Analysis of size distribution and ζ-potential was conducted within ultrapure water at pH 5.8. 
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Figure S1 Coating AANTs inner surface with polyelectrolyte. (a) schematic illustration of 

inner AANTs coating with polystyrene sulfonic acid (PSS). Briefly, after pulse anodization, 

the aluminum substrate was removed by acid etching followed by polyelectrolyte 

incubation. After several cycles of washing, AANTs were obtained by sonication treatment. 

(b) TEM characterization of as-prepared AANTs. (c) TEM images of AANTs with inner 

surface coating of PSS. The existence of polymer is evident inside nanotube, which is 

denoted by red arrows. 
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Figure S2 3-methyladenine (3-MA) induced cytotoxicity at high concentration. (a-c) light 

microscope characterization of MDA-MB 231-TXSA cells treated with (a) 0 mM, (b) 1mM 

and (c) 10mM 3-MA. High concentration of 3-MA induced autophagy cell death, which 

were denoted by red arrows. Scale bar: 50 µm. (d) cell viability of 3-MA after 24h 

treatment with gradient dose.  
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Figure S3 Mitochondria characterization by confocal microscopy and TEM.  

(a) AANTs and mitochondria were colocalized inside autophagosome. AANTs: green; 

Autophagosome: blue; Mitochondra: red. AANTs were labeled with Alizarin Red S. 

Mitochondria were stained with MitoTracker deep red. Autophagogome was stained with 

MDC. White arrows denote the co-localization of AANTs and mitochondria inside 

autophagosomes. Scale bar: 10 µm  

(b) Enlarged area in (a) which is indicated by dash square. Scale bar: 5 µm.  

(c) Representative images of mitochondria staining and TEM characterization. It is evident 

that the morphology of mitochondria in healthy cells was worm-like. Valinomycin induced 

mitochondria depolarization significantly changed the mitochondria morphology into circle 

shape. AANTs did not induce morphology change. From TEM, we were not able to 

identify the mitochondria volume change in AANTs samples. However, the debris of 

mitochondria inside autophagosome is identified, indicating the cyto-protective role of 

autophagy in degrading damaged mitochondria.  20nM valinomycin was used as positive 

control. Scale bar: 10 µm.   

(d) Mitochondria volume calculation by 3D surface reconstruction of z-stack images. 50nM 

Valinomycin (VM) was used as positive control. Although mitochondria morphology 

change was not evident by TEM and confocal characterization, AANTs treatment showed 

around 1 fold volume increase. 3-MA treatment did not significantly enhance the volume 

change in this case. We found 50nM VM induced strong toxicity to cells and thus 

significantly reduced the staining intensity, thus the volume was virtually undetectable by 

confocal microscopy. The level of significance was set to a probability of p < 0.05 for *, p 

< 0.01 for **, and p < 0.001 for ***.  
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Figure S4 Thermogravimetric analysis (TGA) of thapsigargin loading on AANTs. 

Drug loading amount was calculated by the average weight lost difference between 

control group (AANTs) and drug loaded group (AANTs@TG) . 
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Figure S5 Synergism effect of 1mM 3-MA and thapsigargin (TG) after treatment with 

MDA-MB 231-TXSA cells for 24hs. The level of significance was set to a probability of p 

< 0.05 for *, p < 0.01 for **, and p < 0.001 for ***. 
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Chapter 7 Conclusions and Perspectives 

7.1 Conclusions 

 

This thesis aims at utilizing advanced anodization techniques to structural engineer anodic 

aluminium oxide (AAO), and to fabricate anodic alumina nanotubes (AANTs) for the study 

of drug delivery and nanotoxicity. Highlights and conclusions of this thesis are summarized 

below: 

In chapter 3, detailed research of pulse anodization was performed in order to elucidate 

fundamental mechanisms of electrochemical anodization. This enabled feasible synthesis of 

anodic aluminium oxide (AAO)-based nanostructures including AAO-microcavities and 

AANTs. These novel nanomaterials are proven to be valuable tools for the research of 

interactions occurred at physical, chemical and biological interfaces due to the excellent 

properties of anodic alumina. The fundamental studies of pulse anodization in this thesis 

also paved the way for synthesizing other advanced anodic nanostructures in the future.  

Besides material fabrication, this thesis considerably expands our knowledge of AANTs at 

bio-nano interfaces. In chapter 4, we showed for the first time a systematic toxicological 

study of AANTs with differing aspect ratios. The results showed that AANTs with low 

aspect ratios (7.8) are non-toxic to cells, while AANTs with high aspect ratio trigger 

cellular stresses and cell death. Clarifying the paradigm of nanotoxicity provides guidelines 

of the safe design of functional AANTs for drug delivery application. The establishment of 

high-throughput toxicity screening platform in this study is of useful for the rapid 

assessment of nanotoxicity of various nanomaterials. It is worth noting that AANTs showed 

superior biocompatibility as compared to other nanomaterials (e.g. carbon nanotubes, gold 

nanorods etc.). This is because AANTs are intrinsically stable with the absence of toxic 

paradigms such as reactive oxygen species generation and chemical ions dissolution. 
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Mapping the toxicity pattern of AANTs in this thesis paves the way for potential 

biomedical applications of this novel nanomaterial. 

To explore the applicability of AANTs on drug delivery, two drug delivery systems were 

designed by using AANTs to deliver pro-apoptotic receptor agonists and cell signaling 

modulators for in vitro cancer cell killing. In chapter 5, tumor necrosis factor-related 

apoptosis-inducing ligand (Apo2L/TRAIL) was selected to demonstrate the drug delivery 

concept for in vitro cancer killing. Inspired by the intrinsic toxicity paradigms of autophagy 

and endoplasmic reticulum (ER) stress as illustrated in chapter 4, in chapter 6 a novel cell 

signaling targeting approach was proposed by delivering cell signaling modulators to 

simultaneously targeting autophagic and ER stress signaling networks. The understanding 

of autophagy and ER stress in the context of nanotoxicity and drug delivery opens new 

opportunities for the design of novel nanoparticle-based therapeutic concepts. More 

importantly, the therapeutic concepts developed in this thesis can be feasibly adapted to 

commercialized and clinical-approved nanomedicine platforms for realizing clinical 

transitions.  

7.2 Recommendations for Future work  

 

1. Structural engineering of AAO requires continuous translation of programmed 

electrochemical profile into nanopore structures in real time. The delay of this “translating 

process” can interfere the quality of structural engineering. However, since the barrier layer 

of AAO is composed of anodic alumina, which is a dielectric material, a delayed electric 

recovery is unavoidable during pulse anodization. The restricted electric recovery is 

unfavourable for producing AAO-based nanophotonics as well as AANTs as discussed in 

chapter 3. Further experimental optimizations are required to achieve better performance 
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of structurally engineering AAO for producing high-quality photonic nanostructures such 

as Thue−Morse and Fibonacci structures.
1-2

    

2. Short AANTs are ideal for drug delivery applications, but precise length control of 

AANTs is still challenging based on current techniques. Although we attempt to reduce the 

length of AANTs by optimizing electrolyte compositions, further shortening AANTs would 

be possible by taking advantage of the current oscillation, acid etching and sonication 

process.
3-4

 In addition, the productivity of AANTs is limited at lab-scale due to the 

requirement of applying high current intensity during fabrication. It would be preferred to 

explore conditions that utilize low current intensity to produce AANTs, possibly through 

the modification of electrolyte.   

3. The toxicological studies and drug delivery experiments of AANTs are at the level of 

cell culture in this thesis. Future work of animal experiments (e.g. mice model) should be 

conducted to address the long-term toxicity issue of this new nanomaterial. The study of 

bio-distribution of AANTs with stealth surface functionalization (e.g. polyethylene glycol) 

is necessary to clarify the cancer targeting property in vivo.
5-6

 In addition, more 

sophisticated surface chemistry should be conducted to control and optimize the drug 

loading / release both in vitro and in vivo.
7-8

 

4. With the maturation of nanofabrication and drug delivery techniques, personalized 

nanomaterial-based cancer therapy may become possible in the long-term to meet the 

requirements of individual cancer patients. To address the visionary concept of 

personalized therapy, it becomes increasingly important for chemical engineers and 

material scientists to understand the cancer biology and cancer genome in order to design 

suitable nanomedicine-based therapeutics for targeted therapy. New opportunities are 
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emerging by establishing high-throughput nanomedicine fabrication platforms to enable 

rapid nanomedicine formulation in respond to personalized cancer targets.
9-10
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