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In this dissertation, an exosome capturing ciliary micropillar array microfluidics is 

introduced and applied to evaluate the response of resistant cancer cells under 

nanoparticle encapsulated chemotherapy. Cancer cells are able to develop different 

mechanisms to resist therapeutic treatment, frequently causing chemotherapy failure. 

Active drug expulsion is one of the usual resisting schemes to reduce intracellular drug 

accumulation to a non-effective level. Evidence has suggested a potential exosomal 

pathway is used by multi-drug resistant (MDR) cancer cells to expel drugs. Here I study 

the exosomes derived from MDR cancer cells treated by nanotherapeutics aiming to 

establish the correlation between nanotherapeutics and exosomal pathway for drug 

expulsion. The outcome would boost further understanding of cancer MDR, and in turn 

direct the development of pharmaceutical nanoparticles to overcome MDR cancer. 

To effectively isolate exosomes for drug expulsion evaluation, a ciliary 

micropillar structure is fabricated employing microelectromechanical systems (MEMS) 

and metal assisted chemical etching (MACE) techniques. The ciliary micropillar is 

fabricated in two major steps: deep silicon etch (DSE) for pillars followed by a MACE 

process to etch nanowires on the pillars. The concept of using MACE as an alternative to 

DSE is also explored to reduce fabrication cost. With optimized parameters, it shows a 

comparable result to DSE. 
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COMSOL simulation revealed that ciliated micropillars exhibited a unique 

advantage as a unit structure for capturing small particles in fluid flow, according to 

particle filtration theory. A nanowire layer with high permittivity allows fluid streamlines 

to pass through, and increases interaction with particle carrying fluid to increase the 

probability of particle interception. Nanowires on the pillar can trap specific sized 

particles due to their characteristic dimension. Thanks to the weaker stability of porous 

silicon nanowires, trapped particles can then be released by dissolving these nanowires 

without damage to the particles themselves. A microfluidic chip is fabricated with an 

optimized circular micropillar arrangement for resistance reduction, and its particle 

filtration performance is demonstrated by processing model cell culture medium. 

The device is applied to study MDR cells’ response to micelle encapsulated 

paclitaxel treatment. Cell culture medium from sensitive and MDR variant of MDA-MB-

231 cells treated with pure and capsulated drugs are processed through the device for 

exosome isolation. Drug volume in collected exosomes is determined after measurement. 

By measuring drug efflux through exosomes, it is determined that MDA-MB-231MDR 

cells do use an exosomal pathway to expel drugs, but other mechanisms are also at play. 

Nanoparticle encapsulation results in higher drug concentration in exosomes partly 

because the origin of exosomes and nanoparticle intake through endocytosis share some 

similar route. 
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Chapter 1:  Introduction to Exosomes and Isolation Technologies 

1.1  EXOSOMES AND THEIR BIOMEDICAL SIGNIFICANCE 

1.1.1  Origin and contents of exosomes 

Exosomes are 30 to 100 nm diameter double-layer lipid vesicles shed from most, 

if not all, viable cells. Typical sources of exosomes for research are from dendritic cells, 

tumor cells, lymphoid cells, mesothelial cells or epithelial cells. The formation of 

exosomes starts by late endosomes inward budding from its membrane, and then the 

multivescular endosomes fuse with the cellular membrane to release the exosomes. 

Exosomes upon release can be found in the extracellular environment including blood, 

urine, milk, saliva, synovial fluid, amniotic fluid, etc.[1-5]. Exosomes can be excreted 

through many of the aforementioned body fluids; they can also be uptaken by target cells. 

The uptake pathways include juxtacrine signaling through receptor-ligand mediation[6, 

7], fusion of exosomes with the membrane of target cells [8], or phagocytosis by target 

cells[9]. Figure 1 shows the biogenesis and uptake pathway of exosomes by target cells. 

The contents of exosomes include protein, lipid and RNA as a result of a highly 

selective process whose mechanism is still not fully understood[2]. Materials targeted for 

elimination by exosomes include ubiquitary and cell type-specific composition. RNAs 

and microRNAs of endogeny can be isolated from exosomes in high purity[11]. Due to 

high stability of exosomes, exosome RNAs can preserve their information from digestion 

by widespread RNAse outside of exosome membrane.  
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Figure 40: Biogenesis and uptake of exosomes in target cells. a Early endosomes 
mature into late endosomes and exosomes are formed by a process of 
inward budding from the limiting membrane. Via this mechanism, 
cytoplasmic RNA molecules and functional proteins are encapsulated into 
exosomes. Moreover, transmembrane proteins maintain the same orientation 
relative to the cytoplasm and plasma membrane. In a second step, 
multivesicular endosomes fuse with the cellular membrane to release the 
exosomes into the extracellular space. Several cellular signals have been 
suggested: b juxtracrine signaling through receptor–ligand interactions, c 
fusion of exosomes with the cellular membrane of the target cell, resulting 
in a direct release of the cargo into the cytoplasm, d phagocytosis in an 
actin-cytoskeletal and phosphatidylinositol 3-kinase-dependent manner. 
Reproduced with permission from [10]. 
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1.1.2  Exosome function and clinical value 

Exosomes were originally thought to be “trash bags” of cell metabolism because 

the exosomal pathway is an important route for unwanted RNA and plasma membrane 

protein removal, such as the case for reticulocytes maturing into erythrocytes[12]. But in 

the subsequent years more important functions have been attributed to exosomes 

(reviewed in [5, 13]). Exosomes can be specifically targeted to recipient cells to exchange 

proteins, lipids, nucleic acid cargo and trigger signaling events. They are found to be 

facilitators of the immune response for antigen presentation, immune suppressors in 

cancer, and morphogen transporters in cell development and differentiation. It has also 

become more evident that exosomes participate in intercellular communication in either 

stimulating or perturbing manner as part of different physiological processes. For 

example, melanoma derived-exosomes are shown to be able to incite  proangiogenic 

signaling cascades and remodel tissue matrices to permit  metastasis[14]. By analyzing 

exosome derived RNA and protein, rich physiological and pathological information can 

be derived to reveal the originating tissue’s health condition. There is compelling 

evidence that miRNAs and proteins in circulating exosomes of tumor cell origin are 

representative of those expressed in their parent tumor cells, which provide prospects for 

using exosomes as a screening tool for very early detection of cancer. Chen et al.[15] 

identified specific expression patterns of serum miRNAs for lung cancer, colorectal 

cancer, and diabetes. Lung tumor specific microRNAs from exosomes purified from 

serum are found to be similar to those found in tumor tissues. Therefore, microRNA 

extracted from circulating exosomes can represent those expressed in tumor cells. 

The concentration of biomarkers reflects the severity or presence of a disease 

state, and is an indicator of disease pathogenesis or progression. Thus, the detection of 

biomarkers is a plausible method of prognostic. The sources of biomarkers include 

soluble proteins, sediment proteins, and microvesicles/exosomes. It would be beneficial if 

candidate biomarkers for disease were not derived from filtered proteins that were 
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subjected to biodegradation and contamination during circulation, which may cause 

information loss. Biomarkers from microvesicles/exosomes are protected from 

degradation by protease or RNAse in extracellular fluid thus directly reflecting the 

biophysical conditions of their original tissue. Hosseini-Beheshti et al. [16], using 

proteomic methods, identified potential biomarker proteins in exosomes derived from 

prostate cancer cell lines. These and much other research provides compelling evidence 

that exosome contents contain fingerprints for various diseases and can find application 

in minimally invasive (analysis based on blood exosomes) or non-invasive (analysis 

based on urine or saliva exosomes) diagnostics which are superior alternatives to 

traditional excision biopsies due to reduced patient pain and medical procedures. 

Exosomes are also explored in therapeutic functionalities as drug carriers or stem 

cell alternatives. Because exosomes carry components derived from the parent cell in the 

formation process, they are not discriminated against as foreign objects by immune 

system. Therefore, by using exosomes as capsules for drugs, a longer circulation time can 

be achieved.  Alvarez-Erviti et al. [17] utilized this property to cultivate cells to produce 

exosomes expressing specific biomarkers to target neurons, and loaded exosomes with a 

special siRNA using electroporation. This capsule was shown to be very effective at 

travelling across blood-brain-barrier to knockdown a therapeutic target in Alzheimer’s 

disease in mice. Mesenchymal stem cell exosomes have been identified as a therapeutic 

agent in stem cell-based therapies for cardiovascular disease. A popular hypothesis is that 

transplantation of mesenchymal stem cells (MSCs) would engraft, differentiate and 

replace damaged cardiac tissues. Even though experimental or clinical evidence of 

clinical efficacies is not sufficient [18], the results derived from clinical trials using 

MSCs suggest that the positive effects observed so far may be an effect from the secreted 

exosomes from these MSCs [19]. Lim et al. demonstrated the efficacy of purified 

exosomes derived from MSCs in reducing infarct size in a mouse model of myocardial 
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ischemia/reperfusion injury [20]. Stem cell derived exosome treatment, if proven 

effective, can bypass many controversial issues of stem cell therapy. 

1.2  RELEVANCE TO CANCER CELL DRUG RESISTANCE 

Cancer is a genetic disease caused by altered expression of genes or by 

accumulation of mutations in somatic cells. According to American Cancer Society, 

about 1,660,290 new cancer cases are expected to be diagnosed in 2013 and 580,350 

Americans will die of cancer. Current available or under development therapies include 

monoclonal antibodies, antibody toxin conjugates, antibody radionucleotide therapy, 

patient-specific vaccines, immunotherapy, specific protein kinase inhibitors, gene 

therapy, virotherapy, antisense therapy, anti-angiogenesis therapy etc. Among these 

methods, chemotherapy is used as part of a standardized regimen of treatments. However, 

widely occurring multiple drug resistance (MDR) acquired by cancer cells frequently 

leads to chemotherapy failure. MDR describes a phenomenon whereby resistance to a 

one cytotoxic drug is accompanied by simultaneous acquisition of resistance to drugs that 

are structurally and functionally completely different. The development of resistance is 

believed to originate from different routes, including decreased uptake, increased 

degradation, increased efflux of the drug[21], development of secondary salvage 

pathways[22], epigenetic suppression via circulating miRNAs of tumor suppressor 

protein[23], existence of highly resistant cancer stem cells[24] etc. There is a great desire 

to understand the hidden mechanisms and hoping to target critical players to overcome 

MDR effect. 

Drug expulsion was regarded as a cancer cell drug resistance process that utilizes 

specialized transporters of the multidrug resistance (MDR)-ATP binding-cassette (ABC) 

transporter system that are commonly activated in various malignancies[25]. However, 

treatment based on the strategy that targets non-vesicle ABC transporters did not lead to 

successful suppression of cancer resistance. On the other hand, ABC transporter family 
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has been evolutionally found in exosome composition along with drug chemicals and the 

intracellular metabolite[26]. This suggests potential form of expulsion exist in exosomal 

pathway. Other than exosome secretion rate, the surrounded composition also varies in 

response to treatment of drug. There is a consensus that an exosome-mediated process 

that surrounds and isolates anti-cancer chemical or biological agents from their bioactive 

locations, and in turn, expel them to extracellular space [27-29]. Indeed, there is a study 

documented that exosomes from cisplatin-resistant cancer cells contained 2.6 times more 

cisplatin than that of cisplatin-sensitive cells[28]. In addition, recent studies suggest that 

exosomes contribute to the transferring of invasiveness and motilities phenotype change 

of chemo-resistant cells[13]. We hypothesize that exosome pathway reduces uptake of 

anti-cancer agent, prevents their efficient intracellular localization, and therefore 

promotes cancer resistance. Thus, it would be key to disrupt this process in order to 

overcome cancer resistance. 

1.3  CURRENT ISOLATION TECHNIQUES FOR EXOSOMES AND LIMITATIONS 

For both analytical and clinical applications, it is required to purify exosomes 

from raw medium. Due to the small size of exosomes, it poses a great technological 

challenge to collect and visualize them. Making it more complex, the biofluid containing 

exosomes has a high proportion of proteins, bacteria and cell debris with similar physical 

characteristics as exosomes. These unwanted molecules are hard to separate from 

exosomes and may cause device fouling in microfluidics or sample loss. Last but not 

least, enriched exosome solution still has large amount of impurities, and these impurities 

may exhibit strong signals masking MS-based signals from exosome cargos that have 

clinical value.  

The most common procedure to isolate exosomes is differential 

centrifugation[30]. The procedure involves a series of centrifugation and filtration to 

remove cells, large debris and other cellular contaminants from sample medium. A final 



7 
 

high-speed ultracentrifugation is used to pellet small vesicles.  The whole process is 

lengthy and results in inconsistent recovery rate of the starting exosomes, with estimated 

recovery rate of 5-25%[31]. Furthermore, exosomes isolated by this method are prone to 

contamination from co-sedimentation of protein aggregates and non-specifically bound 

proteins. Thus this method is not widely applicable in clinical practice. In some 

strategies, the initial steps to isolate large debris have been replaced by filtration[32]. 

Lamparski et al. [31]developed a ultrafiltration and ultracentrifugation method by passing 

clarified supernatant through a 500-kDa filtering membrane and ultra-centrifuged into a 

density 1.210 g/cm3 same as exosomes sucrose/deuterium oxide cushion. The resulting 

concentrated reduced protein concentration approximately one-thousand fold, with 

exosome recovery rate ranging from 40% to 50%. After centrifugation, a sucrose gradient 

buoyant flotation method is also adopted to further separate large protein aggregates. 

Unfortunately, the flotation method cannot distinguish between viruses and exosomes 

due to similarities in size/diameter and buoyant density. Figure 2 illustrates the general 

ultracentrifugation procedure of isolation of exosomes from plasma/serum. 
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Figure 41:  The ultracentrifugation-based protocol for isolation of exosomes. A 
combination with sucrose density gradient or sucrose cushion is often 
included to float the relatively low density. Reprinted with permission from 
[5] 

A rapid and simple method of isolating exosomes has been demonstrated using 

affinity capture by immunoisolation [33,34]. Chen et al. [11] tested simple PDMS 

microfluidic chip design and modified channel surface with antibodies targeting exosome 

signature surface molecules. They showed the device is capable of isolating exosomes 
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from serum sample or conditioned medium from cells in culture, and extracted high 

quality RNA for diagnosis and prognosis of cancer. This method is less time consuming 

and the setup is much less laborious than previously mentioned methods. It can be a 

powerful tool if specific exosomal surface proteins can be identified and an exosome of 

interest can be discriminated from other membranous particles in the matrix. Antigens 

presenting cell and several cancer cell line derived exosomes have been isolated by this 

method. However, due to the lack of knowledge of total profile of biomarkers on 

exosomes, affinity capture only isolates a specific subset of exosomes expressing chosen 

markers, while missing those that do not have such expression. Also, the detaching 

process following capture will inevitably change surface composition of the captured 

exosomes, making this method less desirable for protecting complete functional 

properties or membrane integrity for downstream analysis or application. 

Tauro [35] and Taylor et al.[36] compared different methods of exosome 

purification, including size exclusion chromatography, ultracentrifugation, anti-EpCAM 

Dynabeads, and the ExoQuick precipitation procedure. Of those methods, only a few are 

for lab-on-chip applications. Sample loss and contamination by addition of unknown 

chemicals for sedimentation are a major concern for biomedical research. 

Rood et al[37] compared three methods for isolation of urinary exosomes to 

identify biomarkers of nephritic syndrome. The three methods are nanomembrane 

ultrafiltration, ultracentrifugation, and ultraentrifugation followed by size-exclusion 

chromatography (UC-SEC). They found that UC-SEC yield the highest biomarker 

enrichment. SEC and ExoQuick precipitation showed the highest capability in terms of 

recovery rate. Chromatography separation of exosomes exhibits exosome loss, due to 

dilution and nonspecific adherence to the agarose chromatography beads. However, this 

issue can possibly be bypassed by pre-saturating the column with lipid material[38] or 

chemically modifying the packed beads to reduce the interactions with exosomes. 
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To further enrich and purify immunoaffinity captured exosomes for more 

complex tasks that require integrity of exosomes, a sophisticated microfluidic platform is 

desired.  

1.4  PROPOSED MICROFLUIDIC SOLUTION 

In this dissertation, I present a microfluidic device comprises arrays of ciliated 

micropillars capable of simultaneous multi-scale filtration. The cilia consist of porous 

silicon nanowires that are electrolessly etched on the micropillar sidewalls using 

electrodeposited silver nanoparticle catalysts. Using liposomes of known size as model 

vesicles, I demonstrate that the ciliated micropillars preferentially trap exosome-like lipid 

vesicles while allowing smaller proteins and larger nanoparticles with the size of cellular 

debris to pass by unhindered. Moreover, the captured lipid vesicles can be released by 

dissolving the porous silicon nanowires in PBS buffer, thus allowing for their intact and 

highly purified recovery. The ciliated micropillars thus make the microfluidic device a 

powerful nanotechnology tool for rapid, efficient and intact isolation and analysis of 

cancer derived exosomes.  
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Chapter 2:  Hierarchical Ciliated Micropillars for Microfluidic Based 
Multiscale Filtration 

2.1  MICROPILLARS IN MICROFLUIDIC DEVICES 

Microfluidic devices incorporating micropillars have frequent appearances in 

wide  applications in biomedical research[39], energy harvesting[40], heat 

management[41], particle filtration[42], and other research and industrial applications. 

With new and reliable fabrication techniques such as soft lithography[43, 44] and deep 

silicon etching[45] becoming widely available, many benefits of fabricated micropillar 

structure are being employed by biomedical researchers. Since microchannels with 

integrated micropillars offer high surface-area-to-volume ratio in small length scales, this 

property has been utilized for low abundance material capture and enrichment [46, 47]. 

With proper arrangement of micropillars, the fluid profile within a microfluidic channel 

can be controlled and achieve quick mixing in low Reynolds number fluid flow[48]. 

Microchannels integrated with high repetition of micropillars can make consistent and 

predictable contact with molecules carried in the fluid stream, helping particles with 

similar hydrodynamic behavior self-aligned for fractioning and sorting [49]. A 

micropillar structure offers similar fluid resistance behavior to random porous media, but 

with the benefit of being able to fine tune overall equivalent porosity at device design 

stage[50], which is ideal for the application of chromatography[51, 52]. Highly ordered 

micropillar structure offers comparable surface-area-to-volume ratio to packed beads 

system, but offers a much less tortuous fluid path. This property has been shown to 

strongly increase electroosmotic pump performance[53].  

2.1.1  Silicon pillar etching techniques 

Microfluidic devices integrated with micropillar array are typically realized using 

silicon, polymer, glass, and quartz. The fabrication process using silicon is the most 

flexible thanks to the advanced microelectromechanical systems (MEMS) technology. 



12 
 

The essence of fabricating microfluidic devices using silicon is to remove silicon material 

according to design, or called bulk silicon etching.  

Bulk silicon etching technique, which is to selectively remove silicon from the 

substrate, has already been broadly applied in MEMS fabrication. The available etching 

methods are categorized by the state of the etchant into wet, vapor, and plasma methods. 

Depending on the etched profile, it can also be categorized into isotropic etching and 

anisotropic etching. More sophisticated devices typically require highly anisotropic 

etched features. Here we review some of the most popular etching methods and compare 

with the relatively new metal assisted chemical etching method. 

Wet etching is one of the most widely used methods of silicon etching since it has 

minimum equipment requirements. There are isotropic wet etching and anisotropic wet 

etching. 

The most common isotropic wet silicon etch is “HNA”, which is a mixture of 

hydrofluoric acid (HF), acetic acid (CH3COOH) and nitric acid (HNO3)[54-57]. HNO3 

oxidizes silicon and HF reacts with oxidized silicon to form a soluble silicon compound 

H2SiF6. Acetic acid is a stabilizing agent used to prevent the dissociation of HNO3.  The 

overall reaction is [58] 

18HF + 4HNO3 + 3Si → 3H2SiF4 + 4NO(g) + 8H2O. 

The general mechanism of this wet silicon etchant is discussed by Petersen [59] as 

a charge transfer process: 

1) injection of holes into Si to form higher oxidation state Si, that is Si2+ or Si+; 

2) formation of Si(OH)22+ by attachment of OH- groups to Si2+; 

3) reaction of the “hydrated” silicon with the complexing agent in the solution; 

4) dissolution of the reaction products into the etching solution. 

Anisotropic wet etching is typically done using alkali hydroxide (i.e., KOH, 

NaOH, CsOH, RbOh, etc.) etchants. The etching rate is silicon crystal orientation 

dependent. Even though the chemistry is still under debate, the reaction sequence is 
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presently explained  as the following[60]: silicon atoms at the surface react with hydroxyl 

ions and get oxidized, simultaneously , water is reduced and give off hydrogen. Silicon 

complex Si(OH)22+ further reacts with hydroxyl ions to form a soluble silicon complex 

and water. The overall reaction is  

Si + 2OH− + 2H2O → Si(OH)22+ + 2H2. 

Alkali ions in the etchant are extremely detrimental to CMOS integrated circuits. 

Ammonium hydroxide (NH4OH) etchant devoid of alkali ions can also be used in a 

similar principle. However, the etching rate is much lower and NH4OH is evaporative, 

giving off noxious gas. A prevalent substitute to KOH and NH4OH is TMAH 

((CH3)4NOH). There is extensive research on TMAH etching on silicon and by adding 

surfactants to improve it etching performance [61-64].  

Vapor phase etching is considered a dry etching method, and it can yield similarly 

desired properties as reactive ion etching without requiring expensive tools. Since the 

family of fluorine-containing compounds will readily etch silicon, the etched profile is 

mostly isotropic. 

Xenon difluoride (XeF2) etching is a highly selective isotropic etching method. 

The etching mechanism is approximately[65] 

2𝑋𝑒𝐹2 + 𝑆𝑖 → 2𝑋𝑒 + 𝑆𝑖𝐹4 

A similar mechanism is to use BrF3 and ClF3 with xenon diluent as described by 

[66]. A significant benefit of vapor phase etching using these gases is high selectivity to 

silicon and inertness to many favorable masking materials.  

Plasma phase etching is also referred to as Reactive Ion Etching (RIE). In this 

class of dry etching, reactants in the form of ions are energized by external energy source 

in the form of radio-frequency power. So the etching reaction can happen at relatively 

low temperatures, even for less reactive chemicals. By carefully selecting chemicals, both 

isotropic and anisotropic etching can be achieved.  
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The reaction happens in a vacuum chamber wherein RF power is applied to a pair 

of parallel plates placed on the top and bottom of the sample. Stray electrons are 

accelerated by the RF power and reach a kinetic energy high enough to break the 

chemical bond of the reactant gas to form ions and additional electrons. Silicon will react 

with these ions and neutralize them. Widely used reactants include chlorofluorocarbon 

gases, sulfur hexafluoride (SF6), bromine compounds, and oxygen. Unlike chlorine- and 

bromine-based chemicals, fluorine plasma can react with silicon spontaneously without 

the necessity of acceleration, isotropic etching results. However, cryogenic cooling of the 

wafer can significantly enhance anisotropy. This effect is achieved by the condensation 

of the reactant gas on the side-walls of the etched structures which has a protective effect 

from plasma; whereas condensing gas at the bottom of etched structure can be readily 

removed by bombardment[67].  

Deep reactive-ion etching (DRIE) was developed for MEMS for highly 

anisotropic etching of silicon to derive very high aspect ratio profiles. The technology 

was patented by Lärmer and Schilp and is called Bosch process named after the German 

company Robert Bosch GmbH, which patented the process. Bosch process is a pulsed 

etching with repeated alternations of two modes. One mode is standard isotropic plasma 

etch. In a vacuum chamber, sulfur hexafluoride [SF6] together with other auxiliary gas 

(Ar) cations are accelerated by a strong electric field and attack the wafer from a vertical 

direction. The etching process lasts from milliseconds to seconds; accelerated ions attack 

the passivation layer at the bottom of the hole but not the side. The substrate is then 

exposed after the passivation layer is sputtered off and subject to the attack of ionic 

chemical etchant. Then ion acceleration will be shut off and the process switches to 

passivation mode. The second passivation mode deposits an inert passivation layer for 

side wall protection. A thin layer of polymer (C4F8 or CHF3 for instance) is deposited on 

the entire surface to protect the substrate from further chemical etching. These two phases 

alternate many times to achieve a deep feature with smooth side walls. 
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2.2  POROUS SILICON NANOWIRES 

Silicon nanowires have been widely researched or used in research due to their 

unique structure, electronic, optical, thermal and mechanical properties[68]. Most porous 

silicon nanowires are produced by metal assisted electroless chemical etching approach. 

The process involves chemical deposition of metal particles onto doped silicon substrate 

followed by electroless etching in an etchant solution containing HF and H2O2. With 

increasing concentrations of H2O2, the resulting silicon nanowires evolve from solid 

with smooth surface to rough-surfaced nanowires, then to solid/porous shell nanowires 

and eventually to porous nanowires[69]. 

While the mechanism for formation of the pores is under debate, it has been 

suggested small metal nanoparticles nucleate on the nanowires and start a secondary 

silicon etching[69]. An alternative mechanism postulates that metal ions contribute to the 

pore formation[70].  

Several studies have found increased biocompatibility in porosified silicon[71]. 

Porous silicon can degrade completely in aqueous solutions into non-toxic silicic acid, 

which is a major form of natural silicon in the human body[72]. Anderson et al. studied 

the behavior of porous silicon degradation under physiological conditions over a period 

of 24 hours[73]. The study involved films of three levels of porosity: medium porosity 

(60%), high porosity (80%), and very high porosity (88%). Non-porous film was used as 

experimental control. It was found at pH 7 – MOPS (4-morpholinepropanesulphonic 

acid) condition, medium porosity films degraded negligibly over a 24-hour period. High 

to very high porosity films degraded in an exponential profile, see figure 3. The study 

also found that pH strongly affects silicon degradation. At pH value ranging from 2 to 8, 

pH 8 leads to complete degradation for porous films after 24 hours, while below pH 4 

leads to no dissolution (figure 4). So it can be concluded higher porosity film and higher 

pH leads to faster degradation.  
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Figure 42: Dissolution kinetics of porous silicon. Medium (62%) silicon porosity film 
(white); high (83%) porosity film (grey); and very high (88%) porosity film 
(hatched). Reprinted with permission from [73] 

 

 

Figure 43: Effect of pH on the dissolution of porous silicon. Bulk (non-porous) films: 
at 6 hrs is dark blue line (square points), at 24 hrs is superimposed 
horizontal line (triangular points); medium (62%): at 6 hrs is red line 
(circles), at 24 hrs is light blue line (diamonds); high (83%): at 6 hrs is green 
line (triangles), at 24 hrs is purple line (crosses). Adopted from [73] 
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2.3  CILIATED MICROPILLARS FOR MICROFLUIDIC MULTI-SCALE FILTRATION 

2.3.1  Concept of the hierarchical structure-ciliary micropillars 

For particle filtration in fluid medium or gas phase, fibrous structure is frequently 

used because that offers the best combination of high permeability and large surface area. 

High density of fibers is packed in multiple layers to compensate randomness in the fiber 

arrangement. With density and number of layers being the only available parameters to 

tune, fibrous filtration device can only be optimized for simple component filtration. 

Fiber filtration is not up to the task of processing complex samples such as biological 

fluid with particle size distribution spanning more than four orders of magnitude, let 

along the packing difficulty in the space limit of a microfluidic channel. 

Pillar structure as discussed in section 2.1, has been used for particle separation. 

Its limitations are not apparent when the pillars are surface modified with strong binding 

moieties towards target molecule, and, at the same time, the molecules are in the same 

dimension range of the pillars. Due to the limitations in fabrication complexity, pillar 

structure cannot process small molecules commonly handled by fibrous structure. 

A ciliary micropillar array, incorporating small fiber and larger pillar structures, 

offers combined capabilities from both of the components. The arrangement of the pillars 

controls larger particle permeability whereas the nanowires covering the pillars have the 

ability to interact with smaller particles. Ciliary structure offers a hierarchy of dimension 

range in a single component. The benefits are plenty to enumerate. 

2.3.2  Advantage of ciliated micropillars for exosome isolation 

I fabricated the novel hierarchical structure with a combination of standard silicon 

microfabrication processes, electroplating, and electroless metal assisted nanowire etch 

techniques. Nanowires in the structure have comparable function of fibers in a fibrous 

filter yet the packing density and uniformity of 30-200 nm is hardly achievable in fiber 

stacking. The high density of nanowires offer immense amount of resting niches for 
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exosomes. Even without stronger binding force toward nanowires, exosomes are trapped 

in the space of nanowires due to its size. Thanks to the capability of porous silicon 

nanowire natural degradation in physiological condition, captured exosomes can be 

released from nanowires after an overnight soaking in PBS. 

Pillars carrying a ciliated surface can be arranged with spatial flexibility, and the 

size of pillars can be defined easily during fabrication. Pillar structure can be optimized 

towards larger size-grouped particles excluded by nanowires. Wider pitch invites 

particles into the pillar array, while narrower pitch excludes particles larger than the 

distance between pillars.  

Nanowire on solid pillar structure not only offers the beneficial flexibility of 

optimizing particle filtration towards wide dimensional span, it also offers high 

mechanical strength for fluidic channel packing due to solid pillar core. Because the tips 

of the pillars were the original wafer surface, it can be capped by a piece of flat poly 

(dimethylsilozane) to form a ciliated micropillar microfluidic prototype for rapid and 

efficient isolation of exosome-like nanoscale vesicles.  

Ciliary structure also shows desirable hydrodynamic characteristics. Nanowire 

coverage forms equivalent porous structure, compared with solid, can significantly 

increase permeability. Highly porous structure will allow fluid flow to pass through the 

element, enhancing the interaction of liquid phase and solid phase, creating more 

opportunities for particles in the fluid stream to make contact with solid phase[74]. 

Fachin et al.[42] integrated bulk nanoporous elements made of carbon nanotubes in 

microfluidic devices. Their research showed that by using porous material instead of 

solid material, the performance for the structure to capture small sized particles is 

increased by more than 200%[75]. Porous structure for colloid retention is also favored in 

the field of colloid deposition[76]. There is extensive research on colloid transport and 

retention in porous media and reviewed in[77]. 
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To summarize, hierarchical structure covers wide size dynamic range in a very 

small unit can interact with particles of similar size range by different mechanisms. 

Increased permeability allows fluid streamlines to pass through the nanowire region, and 

therefore small particles have more opportunities to be trapped by nanowires (simulation 

is described in section 3.2). All these advantages are appealing features for exosome 

isolation from complex biological fluid. 

2.4  FABRICATION OF CILIATED MICROPILLARS 

2.4.1  Process flow 

There are two major steps for fabricating ciliated micropillar structure: deep 

silicon etch for pillar structure and metal assisted etch of nanowires. To use deep silicon 

etching to create the pillar structure (figure 5), a 50 nm thick chromium film is deposited 

on top of silicon nitride as a masking layer for the deep silicon etch. Lithography is used 

to transfer the pillar pattern onto photoresist, and then onto the chromium masking layer 

after a plasma etch. After 300 repetitions of a specifically designed deep silicon etching 

recipe, 15 µm tall pillars are derived. The quantity of repetition can be adjusted for 

desired pillar height. After surface cleaning, silver particles are deposited on the pillar 

surface using an electroplating method. Using the appropriate chemistry, Ag particles 

will catalyze a silicon etch, leaving silicon nanowires on the surface. The Ag particles 

that have sunk into the silicon pillars can then be removed by silver etchant. 
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Figure 44: Fabrication process schematic of ciliary micropillar structure. 

Materials 

AgNO3 was purchased from Sigma-Aldrich (St. Louis, MO). P-type (100) silicon 

wafers with resistivity of 0.005 Ω-cm were purchased from Silicon Quest (Santa Clara, 

CA). Polydimethylsiloxane (PDMS) and curing agent were obtained from Dow Corning 

(Midland, MI). Phosphate buffered saline (PBS) was obtained from Mediatech (Herndon, 

VA). Hydrofluoric acid was from Honeywell International Inc. 

Etch of nanowire on micropillar   

Starting with a single crystal silicon wafer with resistivity 0.005 Ω-cm, P-type 

(100), dip in Piranha solution for 8-10 minutes to remove organic contaminants, followed 

by 5 min dip in 5% HF solution to remove surface oxide layer. The wafers were rinsed in 
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de-ionized water for 5 cycles in a rinse-dump cycler and spin dried under dry nitrogen air 

blow.  

Low stress silicon nitride and chromium film deposition 

The substrates are then placed on a quartz carrying boat with two dummy 

substrates placed on each site. The boat was placed in a low pressure chemical vapor 

deposition furnace for deposition of low stress silicon nitride. The temperature was 800 

°C, pressure was 200 mTorr. Gas was SiH2Cl2:NH3 with flow rate 95:16 sccm. The 

deposition rate was 31 Å /min. A 100 nm thick low stress silicon nitride is then deposited 

on the surface, followed by 50 nm think Chromium film deposited by thermo sputtering. 

The chromium film acts as a mask for deep silicon etching to create the micropillar 

structures. The nitride layer is to protect the tip of etched pillars during the nanowire 

etching step.  

Photolithography 

After chromium film deposition, fluidic channels with micropillars are defined by 

photolithography. Fluid channels and pattern design is discussed in next chapter.  

A 1 µm think Futurrex NR9-1000P (Futurrex Inc. Franklin, NJ) negative tone 

photoresist was spin coated and patterned following the recipe: 

1.  Apply the resist by spin coating at 3000 rpm for 40s. 

2.  150°C hotplate baked for 60 S as softbake. 

3. Exposure was performed using an MA6 mast aligner (Karl Suss, 

Sunnyvale, CA). The mask employed has pattern of arrays of 2.6 µm diameter dots with 

spacing 900 nm hexagonal arrangements. Vacuum contact exposure for 10 s with an i-

line illumination intensity of 7.5 mW/cm2. 

4. 100°C hotplate post-exposure baked for 60S to cause crosslinking of the 

exposed photoresist. 
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5. Develop pattern in resist developer RD6 (Futurrex Inc. Franklin, NJ) for 

10 s. 

6. Rinse in deionized water and spin dry. 

Plasma etch for pattern transfer 

The pattern is transferred into the substrate by reactive ion etching to selectively 

remove the chromium and nitride layers in Plasmatherm 790 series (Plasmatherm, 

St.Petersburg, FL). During the chromium etching step, Cl2 and O2 gas was used with 

flow rate 9 sccm and 2 sccm respectively, pressure was 80 mTorr and RF power set at 

150 W. During silicon nitride etching step, CF4 gas flow was set at 15 sccm, pressure 

was 200 mTorr and power at 250 W. Etching time in each of these two steps was 

calibrated with minimal over etch. After pattern transfer, the substrates were piranha 

cleaned (1:2 H2O2:H2SO4, v/v) for 8 minutes to remove photoresist, then spin dried. 

2.4.2  Deep silicon etch of micropillars 

Botch process is then performed to create a high aspect ratio pillar structure; the 

microfluidic channel is also etched to the same depth as the micropillars. The typical 

depth etched is 15 µm, i.e. the pillar length is 15 µm. The tool used is Deep Silicon Etcher 

PlasmaTherm Versaline from Plasma-Therm. Figure 6 shows an example of DSE 

produced pillar structure with pillar length more than 20 µm. 

After deep silicon etching, chromium is removed by wet etching using chromium 

etchant 1020AC (Transene company Inc., Denvers MA), leaving the nitride layer on 

pillars’ top. The chip is thoroughly washed in de-ionized water and spin-dried. To 

remove residual polymers on the pillar structure from deep silicon etching step, the wafer 

is put into an oxidation furnace at 1000°C for 10 minutes to burn the polymer. 

Afterwards, the substrates were immersed in 1:10 HF:H2O for 3 min to remove the 

oxidization layer. 
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Figure 45: SEM image of plasma deep silicon etching derived pillar structure.  

2.4.3  Silver deposition on the sidewall of micropillars 

To etch the porous silicon nanowires into the side walls of the micropillars, silver 

nanopattern has to be first deposited on the sidewalls of the micropillars. The substrate 

with micropillars is immersed in diluted HF solution for 2 minutes to remove oxide from 

previous oxidation and native oxide, rinsed with ethanol and blow-dried with nitrogen 

gas. It is essential to use ethanol instead of water in this step, since water can quickly 

introduce oxidation to silicon surface. 

To deposit uniform silver nanopattern on micropillars, the pulse reverse 

electroplating method was adopted [78]. The experimental set-up for pulse reverse 

electroplating is shown in Figure 7. Silicon wafer with micropillars is cleaned in the 

Piranha solution then dipped in HF solution to remove native oxide. The wafer is 

assembled in the Teflon electroplating cell, and sealed with a Viton O-ring. Aluminum 

foil is used as backside contact. A platinum mesh is immersed in 0.5 M AgNO3 plating 
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solution as electrode. A waveform generator is used to control the reverse pulse 

parameters including voltage, duty cycle and time. Depending on the feature size and 

aspect ratio of the micropillars, the pulse parameters are tuned accordingly to optimize 

the silver pattern based on SEM monitoring.  

 

 

Figure 46: Representative pulse reverse waveform and electroplating cell assembly.  
Reprinted with permission from [79] 

2.4.4  Metal assisted etch of nanowires 

After silver pattern deposition by means of pulse reverse plating, the wafer is 

chemically etched in a mixture of 0.1M H2O2 and 2.9M HF solution for 1 minute to get 

approximately 400 nm long porous silicon nanowires, uniformly distributed all around 

the micropillars (figure 8). The silver is then stripped by immersion in silver etchant 

(Transene company Inc., Denvers MA) for 2 minutes. The substrate was then rinsed in 

excess water and spin-dried.  
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Figure 47: A close-up view of porous silicon nanowires formed on the sidewalls of the 
micropillars after electroless etch. Reprinted with permission from [79] 

2.5 DISCUSSION 

The majority of the processes are standard, but depositing the silver nanopattern 

uniformly on the pillar surface proved to be the most difficult. Silver nanopattern, which 

catalyzes silicon etching, determines the locale distribution of porous silicon nanowires, 

inter-wire space, and wire diameter. Uniform silver nanopattern coverage on each pillar 

and across the pillar array is highly desired in order to achieve consistent trapping of 

target nanoparticles for predictable device performance. The popular method of 

electroless deposition would result in non-uniform silver coverage along the vertical 

direction of a pillar due to the surface irregularities of tall micropillars, since chemical 

reactions tend to happen at surface irregularities due to their reduced energy barrier [80]. 

In addition to this, silver deposition happens at a very fast pace, and the short duration 

creates nonuniform Ag ion concentration at certain regions. These combined effects lead 

to silver nanopattern nonuniform coverage shown in figure 9.  

Electroplating is a process of electron transfer from a power source to salt 

solution. This process does not rely on substrate’s chemical property because there is no 
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material loss during electroplating. And, external power source controls electric current 

duration and strength. For filling small features and covering irregular features, the 

electroplating process can reduce the influence of material diffusion in the solution phase. 

I employed reverse phase electroplating [78] method to uniformly cover the pillar 

with silver nanoparticle. The voltage and duty cycle is highly dependent on feature size 

and solution property, which is based on experience. The uniform silver coverage is 

shown in figure 10. 

 

 

Figure 48: Silver nanopattern nonuniform coverage by chemical reaction. Reprinted 
with permission from [79] 
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Figure 49: SEM image of silver nanopattern uniform coverage by electroplating. 
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Chapter 3:  Prototype of Exosome Capture Microfluidic Device Based 
on Ciliated Micropillars  

As we discussed in the previous sections, the analysis of the contents of exosomes 

may represent a potentially powerful diagnostic tool for the early detection of various 

malignancies, as demonstrated previously for diabetes as well as lung, prostate, and 

colorectal cancer[15, 16]. In addition, collecting exosomes of cancer cell origin can serve 

as a probe of their drug resistance profile to give guidance to clinical personnel to adopt a 

better treatment approach if drug resistance occurs. 

An efficient separation technique is required to isolate exosomes from raw 

biological fluids that also contain high quantities of proteins, protein aggregates, and cell 

debris with similar physical characteristics.  The conventional differential centrifugation 

procedure[30], which involves a series of centrifugation, filtration, and 

ultracentrifugation steps, suffers from inconsistent exosome recovery rates (5-23%) and 

contamination from co-sedimentation of protein aggregates[31]. Several immunoisolation 

assays based on magnetic beads or microfluidic devices have also been demonstrated 

using antibody-based affinity capture for rapid exosome isolation [11, 33]. These 

methods would require specific exosomal surface proteins or antibodies to be available 

for discrimination between the exosomes of interest and other species in the matrix. 

A microfluidic device that is capable of simultaneously multidimensional 

filtration is highly desirable to fulfill the task of exosome isolation. A ciliated structure 

consists of porous silicon nanowires that are electrolessly etched into the micropillar 

sidewalls using electrodeposited silver nanoparticles as catalyst has been designed. The 

novel structure is fabricated by taking advantage of MEMS technology with the addition 

of MACE technique.  

I fabricated our novel multidimensional hierarchical structure with a combination 

of silicon microfabrication processes, electroplating, and electroless metal-assisted 

nanowire etching techniques. We then assembled the ciliated micropillar microfluidic 
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prototype with a poly(dimethylsilozane) (PDMS) cap for the rapid and efficient isolation 

of exosome-like nanoscale vesicles. As illustrated in figure 11, porous silicon nanowires 

were etched into the sidewalls of the micropillars by metal assisted etching[70]. The 

inter-nanowire spacing in the nanowire forest can be tuned within a range of 30-200 nm, 

thus creating a high density of interstitial sites capable of physically trapping exosome-

like nanoparticles. In addition to providing walls for anchoring the nanowires, the 

micropillars also filter larger sample components, including cells, and function as the 

structural supports for the microfludic channel. This nanowire-on-micropillar hierarchical 

structure therefore interacts with biological fluid samples at multiple length scales: 1) 

cells are depleted from the micropillar array owing to the sub-micron inter-pillar spacing; 

2) submicron cellular debris can enter the micropillar area but is excluded by the 

nanowire forest (30-200 nm inter-nanowire spacing); 3) proteins and other molecules 

pass through the spacing in the nanowire forest without being captured; 4) objects with a 

size in the range of exosomes are trapped in the interstitial sites within the nanowire 

forest; and 5) the 6-10 nm pores of the porous silicon nanowires can be pre-loaded with 

multiple components, such as antibodies or biomolecules, to further enhance selectivity 

and functionality. The porous silicon nanowires can then be dissolved in PBS buffer to 

recover the intact and purified trapped nanoparticles.  
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Figure 50: A schematic of the ciliated micropillar array for exosome isolation. Cells are 
depleted before entering the micropillar region, while cellular debris as well 
as proteins and other small objects flow through, bypassing the micropillars. 
Exosomes are highly enriched by trapping within the nanowires. Insert a) A 
representative porous silicon nanowire forest. Insert b) Micropillars. Insert 
c) Representative ciliated micropillars. Reprinted with permission from [79] 

3.1  DESIGN PARAMETERS 

Several factors of the nanowire-on-pillar structure are essential for efficiently 

harvesting exosomes: the density of micropillars, the height of micropillars, and the 

morphology of the nanowires. Our proof-of-concept microfluidic-based prototype 

consists of a 4 mm long concentric radial-flow fluidic channel (total area is 235 mm2) 

containing hexagonally packed ciliated micropillars 2.6 µm in diameter, 22 µm tall, and 

spaced 900 nm apart that is capped with PDMS and capable of capturing ~100 µg of lipid 

nanoparticles (Figure 12). 400 nm long porous silicon nanowires coat the sidewalls of the 

micropillars. The channel design was developed based on Comsol simulation results 

indicating that a radial-flow fluidic channel would minimize the trans-channel pressure 

drop as compared to a straight fluidic channel (see section-Flow resistance in 

microfluidic channels with micropillars). Furthermore, several key parameters of the 
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ciliated micropillars were optimized for efficient exosome isolation: the height and 

density of the micropillars, as well as the morphology of the nanowires. Higher 

micropillar densities and longer nanowires provide more binding sites for exosomes, but 

will lead to higher hydrodynamic resistance within the microfluidic network and may 

increase the risk of clogging. The 900 nm spacing between micropillars was selected to 

deplete micron size cells in biological fluids. A circular inlet and outlet were also 

connected to the micropillar area for sample introduction and extraction.  

 

 

Figure 51: Schematic of the microfluidic prototype device. Reprinted with permission 
from [79] 

3.2  SIMULATION OF FLOW RESISTANCE OF MICROPILLAR ARRAY 

Higher density of micropillars and longer nanowires provide more binding sites 

for exosomes, but increase the flow resistance.  In our devices, the distances between 

pillars are 900nm in order to filter large cells naturally occurring in biological fluids. A 

hexagonal arrangement of micropillars with 2.6 µm in diameter was adapted (Figure 12) 

for high density packing in order to achieve a higher binding site density and to increase 
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the possibility of capturing exosomes. High density arrays of micropillars will cause very 

high hydrodynamic resistance in the assembled microfluidic devices. A rational designed 

microfluidic channel with micropillars will be very beneficial to increase the reliability 

and efficiency of the device. We simulated the pressure drop across two different channel 

configurations, a concentric radial-flow channel and a straight channel, as shown in 

figure 13. The simulation was done using Comsol 4.3 free and porous media flow model, 

and only micropillar region was simulated. In these two layouts, the area of entry port is 

kept the same, and the distance of particle traveling of both the circular channel design 

and straight channel design are also kept the same. As a result, the pressure drop across 

the pillar array in the radial-flow channel is reduced by 30% compared to that in the 

straight channel when injecting sample at the same rate. The reason for this reduced 

pressure drop effect is lower average flow speed in circular design than square design due 

to flow front expansion at larger diameter. Based on this calculation, a concentric radial-

flow microfluidic device was designed with 4 mm flow path.   
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Figure 52: Comsol simulation of pressure drop across micropillar arrays in two channel 
designs with the same entry front area and same travelling distance. (a) 
Pressure drop in a radial-flow concentric channel. (b) Pressure drop in a 
straight channel. (c) Pressure scale bar with arbitrary unit. Reprinted with 
permission from [79] 

3.3  PARTICLE INTERCEPTION MECHANISM AND SIMULATION 

Now the focus is shifted to a microscopic view of a single pillar unit.  

There is wide interest in the study of particle interception by objects, particularly 

in the field of aerosol physics [81, 82]. The aim is to calculate how to design a filter that 

will capture more particles of particular interest. There is a misconception of how air 

filters work, i.e., particles are trapped due to large size relative to the mesh, like a sieve. 

Instead, aerosols are captured via collision and attachment to fibers. There are four 

classical mechanisms for particle interception: direct interception, inertia impaction, 

diffusion, and gravitational sedimentation. The efficiency is defined as the ratio of the 
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span of particles upstream (b) that are intercepted by the collector and the collector 
diameter (dc): ŋ = 𝑏

𝑑𝑐
. (see figure 14 for detail) 

Interception occurs when a particle does not have sufficient inertia to break away 

from the streamline, and the streamline brings the particle close enough to the fiber to be 

attached by natural forces. For creeping flows, the interception efficiency due to direct 

interception has been calculated as[75, 83]: 

ŋ = 𝐴𝐹 �
𝑑𝑝
𝑑𝑐
�
2

 

where for isolated cylinders 𝐴𝐹 =  �2 − 𝑙𝑛 �2𝑑𝑐𝑈
𝑣
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−1

  [75] or 𝐴𝐹 =  1/[2(2.0 − ln𝑅𝑒)] 

[83] 

for cylinder arrays with volume fraction α 𝐴𝐹 = �−𝑙𝑛α − 3
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Figure 53: Schematic of particle make contact with collector in fluid stream. 

Brownian diffusion is the random zigzag motion of very small particles 

(<0.5µm) in a fluid. The motion causes them to cross streamlines easily, increases their 

chance to make contact with a collector. Therefore, the factors such as temperature, 
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particle diameter, and residence time near a collector greatly affect interaction 

probability. The collecting efficiency is derived for a cylindrical collector as[84]: 

ŋ𝑑𝑖𝑓𝑓 = 3.64𝐴𝐹
1
3𝑃𝑒−32 

Where Pe is the Peclet number (convection/diffusion): 𝑃𝑒 = 𝐿𝑈
𝐷

, where L is the 

characteristic length, U is face velocity, and 𝐷 = 𝑘𝑇/6𝜋µ𝑟𝑝 is Stokes-Einstein equation 

for diffusion coefficient.  

Inertia impaction occurs when the particle’s inertia is so high that it can break 

away from the fluid streamlines and intercept with the collector. This effect is the 

dominant mechanism for aerosol particle collection in air. The relative importance of 
inertia impaction is given by the Stock’s number: 𝑆𝑡𝑘 = 𝑚𝑈

6𝜋𝜇𝑑𝑝𝑑𝑐
, where m is the particle 

mass. 

Particles with low Stoke’s number (≪ 1) follow fluid streamlines closely, whereas 

for large Stock’s number (≫1), the particle will detach from a fluid streamline if there is 

an abrupt change in the fluid stream. If Stk < 0.125 , the inertial impaction is 

negligible[85].  

Gravitational sedimentation happens when gravitational force is a prominent 

force acting on the particle in the fluid. The collector has to be oriented horizontally, such 

that particles travelling along the streamlines above the collector can deviate from the 

streamline and settle onto the top surface of collector. For buoyant particles, this effect is 

minimized. 

The four mechanisms mentioned above are additive to each other in the 

interception efficiency. There are also other mechanisms for particle interception by an 

object, such as electrostatic attraction, which is based on electrostatic charge on the 

particle or on the capturing object to divert the particle from its streamlines to make 

contact. Also not included in this discussion is turbulence, thermophoresis, turbophoresis, 

diffusiophoresis and electrophoresis since these mechanisms are not relevant to this 

device design. 
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The above mechanisms are macroscopic analysis of a particle getting close to an 

impacting object, but neglecting some important physics that comes into play when the 

particle is at immediate proximity of the object and events that follow. There are two 

important counteracting effects needs to be considered. The first effect is hydrodynamic 

resistance between the particle and the interceptor. Hydrodynamic resistance is referred 

to as ‘lubrication’ effect in fluid dynamics. When a particle approaches a solid surface, 

the fluid in between these two objects shields them from making contact. The particle 

will need very strong force to break this thin barrier by squeezing the fluid out of the 

small gap. In non-slip condition, the infinitesimal fluid drainage as the gap closes will 

essentially prevent the two objects making contact. However, the opposing effect from 

van de Waals force will come into play when the gap approaches molecular level 

distance. These opposing effects tend to cancel one another. The overall effect from 

contribution of each of these two effects was summarized in [83].  

Based on the above analysis, there are several mechanisms can be employed when 

designing a collector to increase the collection efficiency. Increasing  collector number in 

a collecting system will surly increase collecting efficiency, flow field modification to 

increase fluid streamline contact with each single collector will contribute to the effect of 

direct interception as experimented by Chen et al. [75]. They also used nanowires to 

construct a particle collecting post, simulated and experimentally tested that by increasing 

the ratio of the particle to post diameter, the collecting ratio is increased for isolated 

posts. 

Comsol Multiphysics v4.3 was used to simulate fluid profile and create 2D 

streamline models for flow through a single ciliated micropillar. Brinkman’s equation 

was used for flow in the nanowire shell region and Navier-Stokes equations were used for 

the free media flow region. To determine the permeability of nanowire region, I used 

Ergun’s [50, 86] semi-empirical expression that relates feature size (D, unit in meters), 

structural porosity (φ), and fluid permeability (ƙ, unit in square meters): 
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ƙ𝐸𝑟𝑔𝑢𝑛 =
1
𝑐

φ3

(1 − φ)2
𝐷2 

C is a constant dependent on both the pillars’ geometry and feature size. The 

porosity of nanowires is defined as  𝑣𝑜𝑖𝑑 𝑣𝑜𝑙𝑢𝑚𝑒
𝑣𝑜𝑖𝑑 𝑣𝑜𝑙𝑢𝑚𝑒+𝑛𝑎𝑛𝑜𝑤𝑖𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

.  For a packed bed with 

regular sized pillars, the structural porosity can also be expressed as [87] 

φ = 1 −
𝜋
4

𝐷2

(𝑆 + 𝐷)2
 

S is the distance between pillars. To determine the porosity of nanowire shell on 

silicon pillar, it can be calculated by counting image pixels using ImageJ (nih.gov). The 

porosity has been determined to be roughly 70%. The average diameter of nanowires is 

80 nm and permeability can be calculated to be 2.1e-16 m2. This result is comparable to 

experiment results from [88] and [42]. 

The transport of particles is simulated by solving the Navier-Stokes equation for 

creeping flow conditions and Brinkman’s equation for nanowire region. The deposition 

of particles is achieved through their interactions with the nanowires. It is assumed that 

particles of proper size do not accumulate on the ciliary surface, but they “disappear” 

once they are intercepted by the structure. Also, in the simulation, particle-particle 

interaction is not considered, and the presence of particle does not influence fluid flow. 

In reality, it is likely that a particle can be trapped by the ciliary structure but then 

escape due to disturbance. A binding moiety towards specific markers on target 

molecules can be used for stronger attachment. But this is not the focus of this research. 

The accumulation of particles on the ciliary structure can be found by integrating 

the particle flux over the collector surface. Because exosome sized particles are really 

small, Brownian movement can be expected as a significant contributor to particle 

collection. So, Navier-Stokes equations provides velocity field in the free media flow 

region, Brinkman’s equations for the nanowire region, and this result is incorporated in 

convection-diffusion equations for consideration of Brownian motion.  
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3.3.1  For fluid streamline simulation 

Comparison of fluid streamline around a single ciliary structure and a solid pillar 

is compared in figures 15 and 16. Fluid velocity magnitude simulation around a ciliary 

micropillar is shown in figure 17. Figure 18 is a simulation of static particle distribution 

around a ciliary micropillar.  

For free media region, Navier-Stokes equation is used: 

𝜌 �𝜕𝑢��⃗
𝜕𝑡

+ 𝑢�⃗ ∙ 𝛻 𝑢�⃗ ) = −𝛻𝑝 + 𝑣∆𝑢�⃗  

For nanowire region, it is treated as a porous layer and Brinkman’s equation is 

used:   

 

 

 

Figure 54: Fluid velocity field simulation around a ciliary micropillar showing fluid 

streamlines passing through nanowires region. 
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Figure 55: Fluid velocity field simulation showing streamlines around a solid 

micropillar. 

 

 

Figure 56: Fluid velocity magnitude simulation around a ciliary micropillar. 
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Figure 57: Static simulation of particle distribution around a ciliary micropillar. 

The capturing is defined as the distance between the ciliary surface and particle 

core is less than that of the particle radius. So the capturing rate for a single pillar is close 

to 3%. Since injection, the chance for an exosome sized particle will have to escape from 

800 pillars to be released at the outlet, so the opportunity for a particle to not make 

contact with a pillar will be very low (97%^800 ≈ 2.6𝑒 − 11). 

3.4  FABRICATION OF CILIATED MICROFLUIDIC DEVICES 

Materials 

AgNO3 was purchased from Sigma-Aldrich (St. Louis, MO). P-type (100) silicon 

wafers with resistivity of 0.005 Ω-cm were purchased from Silicon Quest (Santa Clara, 

CA). Polydimethylsiloxane (PDMS) with curing agent was obtained from Dow Corning 

(Midland, MI). Phosphate buffered saline (PBS) was obtained from Mediatech (Herndon, 

VA). Chemicals for microfabrication process were purchased from Honeywell 

International Inc. 
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Procedure 

The fabrication of nanowire-on-micropillar structure has been introduced 

previously in chapter 2. Firstly, arrays of 2.6 um circles are patterned on silicon wafer by 

photolithography, and followed by the deep silicon etching to generate array of 22 um tall 

micropillars. The second step is to deposit silver nanopattern on the side-walls of 

micropillars using reverse pulse electroplating, and form porous silicon nanowires all 

around the micropillars by metal-assisted electroless etching.  . In details, a p-type silicon 

wafer with resistivity 0.005 Ω-cm is cleaned in Piranha and dipped in 5% HF solution for 

5 minute to remove surface oxide. An 80 nm thick low stress silicon nitride is deposited 

on the substrate using LPCVD. Then a 50 nm think Chromium (Cr) film is deposited on a 

CHA e-beam evaporator. The Cr film acts as a hard mask for deep silicon etching, and 

the nitride layer is to protect the top surfaces of micropillars in the nanowire etching step. 

Fluidic channels with micropillar array are defined by photolithography. The pattern is 

transferred into mask layer by reactive ion etching. Botch process on an ICP etcher is 

used to create high aspect ratio micropillar structure as well as the microfluidic channels. 

Cr mask layer is then removed by wet etching, leaving nitride on the top surfaces of the 

structure.  The wafer with micropillars is dipped in 5% HF solution for 5 minutes to 

remove native oxide, rinsed with ethanol and dried using blown air. The wafer assembled 

in an electroplating cell with the micropillar side immersing in the 0.5 M AgNO3 

electrolyte. The reverse pulse electroplating is performed to deposit uniform silver 

nanopattern on the sidewalls of the micropillars. Then, the wafer is chemically etched in a 

mixture of 0.1M H2O2, 2.9M HF solution for 1 minute to create 400 nm long porous 

silicon nanowires etched into all-around the micropillars. Silver is stripped by immersion 

in silver etchant (Transene Company) for 2 minutes. A 5 nm layer of silicon oxide layer 

is grown on the surface. After a short oxygen plasma treatment, the ciliated micropillar 

structure is bonded with PDMS to complete the microfluidic prototype.  
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3.5  VALIDATION OF DEVICE FUNCTION USING MODEL CELL CULTURE MEDIUM 

Liposome preparation 

Fluorescent liposomes consisting of 99% of DOPC (1, 2-dioleoyl-sn-glycero-3-

phosphocholine, Avanti) and 1% NBD-PC (1-hexanoyl-2-{6-[(7-nitro-2-1,3-

benzoxadiazol-4-yl)amino]hexanoyl}1vc-sn-glycero-3-phosphocholine 810112, Avanti) 

were prepared by a standard extrusion procedure. The desired composition of the lipids 

was first mixed in chloroform.  The mixture was then dried in a round bottom flask 

followed by desiccation under nitrogen for at least 30 minutes.  Lipid films were then 

hydrated with 18.2 MΩ∙cm deionized (DI) water.  The hydrated lipids were extruded 

through 50 nm and 100 nm pore polycarbonate filters (Whatman, UK) until the 

suspension reached clarity. The sizes of the liposomes in both deionized (DI) water and 

PBS were determined by dynamic light scattering. The results are listed in Table 1: Size 

of liposomes used in the study.  

 
Label  Nanop

ore size  of PC 

filters (nm) 

Diameter (nm) 

In DI water In PBS 

83 nm 50 86.3±28.1 82.3±29.1 

120 nm 100 127.6±38.8 119.9±40.6 

Table 1: Size of liposomes used in the study. 

Prototype validation 

Sample solutions contain fluorescently labeled 83 nm liposomes, 120nm 

liposomes, 500 nm polystyrene nanoparticles, and 7 nm FITC-BSA [89] which were used 

to verify the functionality of our microfluidic-based prototype (see figure 19, for the 
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experimental setup). A high precision syringe pump (PHD Ultra Syringe Pump, Harvard 

Apparatus) was connected to the inlet through the PDMS cap using 1 mm O.D. tubing 

and used to inject the samples. The samples were then extracted at the outlet also through 

1 mm O.D. tubing. The fluorescent intensities of the injected and collected samples were 

analyzed using a plate reader (Synergy H4 Hybrid) to determine the concentrations of 

liposomes, nanoparticles, and protein in each. The difference in concentration between 

the injected and collected samples was then used to calculate the quantity of liposomes, 

nanoparticles, and protein that were retained by the microfluidic-based ciliated 

micropillar prototype. The quantity of retained liposomes, nanoparticles, and FITC-BSA 

as a percentage of the injected amount is plotted versus injected sample volume in figure 

20.  The 500 nm polystyrene nanoparticles that simulate possible cellular debris show 

very little retention, while the FITC-BSA that represents an abundant protein constituent 

in vivo shows almost no retention. As expected, the microfluidic-based ciliated 

micropillar prototype demonstrates its highest retention for the 83 nm liposomes at nearly 

60% of initial amount up to 30 µl of sample injected. The 120nm liposomes show similar 

trend to the 83nm liposomes, but the overall retention is decreased by about 15%. We 

also compared the retention of 120nm liposomes in both water and PBS, and found no 

significant difference between water and PBS conditions. From this data we can conclude 

that our device provides larger amounts of binding sites and niches for exosome-sized 

vesicles leading to a substantially enhanced quantity of retention as compared to both 

larger (500 nm nanoparticles) and smaller (proteins) sized analytes. 

Retention rate determination 

The sample solutions of 83 nm liposomes, 120 nm liposomes, 500nm polystyrene 

beads, and FITC-BSA were prepared. The sample concentration of both 83 nm and 120 

nm liposome are labeled as 150µg lipid/mL. The concentration of 500 nm polystyrene 

beads is 500 µg/mL, and the concentration of FITC-BSA is 50µg/mL. Each sample 
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solution was continuously injected into the prototype through the inlet at a flow rate of 10 

µL/min by the high precision syringe pump (PHD Ultra Syringe Pump, Harvard 

Apparatus). The sample was then collected at the outlet in aliquots of 10 µL. 8.5 µL from 

each collected sample was mixed with 40 µL of water in a 96 well plate and its 

fluorescent intensity read out by a plate reader (Synergy H4 Hybrid). The concentrations 

of collected samples were calculated based on the fluorescent intensities. The results 

were normalized and correlated to sample concentration of the original solution and the 

retention rates were then determined accordingly (see figure 20).  

 

 

Figure 58: Experimental set-up for retention rate measurement. Microfluidic pump 
inject fluorescent labeled particles into the device. Samples are collected in 
a micro-well plate. After dilution, the plate is read out in a plate reader to 
record the fluorescent intensity. The read out is compared to calibration 
curves to decide the concentration of particles collected at the outlet of the 
device. Reprinted with permission from [79] 
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Dissolving nanowires to release captured liposomes 

Particle retention by the nanowires was also directly visualized using quantum 

dots (QD, Qtracker 655, Invitrogen). The QDs used here are ~40 nm in diameter and 

carry no net surface charge in PBS buffer. After the QD solution was injected into the 

prototype and flushed, QDs trapped by the nanowires were observed using SEM (Figure 

21a).  In contrast, ciliated micropillars soaked in PBS overnight were unable to retain 

QDs as a result of the chemical etching of the nanowire surface coating by the PBS buffer 

leaving only the thinned micropillars behind (see Figure 21b).  

We hypothesized that this degradation of the porous silicon nanowire coating 

could be used to recover the trapped 83 nm liposomes. To test this, liposome solutions 

were injected into the microfluidic-based prototype for a total volume of 100 µL after 

which the fluidic channel was flushed with 1 mL of water. Liposome recovery from the 

microfluidic-based ciliated micropillar prototypes was then measured under three 

conditions: immediate flushing of the channel with water, immediate flushing of the 

channel with 5% Triton X-100 (TX100) solution, and flushing of the channel after 

overnight soaking in PBS buffer. Immediate water flow led to very little recovery of the 

absorbed liposomes (Figure 22). Both PBS soaking and TX100 showed higher liposome 

recovery than water alone, with PBS soaking leading to 2 times more recovery than 

TX100. Porous silicon nanowires have previously been shown to degrade in the presence 

of PBS buffer [70], and the by-product of porous silicon degradation is low concentration 

silicic acid. The degradation of nanowire cilia looses the trapping sites and allows for 

greater release of the trapped liposomes while leaving the vesicles intact, as opposed to 

TX100 that releases the trapped liposomes through vesicle rupture. Thus, dissolving the 

nanowires in PBS is an effective and non-destructive method for recovering any captured 

exosomes. The unmodified nanowires in PBS solution start to change in 4-6 hours, and 

will degrade significantly in 24 hours [70]. Our isolation experiment is typically done in 
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10 minutes, in which period the change of nanowire cilia is neglectable. Hence the 

ciliated structure is stable enough in the time scale of the isolation experiment. 

 

 

Figure 59: Percentage of retained nanoparticles and proteins versus injected volume for 
FITC-BSA, 83nm liposomes, 120nm liposomes and 500nm polystyrene 
beads. Reprinted with permission from [79] 
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Figure 60: a) SEM image of QDs trapped on ciliated micropillars, as indicated by the 
arrows. b) SEM image of the remaining micropillars after soaking in PBS 
buffer to remove the nanowires. Reprinted with permission from [79] 

 

 

Figure 61: The relative recovery yields from three different methods: soaking in PBS, 
washing with TX100 solution, and flushing with water. Reprinted with 
permission from [79] 
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3.6  CONCLUSION 

We developed the fabrication protocols for novel ciliated micropillars, 

micropillars with porous silicon nanowires on the sidewalls, by integration of 

microfabrication, electroplating, and metal-assisted electroless nanowire etching. We 

fabricated a microfluidic prototype based on this hierarchical ciliated structure capable of 

the simultaneous multi-scale filtration of bio-fluids. We demonstrated that the prototype 

can preferentially trap specifically sized liposomes within the high density of interstitial 

sites between the nanowires, while simultaneously filtering smaller proteins and larger 

particles with dimensions on the order of cellular debris. The trapped liposomes can then 

be released by dissolving the porous silicon nanowires in PBS buffer, allowing for the 

high purity recovery of intact liposomes. Further functionality should also be possible 

given the already established chemistries for surface functionalizing porous silicon. Thus, 

this tunable hierarchical filtering technique offers the ability to rapidly, efficiently, and 

selectively enrich specific nanoscale components from complex biological samples while 

maintaining their structural integrity, offering potential benefit to a range of both 

diagnostic and therapeutic applications. 
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Chapter 4:  Metal Assisted Etch of Micropillars 

Low dimensional silicon nanostructures, including Si nanowires and porous 

silicon are attracting increased interest due to their potential application in electronics, 

photonics, biomedical sensing and energy storage. By using the above mentioned 

standard fabrication methods it is very difficult to fabricate large quantity of Si nanowire 

arrays as feature sizes shrink into the nanoscale. However, a non-standard fabrication 

method-metal assisted chemical etching (MACE)-can achieve complex 3D shape 

fabrication and adding varying degrees of complexity to high aspect ratio structures. 

MACE consists of an anisotropic etch of silicon underneath a catalyzing noble 

metal placed in a solution of oxidizer and HF. This method was first introduced in 1997 

afterwhich a very large collection of features have been realized. Since directional 

etching is catalyzed by a deposited metal film, when a silicon substrate is correctly 

selected with desired crystalline orientation, doping type and amount, a desired 

nanostructure can be produced by careful design. Compared with plasma based methods, 

MACE provides a much cheaper alternative. At the same time, the etching profile is 

different from KOH based methods and can be used for vertical profile creation. 

4.1  MACE AS SCALABLE ALTERNATIVES FOR DEEP SILICON ETCH 

4.1.1  MACE of silicon nanowires 

There are two major steps to MACE: metal deposition and chemical etching. 

During metal deposition, a thin film of disconnected noble metal particles is either 

deposited physically in the form of vapor by sputtering or by nucleation of noble metal 

nanoparticles by galvanic displacement on the Si surface[90, 91]. The substrate is then 

immersed in a solution of HF and oxidizing agent (hydrogen peroxide is a frequent 

choice) where the substrate underneath the metal particles will be etched much faster due 

to catalytic effect of the noble metal. A simplified schematic of the MACE process is 
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illustrated in figure 23. There are many theories explaining this reaction which are 

currently under debate. 

 

 

Figure 62: Schematic illustration of the etching mechanism with deposition of Ag 
particle first then chemical etch. Reprint with permission from [92] 

In the reaction, the metal catalyst acts as both anode and cathode to mediate the 

electrochemical etch of Si. On the cathode side, hydrogen peroxide is reduced: 

𝐻2𝑂2 + 2𝐻+ → 2𝐻2𝑂 + 2ℎ                                           (1) 

This reaction is thermodynamically favorable, and provides positive charges to 

oxidize metal atoms into ions. The hydrogen peroxide around the particles is depleted. 

Once this process is finalized, the dissolved silver will be reduced in the anode reaction, 

in which silicon will be dissolved/etched. One of the most widely accepted anode 

reaction is. 

𝑆𝑖 + 4ℎ + 6𝐹− → 4𝑆𝑖𝐹62−                                              (2) 

Since this reaction is also thermodynamically favorable, at the catalytic effect of 

noble metal, reaction (1) and (2) happens repeatedly in a cycle. The overall reaction is: 

𝑆𝑖 + 2𝐻2𝑂2 + 6𝐻𝐹 → 𝐻2𝑆𝑖𝐹6 + 2𝐻2𝑂 + 𝐻2 

Since the etching process is localized to the regions covered by metal, the reaction 

results in the “sinking” of metal into the substrate. 

For nonspecifically patterned metal film, while dense arrays of noble metal 

particles form an interconnected network, the relative motion of each particle is limited 

by a “crowding effect”, resulting in orthogonal etching into the original silicon 

surface[93]. If the particles are loosely deposited on the silicon surface, the etching 
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behavior will be dependent on the metal deposited. In most cases Ag or Au is employed 

and they tend to sink orthogonally to the surface. Pt particles can etch straight or 

helically. It is also observed that the deposited metal can dissolve and redeposit on the 

silicon, resulting in a porous structure, or redeposit onto the original metal particle 

surface, causing particle shape changes. The dissolving effect is dependent on the acidity 

of the solution, and also dependent on the volatility of the metal, where Ag has a more 

pronounced effect and Au and Pt less. 

The capability of using MACE method to fabricate large scale 3D nanostructures 

has also been explored, and this capability is a unique advantage compared to traditional 

fabrication techniques. By tweaking the shape of deposited particles or relying on the 

shape change during etching process, a number of interesting structures have been 

realized [94, 95]. By introducing an external field to change the particle trajectory, highly 

directional structures independent of the substrate crystal orientation have also been 

realized [96] [91]. 

The concentration of oxidant in etching solutions also affects etching rate, 

morphology and direction of the forming structures. Chartier et al. systematically studied 

the influence of HF/H2O2 ratio on etching rate and morphologies on Si substrate (p type 

(100)) [97] using electroless plated silver. They defined the parameter influencing 

morphologies of the etched structure as ρ, which is the ratio of [HF]/ ([HF]+[H2O2]). 

With 100%> ρ>70%, straight cylindrical pores are derived. In this high [HF] regime, 

[H2O2] is the limiting factor. All holes generated at the Ag/Si interface are consumed 

immediately due to high presence of HF to dissolve Si or its intermediate reaction 

product. When ρ is less than 70%, [HF] becomes the limiting factor. In this case, the 

lower consumption of holes causes them to spread further away from the original site of 

injection forming microporous silicon on the side wall of the pore. If ρ is reduced even 

lower, the holes diffusion effect becomes even more pronounced. With 70%> ρ>20%, 

cone-shaped pores are formed. If ρ is below 30%, the cone-shaped pores were surrounded 
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by micro-porous Si. With 20%> ρ>9%, crater structures were formed. With 9%> ρ>0%, 

only pits can be found on the surface. For non-(100) Si substrates, oxidant concentrations 

also affects etching direction[98]. At high oxidant concentration, the etching tends to 

proceed normal to the surface; whereas at low concentration, the etching proceeds along 

crystallographically preferred <100> direction.  

Doping type and amount also influence the etching rate. P-type wafers tend to 

etch slower than n-type counterpart in the same condition[99]. This effect is not well 

understood at the moment. 

Using MACE to etch silicon nanowire is a relatively primitive application of 

MACE and the process is easy since it does not require much control. To fabricate 

nanowires, the tip of these nanowires are typically not the original top surface of the 

substrate due to etching in the corrosive etching solution. The diameter and spacing 

between these nanowires is random yet confined to a narrow range between 20-200 nm 

due to the nature of electroless silver deposition. Therefore, most of the structures 

fabricated with MACE have been in the submicron size with no requirement to protect 

the top surface. Using MACE to fabricate feature size above microns is highly desirable 

and yet to be proven to be a substitute for deep silicon etching. 

4.1.2  MACE of micro-scale patterns 

As described above, the fabrication of a ciliated micro-pillar structure has two 

major steps: fabricate the silicon pillar and etch the nanowires. Deep silicon etching is 

quick and reliable, not dependent on silicon crystal orientation or resistance. However, 

the deep silicon etching tool is not available to many researchers due to its high cost and 

demand of sophisticated facility to host the equipment. An alternative method that 

provides easier access to researchers but still gives satisfactory pillar structure is highly 

desirable. 
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In the previous section we discussed the mechanism of metal assisted chemical 

etching of silicon. Using MACE, current interest has been mostly centered on fabricating 

large arrays of silicon nanowires for the study of the mechanism itself. Since MACE is a 

highly anisotropic process, and the etching process is highly controllable in sub-micron 

scale, it is also possible to incorporate MACE as a substitute for deep silicon etching in 

the process of device fabrication.  Zahedinejad et al. [100] utilized MACE method to 

fabricate a 60 µm deep gyroscope micromachined structure with 2 µm features. They 

used a P-type 285 Ω cm silicon wafer with (100) orientation as substrate. The fabrication 

process was to use photoresist to define the pattern and ask a mask for gold film 

deposition. They used two thermal deposition rates, one at 0.7 Å/s and the other was 2.2 

Å/s for a 20 nm thick film. The deposition rate affects gold granule size in the deposited 

film with higher rate gives bigger granule. The resulting 0.7 Å/s film does not show deep 

silicon etching effect while the 2.2 Å/s film showed a satisfactory result with etching rate, 

aspect ratio, verticality and side wall roughness comparable to deep silicon etching. The 

result is explained by two theories regarding mass transfer during MACE process (figure 

24). One of the theories speculated that the Si atoms react with reagents and are oxidized 

and dissolved at the interface of catalyzing metal and the substrate[101, 102] . This 

assumption is plausible for reactions catalyzed by small sized noble metals where 

reagents and reaction byproducts have a short diffusion distance in and out of the reaction 

site. This appears to be the case in the experiment etching silicon with high deposition 

rate derived gold film. While the deposition rate is low, metal particles are too small and 

form an impenetrable film covering the substrate, so reactants have to travel a long 

distance from the edge of the pattern to reach the reaction center.  On the other hand, 

there is another proposed mass transfer mechanism during the etching process which 

involves a larger lateral size catalyzing noble metal. In this case, lateral diffusion of 

reactants and byproducts along the interface of Si and metal has a longer distance, while 

the Si atoms at the interface between the substrate and the metal can break away from its 
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back bonds with the substrate and dissolve into the noble metal. Until the dissolved Si 

atoms reach the surface of the noble metal (typically a few tens of nanometers), it will be 

oxidized and react with reactants. Reactions based on this theory will be very slow. There 

is no direct evidence confirming unambiguously which of the explanations the dominant 

effect is.  

 

 

Figure 63: Scheme of two possible diffusion models during metal-assisted chemical 
etching. Model I: the reagent and byproduct diffuse along the interface 
between the noble metal and the wall of the etched structure. Model II: A Si 
atom is dissolved into noble metal and diffuses through noble metal and is 
then oxidized on the surface of noble metal. Reprint with permission from 
[101] 

4.2 POROUS METAL FILMS 

The morphology of deposited metal film is critical in defining silicon etch 

structure quality. To make a comparison between MACE and deep silicon etching in the 

capability of fabricating the basic micropillar array structure, three different methods of 

metal deposition are being explored and compared. These methods are electroless 

deposited silver films, electrodeposition, and e-beam evaporation. 

4.2.1 Electroless deposited metal films 
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Electroless deposition of gold film is a galvanic displacement process. Highly 

doped silicon substrates are used across these experiments for porous silicon nanowires. 

We first defined the micropillar pattern using lithography and transferred the 

pattern to a 300 nm layer low stress nitride. Non-patterned nitride was removed using 

plasma etch. The remaining nitride dots served as a masking layer for metal deposition 

since galvanic displacement reaction does not happen on silicon nitride. These dots also 

protect the pillar top surface from the corrosive etching solution in later etching steps.  

The substrate was thoroughly cleaned in piranha solution, washed in deionized 

water for 5 cycles, then dipped in 10% HF solution for 1 minute to remove native oxide 

then washed again and spin dried. The electroless Au deposition occurred by galvanic 

displacement of silicon at the surface. 5 ml of 0.04M HAuCl4 solution was prepared from 

high purity HAuCl4  salt (99.9%, Sigma-Aldrich, St. Louis, MO, USA) dissolved in Di 

water. The deposition solution was then obtained by mixing HAuCl4  solution with 25 ml 

of 49% HF, and 70 ml of DI water. The result is a 0.002 M HAuCl4 , 2.9 M HF solution. 

The silicon substrate were transferred to the deposition solution and allowed to react for 

30 seconds. The wafer was then rinsed with excess water and spin dried under dry air 

flow.  

Regarding metal coverage, there are two noticeable undesirable characteristics 

which needs attention. One is the void between the particles. Even on a flat silicon wafer, 

completely cleaned of contaminants, metal deposition by the galvanic displacement 

method will not totally cover the silicon surface. One reason for this could be due to air 

bubble formation during this process. Formed air will cover part of the silicon substrate 

and prevent reaction at the site, thus tiny patches of silicon not covered by metal also 

show a void. This can be mitigated by introducing surfactants. Another explanation is 

mass transfer. Because the galvanic displacement reaction happens relatively fast upon 

contact with the reacting agent, some silicon area is covered with metal first. Metal ions 

away from the reaction site will diffuse to replenish the local reagent. Because 
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thermodynamically it is more favorable for a new metal atom to attach to its same kind, 

the metal particles first formed on silicon will work like a sink for further metal 

deposition. This “sink” effect will deplete metal ions around the particle leaving adjacent 

silicon no more metal to deposit. See figure 25 for voids between particles. 

 

 

Figure 64: SEM image of Ag particles deposited on silicon. Voids in between particles 
can be seen. 

The result of this effect is “grass” formation after MACE (figure 26).  For micro 

scale patterns where nanowires are not the intended features, this effect is highly 

undesirable. 
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Figure 65: SEM image of etched structure from electrolessly deposited silver particle. 

The other undesirable characteristic of wet deposition is preferential reaction site 

of surface irregularities (figure 27), which is also the reason for electroplating is used to 

deposit silver particles on the pillar surface. If no pattern is needed for MACE, there will 

be no mask on a flat surface, so no surface irregularity. However, when there is a 

masking layer on the surface, it will inevitably introduce surface irregularities. For the 

case of using silicon nitride as pattern mask, the surface irregularity is twofold. One is 

from the mask itself. Silicon nitride is not very reactive in metal deposition solution. 

Holes distribution or transport in silicon material will create a field distortion in the 

material. The galvanic displacement process will create a lot of holes in the silicon 

substrate, but the material covered by a masking layer will have fewer holes, thus 

appearing electro-negative to exposed area. This will draw metal ions closer to the 

interface of masked area and exposed area. Therefore, we will observe a metal ring next 
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to the mask (figure 28). The other reason for this metal ring effect is due to mask etching. 

Because silicon nitride is etched in plasma, the bombardment will inevitably damage 

silicon material due to over etch. The over etch will create a step in the material, then this 

becomes a preferential reaction site due to energy favorability similar to [80]. 

The result from this effect gives irregular surface morphology after etching due to 

particle scratch (figure 29). 

 

 

Figure 66: SEM image showing "step" and surface irregularity after masking layer 
etch. 
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Figure 67: SEM image of electroless silver deposition showing particle accumulation at 
edges of masking layer. 

 

Figure 68: SEM image of etched pillar structure. Due to scratch from accumulated Ag 
particle at pattern edge, pillar surface is very rough. 
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Any metal deposition irregularity will be transferred to the metal assisted etching 

step causing silicon etching irregularity. Voids in between particles beget grass, while 

metal rings will etch into the pillar structure or even damage the pillar tip. To overcome 

these effects, electrodeposition and dry metal deposition (e-beam evaporation) are tested 

since these methods do not rely on substrate chemical reactions.  

4.2.2  Electrodeposition 

Similar to depositing silver on pillar surface, using a reverse phase electroplating 

method we can overcome many of the disadvantages given by electroless deposition.  

Briefly, the micropillar pattern is defined and the pattern is etched into the silicon 

nitride layer. The substrate was thoroughly cleaned in piranha solution, washed in 

deionized water for 5 cycles, then dipped in 10% HF solution for 1 minute to remove 

native oxide then flushed with pure ethanol and air dried. Using ethanol instead of water 

is necessary to prevent silicon surface oxidation since electroplating does not happen on 

oxidized silicon. The substrate is mounted to electroplating chamber (figure 7b) and gold 

electroplating solution TSG-250 (Transene Company. Inc., Danvers, MA) was used as 

plating solution. After electroplating, the substrate is removed and washed before etching. 

Figure 30 shows deposited metal morphology.  
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Figure 69: SEM image of electroplated Au film showing many voids. 

As can be seen in this figure, metal coverage can be relatively uniform, but still 

shows void in between particles. To fill the void space between particles, it will require 

longer deposition time but the thickness of deposited metal can be too high for etching. 

Increasing electroplating solution metal ion concentration may be a solution for this 

defect, but this was not tested in this experiment. Not surprisingly, grass is formed due to 

voids between particles (Fig. 31). 
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Figure 70: SEM image of etched structure from electroplated Au film. "Grass" is 
formed due to voids. 

Another possible method to improve the metal film electroplating quality is to 

deposit a seed layer first. A uniformly covered seed layer can reduce the conductivity 

difference between silicon and the few metal atoms that first attach. But this method will 

still require a vacuum process for seed layer deposition. A one step metal deposition is 

more convenient and introduces fewer variables. 

4.2.3  E-beam evaporation 

Electron beam physical vapor deposition or EBPVD is a physical vapor 

deposition process whereby atoms from a solid target material are ejected due to 

bombardment by an energetic electron beam given off by a charged tungsten filament 

under high vacuum. This method is frequently used for thin film deposition. In the case 

of gold film deposition, gold target is the anode and is bombarded by high energy 

incident electrons. When the incident ions have energy higher than gold atom binding 
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energy, surface atoms are ejected and travel through the vacuum chamber in a gaseous 

phase to precipitate into the target substrate in a solid form. Due to van der Waals force, a 

thin film will be attached to the substrate, silicon in this case. Because of the nature of 

this process, the deposition process does not depend on the property of the substrate nor 

does it depend on material mass diffusion. An atom reaching the substrate will be totally 

randomly distributed and no particular agglomeration on mask or non-mask area will be 

observed. However, if the sputtering energy is raised, each incident ion will have more 

energy to dislocate more than one atom on the target surface. The result is the deposited 

film will be formed by larger particles than using low energy E-beam. When the film is 

thin and deposition rate well controlled, the voids in the film can be tuned to be large 

enough to allow liquid reactants to diffuse to reaction site during MACE, while small 

enough to eliminate nanowire formation.  

In my experiment, a layer of 20 nm thick gold film was deposited at deposition 

rate 2.2 Å/s using E-beam evaporator from CHA (CHA, Fremont, CA).  Under SEM, the 

void between particles is undetectable and film thickness appears uniform in macro and 

micro scale. 

4.3  Gold film assisted deep silicon etch of micropillars 

Following metal deposition, both wet deposited and evaporated samples were 

tested together. The substrates were immersed in an aqueous solution of HF, H2O2 and 

ethanol. Because the purpose was to fabricate porous silicon nanowires with an 

expectation to preserve the capability to dissolve them later, only very low resistivity 

wafers (< 0.005 Ω cm) were used. The combination of HF, H2O2 and ethanol were 

optimized based on scanning electron microscopy (SEM) observation of derived feature 

morphology. Samples used in SEM observation were pieces cleaved from the original 

substrate so as to observe an inner region instead of a non-typical edge region. The pieces 
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were mounted on a SEM mount and analyzed at 70° tilt angle in a ZEISS NEON 40 SEM 

(Carl Zeiss, Peabody, MA) with inlens detector, at probe acceleration of 5keV.  

The result shown in figure 32 is the result from HF: H2O2:ethanol=5:1:5 after 

etching 10 mins. Solid pillar structure with smooth wall qualifies for ciliary pillar 

structure fabrication. 

 

 

Figure 71: SEM image of etched pillar structure from evaporated gold film. 

After MACE, catalytic metal is typically removed for fear of interfering with 

device application. The etchant for Au removal is TFA gold etchant, TFS etchant for Ag. 

Etchants are from Transene, Danvers, MA. Devices after MACE process are washed in 

DI water and spin dried. Then the substrates were soaked in metal etchant for 3 minutes 

to remove the metal. The substrates were then rinsed with DI water and spin-dried again.  
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4.4  Discussion 

Two different strategies to fabricate ciliary micro-pillar structure are presented 

here. The fabrication steps for ciliary micro pillar structure are roughly two: silicon pillar 

structure and nanowire etch. Two methods of deriving silicon pillars are presented: one is 

dry etching method, i.e. deep silicon etching, the other is MACE. Deep silicon etching is 

easier to implement once the parameters are optimized, and result is consistent. However, 

due to the high equipment cost, this method is not available to many researchers and not 

economical for mass production. The MACE method does not require expensive 

equipment and can be done in atmospheric pressure, making this method very attractive 

as an alternative to deep silicon etching. The shortcoming of the MACE method is that 

etching orientation may depend on silicon substrate crystal structure and doping level. 

For highly doped material, minimizing unintended porosification can be a challenge. 

The deposition of catalyzing metal film is a crucial step since the coverage and 

morphology of this metal layer determines etching result. Wet deposition and dry 

deposition are presented. For deep etching purpose, dry deposition is superior to wet 

deposition. For the purpose of etching silicon nanowires on silicon pillars, electroplating 

is employed to uniformly cover silicon pillar structure with catalyzing metal particles.  

In conclusion, using metal assisted chemical etch as scalable alternatives for deep 

silicon etch is introduced. Methods to introduce and pattern etching catalyst layer are 

compared. Micro structures from heavily doped substrate are fabricated with optimized 

experimental conditions with results comparable to plasma based deep silicon etch 

method. The prospect of using MACE as a cheaper alternative to deep silicon etch is 

examined.  
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Chapter 5:  Exosomal Study of Drug Resistant Cells’ Response to 
Nanoparticle Therapy 

Paclitaxel is one of the most important findings of anticancer drugs in the past 

three decades. It is effective against multiple types of cancer, including lung, ovarian, 

breast, head and neck cancer. Paclitaxel enhances tubulin polymerization, binds to 

microtubules and stabilizes microtubules thus inhibits mitotic at the metaphase/anaphase 

transition, and induces apoptosis[103]. Cellular paclitaxel accumulation is important for 

drug effectiveness; cellular paclitaxel expulsion is one of the major obstacles in the battle 

against paclitaxel drug resistance[104]. Indeed, paclitaxel resistant cell lines showed 

reduced intracellular drug accumulation compared with the sensitive parent cell 

line[105]. P-glycoprotein (abbreviated as Pgp) is also known as multidrug resistance 

protein; it can attach to paclitaxel surface and transport the drug out of cellular lumen. 

Enhanced Pgp expression can lead to enhanced drug efflux and reduced cellular drug 

accumulation[106, 107], and by inhibiting Pgp expression, the drug resistance can be 

reversed[108]. Pgp pathway is a proven pathway for cancer cell to develop Paclitaxel 

resistance, but cancer cell can also develop other mechanisms to expel Paclitaxel. Jang et 

al.[104] modeled the contribution of Pgp in paclitaxel efflux, and did experiments to 

confirm that Pgp efflux contributed 86% of total efflux at low extracellular drug 

concentration in BC19 cells, but this number is reduced to 34% at high extracellular drug 

concentration. In another study, Corcoran et al. used a prostate cancer model, showed the 

resistance to docetaxel (a synthetic approach produced paclitaxel) was due to the primary 

driver-MDR-1/P-gp [29], and found the presence of Pgp was mostly in the drug resistant 

cell excreted exosomes. The enrichment of Pgp in exosomes can be expected since it 

belongs to a transport protein family. Direct evidence from Shedden et al. [27] showing 

enriched content of cancer treatment drug in exosomes, and MDR cells’ gene expression 

profile enhanced the secretion of exosomes. The effect of drug enrichment in exosome is 

due to the lipophilicity of selected drug doxorubicin. Doxorubicin will attach to cell 
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membrane. Because the membrane from exosomes is of cellular membrane origin, 

therefore this will contribute to the enrichment of doxorubicin in exosome. The free 

floating doxorubicin may also be selected by the exosomal pathway for expulsion, yet the 

selection process is not clear. 

Nanoparticles made in forms of polymer spheres, micelles, or liposomes have 

been explored as drug carriers to overcome MDR. The benefits of nanoparticle therapy 

include enhanced drug accumulation at tumor tissue due to enhance permeability and 

retention effect and longer circulation half-life. The materials selected as nano carrier 

cannot be recognized by drug efflux transporter protein thus reduce protein mediated 

drug efflux. The mechanism of cellular internalization of nanoparticle encapsulated drug 

differs from free drug form in that nanoparticle is internalized via endocytosis, instead of 

diffusion. By properly selecting encapsulating polymer, as some research suggested, 

mPEG-PLA micelles can increase cellular uptake of encapsulated drug. For highly 

insoluble and lipophilic drugs, such as paclitaxel, PEG-PLA polymer can carry the drug 

into cytosol, instead of attaching to cell membrane as pure drug does. 

In this chapter, we want to evaluate the drug expulsion behavior in exosomal 

pathway of MDR cells treated with encapsulated drug. By isolating exosomes from MDR 

cells treated with mPEG-PLA micelle encapsulated paclitaxel, we can determine the drug 

efflux profile in the exosomal pathway. Therefore we can have a better understanding of 

drug expulsion mechanism through the exosomal pathway and circumventing MDR 

effect.   

5.1  CANCER CELLS’ DRUG RESISTANCE TEST 

Drug resistance is the major cause of failure in chemotherapy of malignant 

tumors. The resistance capability can be either preexisting (intrinsic resistance) or 

induced by administered drugs (acquired resistance). Drug resistance is usually diagnosed 

after a long period of treatment, leading to high cost of the treatment procedure, severe 
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patient discomfort and missing the best opportunity for an effective cure. Technologies 

that can quickly deliver estimates of possible outcomes before actual in vivo treatment 

involving ineffective and harmful drug therapies are greatly beneficial.  

Cell culture drug resistance test (CCDRT) is a clinical laboratory procedure where 

a human tumor biopsy specimen is cultured in the presence and absence of a certain 

anticancer drugs for comparison. At the conclusion of the cell culture, which is typically 

a duration of 3 to 7 days, drug effectiveness in killing tumor cells or in preventing tumor 

cell growth is determined. The information gathered from this short term test provides 

guidance for drug development as well as a quick prediction of patient response for better 

treatment choice at clinical settings. This test is of particular value to oncologist in 

selecting the most effective treatment plan specifically tailored to an individual.  

Cell culture drug resistance tests based on fresh tumor cell culture started as early 

as the 1960s [109]. At the very beginning, laboratory techniques were not well 

established, and the standard for the test varied from laboratory to laboratory. With the 

improved biological techniques, extensive descriptions of various assays are now 

available[110]. The principal steps of these methods are the same: 1. Mechanical divide 

pieces of tumor tissue in small fragments and enzymatic disintegrate them into isolated 

cells; 2. incubation of cells with drugs in concentrations similar to in vivo treatment 

concentration; 3. assessment of cell survival or proliferation by measuring metabolic 

activities of the cancer cells[111]. CCDRT result found correlations with drug effects in 

the patient, which is measured by response rates and patient survival. So an assay shows 

“sensitive”, the patients are more likely to have a better response than average patient 

population, or if an assay shows “resistant”, patients are much less likely to respond 

compared to general patient population. And, patients treated with assay “sensitive” 

drugs show better response than treated with “resistant” drugs. In another word, 

ineffective drugs in vitro would likely to be ineffective in vivo, and vice versa.  
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Even though CCDRT using s fresh tumor cell culture methodology has its merits, 

it has not been adopted as a clinical routine practice, because results of sensitive drugs 

from the conclusion of an assay cannot always be reliably applied to in vivo treatment, 

since there are many hurdles before a drug can reach the target [112]. Another difficulty 

with fresh tumor cell culture is that the procedure to derive a specimen is invasive; in 

many cases, the procedure is inoperable, especially in the case where multiple tests are 

required to follow treatment progress.  

Cancer biomarker as a diagnostic tool has attracted wide attention[113], in that 

they can be derived from blood, and many of these markers occurs at early stage of 

cancer progression. So a new generation of drug resistance tests has been developed to 

use the changes of serum markers as a measure of tumor response to therapy. Examples 

include prostate-specific antigen in prostate cancer [29, 114, 115], Lysophosphatidic acid 

and CA 125 in ovarian cancer [116-118]. It has been shown that these markers fall to 

very low levels if treatment is successful. The difficulty in cancer biomarker research is 

that most of the biomarkers are not tumor specific and they exist in low abundance. The 

level of biomarker expression may not reliably reflect viable tumor mass. Unless the 

identified biomarkers play an indispensable role in drug resistance mechanisms, it is still 

hard to say reduced biomarker expression represents a cure for cancer.  

5.2  EXOSOMES IN DRUG RESISTANCE 

The development of cancer drug resistance is multifactorial that includes but is 

not limited to cancer cell phenotype change[29], presence of resistant cancer stem-like 

cells[119], induced resistance to host immune mechanisms[120], controlled drug efflux 

from cells[121]. Exosomes have been found to participate in all of these activities and 

acted as a major player in the process. After technologies becomes capable of 

characterizing exosomes, extensive studies have been carried out on the role of exosomes 

in metastasis, hypoxia, tumor microenvironment, cancer cell signaling, and drug 
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expulsion[122, 123]. Targeting exosomes as a method to test cancer resistance has 

become an emerging concept due to its universal existence in all body fluids. The 

benefits include but not limited to easiness of acquiring sample (minimal invasiveness) 

and information derived from exosomes represents their parent cells’ bioactivity without 

extracellular complication. Corcoran et al. found exosomes contributed to docetaxel 

excretion, and caused phenotypic change to non-resistant cell [29]. There is also a study 

documented that exosomes of cisplatin-resistant cancer cells contained 2.6 times more 

cisplatin than exosomes from cisplatin-sensitive cells[28]. These studies do confirm the 

occurrences of drug resistant cells use exosomal pathway for drug efflux.  

The sorting mechanism for exosomal pathway drug excretion is not understood at 

current stage. Even more bewildering is that acquired drug resistance from one drug can 

develop into multi-drug-resistance towards drugs of totally different form and 

functionality. Therefore, we are interested to find out if nanoparticle encapsulation of 

drugs can camouflage drug from recognition for undergoing exosomal degradation 

pathway. 

5.3  NANOPARTICLE DRUG DELIVERY TO OVERCOME MULTI-DRUG RESISTANCE 

Drug-loaded nanoparticles are found to be a promising method to overcome drug 

resistance. These nanoparticle capsules are often made in forms of polymer spheres, 

micelles, or liposomal bi-layers, and loaded with anti-cancer drug as enclosed or 

chemically linked. When treated in tumor model, drug-loaded nanoparticles enhance drug 

accumulation specifically in tumor site as compared to normal tissues. This is thought to 

benefit from their characteristic size (20-80 nm to be most effective) due to enhanced 

permeability and retention effect[124]. On the other hand, it may also escape from being 

expelled by MDR cancer cells. Free drug molecules that either passively diffuses or 

transfer via membrane translocators are often expelled into extracellular space from 

MDR cells. In contrast, drug-loaded nanoparticles are shown to bypass the efflux 
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mechanism and are internalized via endocytosis [125, 126]. Many studies have 

demonstrated significant improvement of nanoparticle shielding in drug effectiveness 

against cancer drug-resistance [127-130]. For example, Doxorubicin encapsulated in 

polyalkylcyanoacrylate nanoparticles displayed enhanced cytotoxicity to P388 resistant 

cells than free Doxorubicin, increasing IC50 value by 25 folds. Paclitaxel-contained 

nanoparticles were also demonstrated to significantly suppress tumor growth as compared 

to free paclitaxel in in vivo Xenograft mice model[131]. These cases suggest that the 

endocytic transport pathway that nanoparticles undertake is a promising strategy to 

circumvent MDR effects. However, considering the origin of exosomes is from late 

endosome, and cellular internalization of particle encapsulated drugs is through 

endocytosis. There is an overlap in the exosome formation pathway and cellular 

endocytosis, the effect of this pathway overlap is not fully evaluated. 

5.4  EXOSOMAL RESPONSE OF MDR CELLS TO NANOPARTICLES THERAPY 

Nanoparticle encapsulation that can alter biophysical properties of drugs is used 

as a camouflage for drug administration to bypass the recognition of membrane drug 

transporter proteins. But the efficient of exosomal pathway for transporting nanoparticle 

encapsulated drugs is not well evaluated. Especially considering the overlap of exosome 

formation pathway related to nanoparticle internalization, a study that can evaluate the 

effect of the pathway overlap is paramount.  

I propose to study the exosomes derived from MDR cancer cells treated by 

nanotherapeutics. By analysis of exosomes and their composition corresponding to the 

therapeutic treatment of MDR cancer cells, we expect to understand: 1) the effect of 

nanoparticles on intracellular drug accumulation and retention; 2) the influence of 

nanoparticles on drug efflux through exosomal pathway; 3) the correlation of exosome 

composition variation with the nanoparticle therapy; 4) the exosomal biomarkers in 

response to nanotherapy. The overall goal of this study is to establish the correlation 
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between the nanotherapeutics presence and exosome formation and composition. The 

outcome would boost further understanding of cancer MDR, and in turn direct the 

development of pharmaceutical nanoparticles to overcome MDR cancer. 

5.4.1  MDR cancer cell line and cell culture  

Human breast cancer cell line MDA-MB-231 cells were purchased from the 

American Type Culture Collection (Rockville, MD, USA). The multidrug resistant 

MDA-MB-231/MDR cell line was cultured in our lab. MDA-MB-231 and MDA-MB-

231/MDR cells were cultured in DMEM supplemented with 10 % FBS, 2 mM L-

glutamine, 10 mM HEPES, 24 mM NaHCO3, 1 % antibiotics (100 U/mL penicillin G 

and 0.1 mg/mL streptomycin). Figure 33 and 34 showing images of cells. There is no 

apparent difference between drug sensitive type and drug resistant type. 

 

 

Figure 72: Microscopic image of MDA-MB-231 cells. 
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Figure 73: Microscopic image of MDA-MB-231/MDR cells 

5.4.2  Paclitaxel loaded micelle nanoparticles treatment 

Oregon Green® 488 Conjugate paclitaxel (OG-PATX) was purchased from Life 

Technologies (Xi’an, China). mPEG-PLA (2000-2200) was obtained from Polymer 

Sciences. DMEM medium, penicillin-streptomycin and fetal bovine serum (FBS) were 

purchased from Gibco Life Technologies, Inc. (NY, USA). Culture plates and dishes 

were obtained from Corning Inc. (NY, USA). All other chemicals were reagent grade and 

obtained from commercial sources. 

Preparation of OG-PATX mPEG-PLA micelles 

A co-solvent evaporation method was used to prepare of OG-PATX mPEG-PLA 

micelles. Briefly, mPEG-PLA (10 mg) and 1 mg of OG-PATX were dissolved in 0.1 mL 

acetone. This solution was added drop-wise to 1 mL of water. The mixture was then 

stirred at room temperature for 2 h. Vacuum was applied to remove the remainder of the 

organic solvent. At the end of encapsulation process, the micelle solutions were filtered 
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through a 0.45 µm Minisart syringe filter (Sartorius, Germany) to remove free OG-PATX 

and subsequently lyophilized. 

Cellular uptake of OG-PATX 

For the cellular uptake study, MDA-MB-231 and MDA-MB-231/MDR cells were 

seeded in 5 cm cell culture dishes at 5×105 cells/dish for 24 h. Then the cell culture 

medium was replaced with new medium containing free OG-PATX (dissolved in DMSO) 

or OG-PATX-micelles equivalent to 5 μg/mL of paclitaxel and incubated for 4 h at 37°C. 

Cells were then washed twice with cold PBS to remove cell surface bound OG-PATX 

and incubated with 3 ml of fresh DMEM medium for 12 h. The culture medium was 

collected and centrifuged at 2000 rpm for 10 min to remove the cell debris.  

5.4.3  Experimental procedure 

The culture medium of MDA-MB-231 treated with OG-PATX, MDA-MB-231 

treated with OG-PATX mPEG-PLA micelles, and their equivalents from MDA-MB-

231/MDR cells were collected and centrifuged at 2000 rpm for 10 min to remove cell 

debris. 2 mL from each sample was used for filtration processing. Each sample was 

stored in a syringe and continuously injected into the filtration chip through the inlet at a 

flow rate of 20µL/min by the high precision syringe pump (PHD Ultra Syringe Pump, 

Harvard Apparatus). The waste was then collected at the outlet in aliquots of 500 µL. 50 

µL PBS solution was injected into the device through the inlet at flow rate of 20 µL/min 

using syringe pump to replace the residual solution in the device and clean the trapped 

exosomes of non-specific absorbed drug from the culture medium. 50 µL of SDS lysis 

buffer (250 nM Tris-HCL, pH 7.4. 2.5%SDS) was injected into the device at 20 µL/min 

to break exosomes and flush all content out of the device, this volume is collected to 

detect drug content from the exosome lysate. After collecting, the devices is flushed with 

methanol at 20 µL/min for at least 5 min to remove any possible residual, then 50 µL PBS 

is injected into the chip to prepare it for the next repetition. This process is repeated until 
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2 mL exosome containing cell culture medium is all finished. Collected solution is stored 

at 4°C refrigerator in the dark for future testing. After all samples are processed, 0.6 mL 

from each of the collected samples was used to determine its protein concentration as a 

measure of quantity of device trapped exosomes.  The protein quantification process was 

based on BCA protein assay method following instructions from Pierce™ BCA Protein 

Assay Kit (Thermo Scientific, Waltham, MA, USA). It was found the protein 

concentration has no significant difference across the samples with average protein 

concentration at approximately 0.1µg/µL. The samples were then placed in a 96 well 

plate for drug volume read out by a plate reader (Synergy H4 Hybrid, BioTek 

Instruments, Inc.) with excitation/emission ~496/524 nm. 

5.5  RESULTS 

The collecting efficiency using ciliary micropillar fluidic device is also compared 

to ultra-filtration method. The filter used in this experiment is Amicon Ultra-0.5 mL 10K 

nominal molecular weight limit centrifugal filters (EMD Millipore Corporation, Billerica, 

MA, USA). Briefly, 0.5 mL cell culture media was loaded in the centrifugal filter, and 

span at 10000 X g for 10 min using Legend Micro 21 centrifuge from Thermo Fisher 

Scientific (Waltham, MA, USA), 25 µL concentrate was collected after 5 min 1000 X g 

reverse spin. Protein quantification from the concentrate was measured using UV 

absorbance at 280 nm with Nanodrop 1000 from Thermo Fisher Scientific (Waltham, 

MA, USA). The result is very comparable as shown in figure 35. But the result from 

device filtration is diluted during surfactant washing of the device to collect trapped 

materials. If an experiment does not require exosome removal from device, the filtration 

region stores higher concentration of exosomes than from ultra-filtration. 
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Figure 74: Protein content comparison between exosomes derived from ultrafiltration 
and ciliary micropillar device.  

To qualify the claim that the collected particles are indeed exosome, several tests 

were conducted. For scanning electron microscopy (SEM ZEIS Neon 40 w/ EDAX & 

Raith pattern generator; Carl Zeiss, Peabody, MA) test, a piece of ciliary micro pillar 

array device was broken into pieces immediately after exosome filtration, exosomes 

together with the silicon chip piece were fixed with 3.7% glutaraldehyde (Sigma-Aldrich 

GmbH, Taufkirchen, Germany) in PBS for 15 min. After washing twice with PBS, the 

fixed exosomes were dehydrated with an ascending sequence of ethanol (40%, 60%, 

80%, 96%), 5 minutes each. After evaporation of ethanol, the samples were left at room 

temperature for 24 h to dry. The sample chip was then sputtered with gold-palladium for 

a thin layer of 5 nm. This method has been used in [132]. But it should be noted that this 

method may shrink the actual size of exosomes as can be expected from histological 

processing experience[133]. Figure 36 shows exosomes trapped in nanowires. 
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Figure 75: SEM image of fixed exosomes captured by ciliary pillar. Yellow arrows 
point to captured exosomes. 

Dynamic light scattering test was performed with Malvern Nano-Zetasizer at laser 

wavelength 532 nm. To prepare samples for DLS study, 2 mL of cell culture medium was 

processed through my filtration device at 20 µL/min, then 100 µL PBS flush the device at 

20 µL/min. The device was left at 4°C in humid environment for over a period of 48 

hours, then the PBS was drawn out of the device and diluted with fresh PBS flushing the 

device. Sample was collected for DLS study. Figure is shown in figure 37 with z-average 

diameter 98.10 nm.  
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Figure 76: DLS data showing collected particles size distribution, with the highest 
intensity at 100 nm. 

Tumor susceptibility gene 101 (TSG101) is a component of the Endosomal 

Sorting Complex Required for Transport (ESCRT) protein group that mediates exosome 

assembly and is enriched in exosomes [2]. To confirm the purified vesicles are exosomes, 

it is routine to identify some of the common exosomal marker proteins[134]. 

Immunoblotting is a convenient and standard way of achieving this. To exhibit the level 

of enrichness, it is typical to compare on the same gel with identical amount of protein 

from exosomes and from total cell lysates prepared from parent cells. In my experiments, 

exosomes do not exist in high abundance and the capacity of the device to hold exosomes 

is not very high, so the exosomes used is not in the same proportion as cell lysates, but at 

least one order of magnitude lower. But that also satisfies the purpose of this experiment, 

which is to confirm the material being collected is high purity exosomes.  

 The steps performed in western blotting[135]: 

1. Quantify the protein content of all the samples from exosomes and cell lysates 

prepared for assay. 
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2. Prepare 10 µg and 1 µg of cell lysate in two different tubes, and 10 µL and 1 µL 

of exosomes in two tubes. As mentioned above, this test is not for quantitative study, so 

exosome protein content is not quantified. 

3. Add PBS to each tube to reach 20 µL. 

4. Add 6 µL of 4 X SDS sample buffer to each tube. 

5. Heat to 70°C for 10 min. 

6. Load samples on a 10% gel, put the two exosome samples and the two lysate 

samples next to each other. 

7. Run the gel, transfer to a nylon membrane, and analyze by immunoblots with 

TSG101 antibody for TSG101 marker on exosomes. 

8. The result is scanned using ChemiDoc MP system (Bio-Rad, Hercules, CA) 

shown in figure 38. 

 

 

Figure 77: Testing TSG101 by Western blotting expression in MDA-MB-231 cell 
lysate and isolated exosomes. 

Fluorescence read out of drug content from collected exosomes is shown in figure 

39. The result is an average read out of equal amount of collected exosome lysate from 3 

samples in each group.  The difference in the four groups is not as dramatic as relevant 

literature demonstrated, but still gives significant result. 
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Figure 78: Fluorescence intensity read out of drug content from exosome samples 
gathered from sensitive cells treated with pure drug, sensitive cells treated 
with micelle encapsulated drug, MDR cells treated with pure drug, and 
MDR cells treated with micelle encapsulated drug. 

Protein content from four groups of samples is also read out as a correlation to 

exosome secretion amount in these four groups of cells (figure 40). We see slightly 

higher amount of exosomes from MDR cells. That might be due to the effect of the 

drug—paclitaxel. Paclitaxel can stabilize microtubule therefore will reduce exosome 

secretion according to research[136]. So this effect is slightly stronger in sensitive cells. 
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Figure 79: Protein content measurement 

 

 

Figure 80: Normalized exosome drug concentration. 

Figure 41 is final drug content normalized to same amount of isolated exosomes 

(per protein content). We can observe that nanoparticle encapsulation results in 
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approximately 35% higher drug content in exosomes. This may confirm the overlapped 

pathway of exosome origination and micelle endocytosis will contribute to exosomal 

drug expulsion. Exosomal pathway does expel drug even the drug is encapsulated, but 

this effect is not very significant.  

5.6  DISCUSSION AND CONCLUSION 

Polymer micelle encapsulated drug treated non-resistant cell showed 35% more 

drug efflux than pure drug treated counterpart. The may confirm the hypothesis that the 

origin of exosomes in late endosome overlaps the pathway of encapsulated drug 

internalization process.  This can also be a result of higher encapsulated drug 

accumulation in cells due to enhanced cell uptake effect by using micelles[138]. Pure 

drug treated MDR cells showed approximately 33% more drug efflux than its counterpart 

sensitive cell, and micelle encapsulated drug treated MDR cells showed approximately 

31% more drug efflux than sensitive counterpart. This result should also compare with 

research done by Safaei et al. using cisplatin treated ovarian carcinoma cells[28]. Their 

results show exosomes released from 2008/c13*5.25 cells contained 2.6-fold more 

platinum than those released from sensitive cells. By inference, the potential effect of 

cisplatin on exosome release is different than paclitaxel. Cisplatin can increase exosome 

release by p53 activation[139] whereas the effect of paclitaxel is to reduce exosome 

release. Therefore, MDR cancer cells choose exosomal pathway to export the exosome-

promoting drug cisplatin whereas putting less weight on exosome pathway to export 

drugs that have exosome-inhibiting effect seems more “rational”. It would be interesting 

to use proteomics method to study exosomal biomarkers corresponding to different forms 

of drug treatment. The information gathered will improve our understanding of the drug 

selection process for drug degradation and expulsion.  

The conclusion from this test can be compared to the results from [104], exosome 

is an important drug efflux pathway in paclitaxel resistant cell line MDA-MB-231/MDR, 
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but other pathways are also possible. Increased release of encapsulated drugs through 

exosomal pathway may be due to enhanced drug uptake during cell culture stage, or 

because the uptake of nanoparticles through endocytosis shares some route as drug efflux 

through exosomal pathway due to the formation mechanism of exosomes. 
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Chapter 6  Conclusion and Perspectives 

This dissertation supports the hypothesis that ciliary micropillar array 

microfluidic chip can be an efficient method of isolating exosomes from complex 

biological fluid. Captured exosomes can be released without damage and contamination 

by dissolving nanowires using PBS. The fabrication of ciliary micropillar structure is 

based on a profound understanding of metal assisted electroless silicon etching technique 

and theory. To complement the repertoire of structures afforded by MACE method, new 

metal deposition method to improve etching morphology are explored. The result showed 

MACE’s potential as a cheap and satisfactory alternative to traditional deep silicon 

etching technique.  

Ciliary micropillar structure can be fabricated with very small or large inter-pillar 

distance, cilia on the pillars have a characteristic diameter of 40 to 150 nm and can be 

made porous with pore diameter approximately 4 nm. Such a wide range of size 

distribution in a small space provides new opportunity for particle manipulation purposes.  

Ciliary micropillar structure exhibiting high permeability in its nanowire shell 

region has a very desirable performance in attenuating fluid stream. Compared with solid 

micropillar, the ciliary structure allows fluid streamlines to pass through the nanowire 

region and travel closer to the ciliary pillar structure due to reduced hydrodynamic 

resistance. Therefore, particles carried by the fluid streamlines have much higher 

opportunity to make contact with the ciliary structure. Since exosomes are in the same 

size range as ciliary spacing, they stick in the space with surface interactions with the 

nanowires. 

Using a model system to demonstrate the hypothesis, I confirmed the hypothesis 

with results showing significant capturing performance towards exosome sized particles. 

By soaking the device in PBS solution, trapped particles were released and showing little 

damage to the integrity of the membrane. 
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Nanoparticle encapsulation as an advanced drug administration method to bypass 

MDR cells’ drug efflux mechanism appears promising to overcome MDR. The 

internalization pathway of nanoparticles is by endocytosis. Yet the formation of 

exosomes is by inward budding of late endosomes. So there is an overlap between 

exosome origin and nanoparticle internalization. The effect of this overlap affects 

nanoparticle encapsulated drug absorption in a cell. Thanks to the superior performance 

of the ciliary micropillar device, it can be used as a convenient alternative to traditional 

but laborious exosome isolation method to study nanoparticle encapsulated drug efflux 

mechanism by exosomal pathway. Multidrug resistant human breast cancer cell line is 

used as study subject and is compared to its sensitive counterpart. Pure drug and particle 

encapsulated drug were used to treat those cells. Exosomes were collected from cell 

culture medium after cell culture and drug content from collected exosomes was 

analyzed. The importance of exosomal pathway for encapsulated drug expulsion is 

identified. This result warrants future study of biomarkers on secreted exosomes under 

different treatment procedure, as this will contribute to our understanding of exosome 

material sorting mechanism.  
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