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Abstract 

 

Porous Silicon Microparticles as an Embolic Agent for the Treatment of 

Hepatocellular Carcinoma 

 

Jean Raymond Garcia Fakhoury, M.S.E 

The University of Texas at Austin, 2011 

 

Supervisor:  Xiaojing Zhang 

 

Hepatocellular carcinoma (HCC) is the third most common cause of cancer-

related deaths worldwide, accounting for over 600,000 deaths per year. The most 

common treatment strategy for intermediate and advanced stage unresectable HCC is 

transarterial chemoembolization (TACE), which involves the local administration of a 

chemotherapeutic drug combined with arterial occlusion resulting in ischemic tumor 

necrosis. However, TACE suffers from inadvertent exposure of noncancerous liver 

parenchyma to embolic agents resulting in liver injury. In some cases, over-embolization 

has lead to infection, necrosis of unaffected liver tissue, and even liver failure which 

suggests the need for a biocompatible, multifunctional embolic material which can 

deliver anticancer drugs with high target specificity. 

Our laboratory has recently developed a method to fabricate porous silicon (pSi) 

microparticles with defined physicochemical properties based on photolithography and 

anodic etching. These microparticles function as multistage drug delivery systems that 

can circumvent the biobarriers present in the systemic circulation enabling site-specific 
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localization and release of chemotherapy and imaging agents. The versatility of the 

fabrication process enables the realization of microparticles ranging in size from 600nm 

to 116µm in diameter with varying shapes, including discoidal, cylindrical and 

hemispherical, and varying porosity with pore sizes ranging from 6nm to greater than 

50nm in diameter. Nanoparticles, such as quantum dots, siRNA-loaded nanoliposomes, 

gadolinium-based contrast agents, gold and iron oxide nanoparticles, are loaded in pSi 

microparticles by tailoring their pore sizes and surface chemistries.  

This thesis presents preliminary results on the applicability of biocompatible, 

engineered pSi microparticles as an embolic agent for HCC chemoembolization therapy. 

Hemispherical microparticles with 116µm diameter were successfully fabricated and 

suspended in phosphate buffered saline (PBS). A microvascular construct was rapid 

prototyped in polydimethylsiloxane (PDMS) as an in vitro experimental platform to study 

the embolization behavior of pSi microparticles. Oxidized pSi microparticles were 

introduced into the microfluidic device at an appropriate flow rate and time-lapse images 

were taken showing the formation of occlusions at the bifurcation within minutes of 

administration. Furthermore, penetration through the bifurcation was completely hindered 

suggesting that pSi microparticles can potentially be used as a biocompatible, 

multifunctional chemoembolization agent. Although these results are promising, further 

investigations are warranted. 
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Chapter 1:  Hepatocellular Carcinoma: Background and Significance 

1.1  EPIDEMIOLOGY  OF  HEPATOCELLULAR  CARCINOMA 

 

Cancer is a major cause of death in the US and worldwide. The Centers of 

Disease Control and Prevention (CDC) recently reported that cancer surpassed heart 

disease as the leading cause of death in the US in individuals under 85 years of age in 

1999 [1]. In 2008, about 12.7 million cancer cases and 7.6 million cancer mortalities were 

estimated to have occurred worldwide, with 56% of the cases and 64% of the deaths in 

developing countries [2]. A higher incidence of cancer in the economically developing 

world is a result of increased life expectancies in the population with an increased 

reliance to cancer-associated lifestyles including smoking, lack of physical activity and 

unhealthy processed diets. In addition, limited access to sensitive diagnostic tests and 

advanced treatment facilities contribute to the growing cancer mortality and morbidity 

rates in these countries. Moreover, cancer rates in developed countries continue to be a 

challenging issue. The American Cancer Society projects a total of 1,596,670 new cancer 

cases and 571,950 deaths from cancer in the United States in 2011 [1]. Indeed, improved 

management of cancer is crucial despite complications due to the fact that cancer is a 

dynamic disease varying significantly in its molecular structure, clinical presentation and 

outcome from patient to patient. 

Globally, liver cancer accounted for an estimated 748,300 new cases and 695,900 

cancer deaths in 2008 [2]. It is the fifth most commonly diagnosed cancer in males 

worldwide and is the second most common cause of cancer-related death. In females, 

liver cancer is the seventh most commonly diagnosed and is the sixth leading cause of 

death. Figure 1.1 shows the higher prevalence of liver cancer in men versus women. 
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Hepatocellular carcinoma (HCC) comprises most primary liver cancer incidences 

because early detection is difficult and usually results in death within a few months of 

diagnosis [2, 3]. Global demographic data have indicated that HCC accounts for 70 – 

85% of the total liver cancer burden [2]. In the United States alone, the incidence rate of 

HCC has indeed tripled from 1975 to 2005 with about 90% of primary liver cancers 

diagnosed as HCCs while the remaining 10% are mostly intrahepatic 

cholangiocarcinomas [3]. 

 

Figure 1.1: Age-standardized liver cancer incidence rates by sex and world area. 

Adapted from [2]. 
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Hepatocellular carcinoma incidence varies widely with respect to geography, race 

and gender. Global cancer statistics suggest that the high incidences of HCC in parts of 

Asia and sub-Saharan Africa are due to increased chronic hepatitis B virus (HBV) 

infections. It is reported that 60% of the total liver cancers in developing countries and 

23% in developed countries are a direct result of HBV infection [2]. Other major factors 

that contribute to an increased liver cancer burden in the United States and several lower-

risk Western countries include alcohol-related cirrhosis; fatty-liver diseases associated 

with obesity; and increased cases of hepatitis C virus (HCV) infections transmitted due to 

needle sharing among drug users [4]. 

The random pattern of HCC incidence suggests that this hepatocarcinoma is 

affected by various etiologic factors which may interact synergistically to increase the 

risk of developing HCC. These factors include viral infections (HBV and HCV), 

environmental (alcohol, smoking, Aflatoxin exposure), chronic medical conditions 

(diabetes mellitus, obesity, thyroid diseases), diet, genetic and hereditary diseases [5, 6]. 

The management of these factors has shown to decrease the risk of developing HCC. In 

fact, the rates have shown a decline in some historically high-risk countries due to 

increased administration of HBV immunizations [2]. For example, since 1984, Taiwan 

has reduced the rates of liver cancer incidents by about two-thirds in children and young 

adults as a direct result of hepatitis vaccination [7]. Preventative strategies against HCV 

infections and maintenance of a healthier lifestyle have definitively shown a direct 

relation to the decline of HCC rates.  

Historically, the diagnosis of HCC is almost always made in advanced stages of 

the cancer with symptomatic patients presenting various levels of functional impairment 

in the liver [8, 9]. At this advanced stage, the effectiveness of any treatment is severely 

diminished and chances of improving survival are significantly reduced. However, with 
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advances in medical technology, early diagnosis is now achievable and, due to the 

complex nature of HCC, the need for more sensitive therapeutic options is paramount. To 

determine the most suitable treatment strategy for HCC patients, the prognosis of solid 

tumors involves staging the tumor at the time of diagnosis [8]. This is a difficult and 

complicated process because underlying liver function affects prognosis. Although cancer 

development and progression is a complicated multistep process, several hallmarks have 

been identified that HCC and almost all cancers share in common. Understanding these 

hallmarks has driven significant advances in the way this disease is diagnosed, treated 

and managed. 

 

1.2 THE  HALLMARKS  OF  HEPATOCELLULAR  CARCINOMA 

 

Tumorigenesis is an impossibly complex process that has multifactorial 

determinants. Cancer cells need to maintain several functional characteristics to persist 

against adverse conditions in the body. Two paramount cellular characteristics that are 

essential for cancer cell survival are DNA replication and protein production in abnormal 

environments that are oxygen and nutrient deficient [10]. To manage this, cancer cells 

acquire an arsenal of efficient stress response capabilities that presents a growth 

advantage leading to the progressive conversion of normal human cells to malignant 

cancer cells.   

 In a seminal paper in 2000 [11] and its sequel in 2011 [12], Hanahan and 

Weinberg enumerate several hallmarks and enabling characteristics involved in the 

pathogenesis of most, if not all, cancers. Tumorigenesis has been described as a process 

analogous to Darwinian evolution where each genetic alteration enables further 
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progression. Indeed, research at the molecular level (DNA, RNA and proteins) on cancer 

progression has been focused on chromosomal imbalance and genetic instability; 

epigenetic alteration; gene expression, regulation and translation; and tumor-induced 

inflammation [10]. Six essential capabilities (Figure 1.2) that dictate cancer progression 

include: sustaining proliferative signaling, evading growth suppressors, resisting cell 

death, inducing angiogenesis, enabling replicative immortality, and activating invasion 

and metastasis [11]. There are two more emerging hallmarks that, although are not yet 

generalized and fully validated, suggest involvement in the pathogenesis of cancers. 

These emerging capabilities include: deregulating cellular energetic and avoiding 

immune destruction [12]. All these hallmarks are common in most cancers, including 

hepatocellular carcinomas. 

 

Figure 1.2: The six hallmarks of cancer and cancer cells. These hallmarks constitute 

an organizing principle that provides a logical framework for understanding 

the heterogeneity of neoplastic diseases. Adapted from [12] 
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In normal cells, growth signals enable the activation of quiescent cells into a 

proliferative state. Normal tissues carefully control growth-promoting signals and how 

they are utilized to ensure cellular homeostasis and maintain normal tissue function. In 

contrast, cancer cells deregulate these signals. Cancer cells are capable of generating their 

own growth signals to maintain progression with limited dependence on stimulation from 

their tissue environment. These cells are able to synthesize their own growth signals 

(autocrine stimulation), overexpress surface growth receptors, induce ligand-independent 

stimulation through structural modification of receptors, or alter underlying cytoplasmic 

signaling cascades associated with either normal or modified growth receptors [10]. 

Deregulation of growth-promoting signals is indeed the most fundamental hallmark of 

cancer cells and their ability to sustain chronic proliferation [11, 12]. In addition, 

essential growth-promoting communications between neoplastic cells and the tumor 

microenvironment, which is composed of fibroblasts, endothelial cells, inflammatory 

cells and stem cells, contributes significantly to the development of tumors [10-12]. 

Multiple growth suppressors dictate the normal maintenance of the quiescent state 

of cells and tissue homeostasis. In addition to sustaining positive growth signals, cancer 

cells are able to circumvent powerful negative growth-inhibitory signals. This is mainly 

dictated by the actions of tumor suppressors including the RB (retinoblastoma-associated) 

[13-15] and TP53 [16-18] proteins. Both tumor suppressors are gatekeepers that integrate 

diverse extracellular and intracellular signals to dictate whether to activate cell 

proliferation or, alternatively, senescence and cell death. Mutations in the tumor 

suppressor genes linked to RB and TP53 result in loss of function traits which disrupt 

their signaling cascades and inhibit their tumor suppressor function thus permitting 

persistent cell proliferation [11, 12]. 
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The ability of normal cells to identify both intracellular and extracellular inputs of 

cell stress and abnormal conditions ensures normal tissue development and regeneration. 

Examples of such conditions include increased genomic damage and excessively 

anomalous levels of nucleotide pools, growth-promoting signals, glucose or oxygen [12]. 

Apoptosis, or programmed cellular suicide, is the essential process of eliminating 

defective cells. Cell death is triggered by an extrinsic pathway through death receptors 

and intrinsically through the mitochondrial pathway [10, 11]. Both pathways ultimately 

result in the activation of latent proteases which guide the apoptotic process where the 

cell is progressively broken down and consumed by adjacent cells and phagocytic cells. 

The initiation of apoptosis is highly regulated by counterbalancing pro- and anti-

apoptotic signals from the Bcl-2 family of regulatory proteins [12, 19]. Mutations of 

these regulatory proteins enable the survival and persistence of cancer cells by increasing 

the expression of antiapoptotic signals, by down-regulating proapoptotic signals, or by 

inhibiting the extrinsic ligand-induced death pathway [19]. 

Normal cells experience a limited number of successive cell division cycles 

dictated by two autonomous proliferation programs including senescence, an irreversible 

non-proliferative but functional state, and crisis, which typically results in cell death [20, 

21]. To acquire unlimited replicative potential, tumor cells are able to circumvent the 

limited number of allowed doublings and breach the apoptotic barrier. The limited 

number of successive cell cycles is governed by telomere shortening [12, 21]. Telomeres 

are composed of several thousand repeats of a short six base-pair DNA sequence at the 

tails of chromosomes. With each cellular doubling, telomeres are shortened causing the 

loss of their ability to protect chromosome ends therefore limiting the cell’s lifetime by 

triggering entrance into crisis. Virtually all types of malignant cells exhibit telomere 

elongation either by up-regulating the expression of telomerase enzyme or by 
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recombination-based interchromosomal exchanges of sequence information [10, 12, 21]. 

Consequently, the telomere is maintained at a length above a critical threshold permitting 

unlimited replication of daughter cancer cells [10]. 

Oxygen and nutrients are essential for cell function and survival as well as the 

ability to remove metabolic wastes and carbon dioxide. Tumors are able to induce 

angiogenesis to form tumor-associated neovasculature to maintain immortality and 

viability. Angiogenesis is the sprouting of new vessels from existing ones. Following 

morphogenesis, these neovasculature enter a quiescent state which is typically only 

transiently activated in response to injury or during the female reproductive cycle. During 

tumorigenesis, angiogenesis is almost always activated causing continual sprouting of 

new vessels for the sustenance of cancer cells [22]. Increased expression of angiogenesis 

activators, such as vascular endothelial growth factor (VEGF) and fibroblast growth 

factor (FGF), and down-regulation of angiogenesis inhibitors, such as thrombospondin-1 

or β-interferon, are common ways cancer cells induce angiogenesis [10, 23]. 

The major hallmark that distinguishes benign tumor cells from malignant tumor 

cells is the ability of malignant cells to invade and metastasize [12, 24]. Metastasis is a 

complex process that begins with the breaching of the basement membrane allowing 

cancer cells to invade the surrounding stroma. This is followed by intravasation of the 

malignant cells where they are transported to distant anatomical sites, arrest in 

microvessels and subsequently extravasate to form micrometastases. If the final arrest site 

is suitable, colonization is the last step where macrometastases develop [25]. The 

multiple steps of the invasion-metastasis cascade is orchestrated by various participants 

including cell-adhesion molecules, signaling pathways, immune cells, enzymes, growth 

factors and receptors, that interact to guide primary tumor cells to a new colonization site 

[12, 25]. 
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1.2.1 Biological Features of Hepatocarcinomas 

 

Hepatocellular carcinoma (HCC) typically develops as a direct consequence of 

pre-existing chronic liver injury and inflammation, such as hepatitis or cirrhosis (Figure 

1.3). Injury to the liver by HBV/HCV, alcohol or aflatoxin results in necrosis which is 

subsequently followed by hepatocyte regeneration. Continuous cycles of hepatic damage 

and turnover results in the formation of cirrhosis which is characterized by abnormal 

nodules surrounded by collagens and scarring. The abnormal hyperplastic nodules will 

subsequently become dysplastic resulting in an increased risk of developing into HCC 

[26]. The stepwise progression of HCC through which external stimuli (viral or alcohol) 

induce genetic alterations in mature hepatocytes leading to dysplastic cells and pre-

neoplastic lesions is the widely accepted hypothesis of HCC pathogenesis [6, 9]. Indeed, 

high grade dysplastic nodules develop into malignant tumors in 30% of cases within a 5 

year period [27]. 

At a molecular level, HCCs are phenotypically and genetically heterogeneous 

tumors. Their heterogeneity is attributed to various genetic aberrations including 

amplification of chromosomal regions encoding oncogenes or deletion of tumor 

suppressor genes, and abnormal epigenetic alterations, such as chromosomal 

hypermethylation that lead to the inactivation of certain tumor suppressor genes [10]. 

Aberrations are linked to changes at the mRNA or protein level, and as a consequence of 

environmental interactions. For example, aflatoxins have been linked to mutations in the 

p53 tumor suppressor gene thus suggesting an environmental factor that contributes to the 

pathogenesis of liver cancer [6]. The resulting genomic instability associated with these 

aberrations include DNA mismatch repair defects and impaired chromosomal 

segregation, overexpression of growth and angiogenic factors, and telomerase activation 
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[26, 28-30]. Therefore, it is clear that the complex development of HCC cannot be a 

direct result of a single factor or a simple collection of single factors. It is however a 

result of complex interactions of multiple proteins, genes and miRNAs in complex 

biological pathways. Cross talk between the various pathways significantly contributes to 

the complexity of HCC development and progression, and may account to certain levels 

of cancer drug resistance [10]. A better understanding of the hallmarks of liver cancer is 

necessary for sophisticated and efficient diagnosis and treatment strategies. 

 

 

Figure 1.3: Mechanisms of hepatocarcinogenesis. These are the common mechanisms 

that are believed to cause hepatocellular carcinoma for various risk factors, 

including viral infection, chronic injury and environmental agents. Adapted 

from [26] 
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1.3  MANAGEMENT  OF  HEPATOCELLULAR  CARCINOMA 

 

Management of HCC involves diagnosis, staging and treatment of patients at risk 

of developing the disease. An important aspect of management is surveillance of HCC to 

define at-risk populations and perform repeated screening tests on these patients. The 

surveillance process offers a standard to identify what level of risk of HCC necessitates 

surveillance, what screening tests to apply, and at what rate the tests should be 

administered. Therefore, a guideline is established to diagnose and treat the disease based 

on the results of the screening tests. 

In Asia and Africa, the HBV infection is the predominant HCC risk factor 

combined with aflatoxin B1 intake from contaminated food. In contrast, Western 

countries and Japan, HCV infection is the main risk factor as well as other causes of 

cirrhosis, such as alcohol and hemochromatosis [27]. Surveillance is the widely practiced 

approach to manage HCC especially with the at-risk groups diagnosed with hepatitis B, 

hepatitis C or cirrhosis [27, 31]. This is important because detection of late stage HCC 

almost always results in a dismal prognosis with 0% - 10% 5-year survival [32]. In 

contrast, if HCC is caught early, there is a higher chance for a successful cure [31-36]. It 

has been reported that 5-year cancer-free survival was seen in over 50% of patients after 

resection and liver transplantation [32, 37-41]. Surveillance was a key factor in this 

decreased mortality since the ability to treat early stage HCC is highly effective 

compared to treatment options for late stage HCC. 
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1.3.1 Diagnosis of Hepatocellular Carcinoma 

 

With the aid of surveillance of at-risk groups, screening tests for HCC in patients 

with cirrhosis or chronic hepatitis may result in detection of small tumors that are 

amenable to curative treatment options. At-risk patients are typically recommended to 

undergo surveillance in the form of biannual abdominal ultrasonography to assess the 

intrahepatic disease and to rule out vascular invasion [9, 27, 31, 42]. Anomalies detected 

using ultrasound would warrant further tests.   

The tests used to diagnose suspected HCCs include radiography (contrast 

computed tomography (CT) and contrast magnetic resonance imaging (MRI)), biopsy 

and alpha-fetoprotein (AFP) serology [9, 27, 31, 42]. The appropriate test to use is 

determined based on the context. CT and MRI are always required to determine the 

extent of the disease. Although common radiographic modalities frequently fail to detect 

small tumors, advances in imaging technology promise more sensitive detection. 

Nonetheless, if HCC is suspected based on the tests done, an additional chest x-ray is 

necessary to look for pulmonary metastases [9].  

The sequence of tests used to diagnose HCC depends on the size of the lesion. 

Detection of a hepatic mass greater than 2 cm is highly suspicious of HCC. If AFP is 

greater than 200ng/mL and the radiology shows a large, multifocal mass with arterial 

hypervascularity, the lesion is HCC [31]. Depending on the appearance of the mass, a 

tumor biopsy may be considered. Patients presenting lesions 1 - 2 cm in diameter with 

non-specific vascularity and negative biopsy should undergo enhanced surveillance with 

repeated biopsy or follow-up CT/MRI to monitor further growth [31, 42]. Lesions that 

are less than 1 cm in a cirrhotic liver are not classified as HCC [31]. However, continued 

monitoring is warranted to rule out malignancy. 
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1.3.2 Staging and Treatment of HCC 

 

Decisions regarding the optimal selection of treatment are dictated by the 

prognosis of the tumor stage, including tumor size and location at presentation, and the 

extent of liver dysfunction [31]. However, current treatments available are effective for a 

small population with early stage HCC. Early stage hepatocarcinoma are typically 

asymptomatic. The ability to detect early hepatomas is dependent on successful patient 

surveillance and the sophistication of the diagnostic tools used [42]. Once symptoms are 

presented, the tumor has most likely reached an advanced stage leaving the patient with 

limited therapeutic options.  

The effectiveness of any treatment is dependent on the tumor stage. Several 

staging systems have been established to categorize HCC patients based on tumor 

burden, liver function and general health to determine prognosis and best therapy. The 

Barcelona Clinic Liver Cancer (BCLC) staging systems has shown to provide the most 

accurate prognostic stratification and appears to be the most useful approach to stage 

HCC patients [9, 31, 42]. The BCLC establishes four major categories: early, 

intermediate, advanced and terminal stage. The treatment options that are most 

commonly used with respect to the staging systems include surgical options (resection 

and liver transplantation), ablative techniques (ethanol injection, radiofrequency 

ablation), and transarterial chemoembolization. Unfortunately, systemic chemotherapy 

and radiation therapy is least effective for treating HCC [31, 42].  
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1.3.1.1 Early Stage  

 

This stage includes asymptomatic patients with well-preserved hepatic function 

and a single nodule ≤5 cm or up to three nodules <3 cm each without evidence of 

vascular invasion or extrahepatic metastasis [42]. These patients are ideal for potentially 

curative treatments including surgical resection, liver transplantation and percutaneous 

ablation.  

Surgical resection is the suitable treatment for non-cirrhotic patients because a 

good postoperative outcome is ensured due to unscathed hepatic functional reserve. In 

cirrhotic patients, adequate surgical skills and optimal postoperative management is 

required when considering resection of HCC. An accurate assessment of liver function is 

required prior to surgery because resection in suboptimal patients may enhance the 

progression of the disease. Therefore, strict screening tests should be performed to 

identify the best candidate for resection and to avoid treatment-induced liver failure. An 

accurate estimate of the tumor extension is necessary prior to surgery to identify the 

resection margins. MRI angiography and helical CT are both used, each providing an 

approximate accuracy of about 80% [42]. For smaller nodules between 0.5 and 1 cm, 

intraoperative ultrasonography is commonly utilized [42].    

The major complication of surgical resection is tumor recurrence which affects 

70% of cases at 5 years, taking into account both true recurrence and de novo tumors [27, 

31]. True recurrences, which accounts for 60% - 70% of recurrences, typically appear 

within 2 years of surgery, and are associated with vascular invasion, poor histologic 

differentiation and satellites [42]. In contrast, de novo tumors emerge later (over 2 years 

after resection). Preventative strategies such as adoptive immunotherapy, 

chemoembolization and internal radiation have been proposed to minimize recurrence 



 15 

[43]. However, no evidence is shown that these secondary post-resection strategies are 

successful. 

Alternatively, liver transplantation provides a definite cure by resecting the entire 

potentially tumor-bearing liver and the underlying cirrhosis. The best candidates for 

transplantation are patients who meet the Milan Criteria. This includes patients with a 

single tumor 5 cm or less in diameter, no more than three tumor nodules each less than 3 

cm, and no evidence of vascular invasion or extrahepatic metastases [44]. The current 

organ allocation system adapted by the United Network of Organ Sharing (UNOS) give 

priority to patients with HCC meeting the Milan Criteria and whose tumors are ≥2 cm in 

diameter [45]. Unfortunately, the shortage of donors and the increasing number of 

candidates is the main concern with HCC patients. In some Western countries, the 

waiting time may exceed 12 months resulting in prolonged wait times and higher dropout 

rates due to progression of the disease [27]. 

To address the wait time and managing HCC patients awaiting transplantation, 

adjuvant therapies are used in most centers to prevent tumor progression [27]. There is no 

evidence that validates the potential benefits advocating the use of percutaneous ablation, 

chemoembolization, resection, or chemotherapy prior to liver transplantation. The 

motivation to use these techniques prior to transplantation is based on observational 

studies and cost-effectiveness analyses [46, 47]. Increasing the donor pool by using living 

donors, domino/split liver transplantation, and high-risk donors would help alleviate the 

wait time for patients needing liver transplantation [42].  

Percutaneous treatments options are minimally invasive alternatives to surgical 

resection. It is the first option for early-stage HCC patients who do not qualify for 

resection or liver transplantation. It typically involves using chemical substances 

(alcohol, acetic acid) or by modifying the temperature of neoplastic lesions using 
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radiofrequency, microwave, lasers and cryoablation [27]. The most commonly used 

ablative therapies are percutaneous ethanol injection (PEI) and radiofrequency ablation 

(RFA) [42]. 

Percutaneous ethanol injection involves direct introduction of absolute ethanol in 

the lesion using ultrasonography. PEI is safe and inexpensive resulting in complete 

necrosis in 70% - 80% of single tumors ≤3 cm with a 5-year survival rate of 40% - 70% 

[42]. Radiofrequency ablation produces thermal injury in the tissue using alternating 

current energy in the radiofrequency range (460 – 500 kHz) [42]. RFA of hepatic tumors 

is achieved percutaneously using imaging guidance techniques (US, CT or MRI) 

laparoscopically or during laparotomy. Typically, RFA requires significantly less 

sessions than PEI and produces equal or better responses especially with tumors greater 

than 3 cm. However, RFA is an expensive procedure and suffers from adverse side 

effects. 

 

1.3.1.2  Intermediate and Advanced Stage 

 

Intermediate stage patients are those who do not fit the early stage criteria but 

have presented cancer-related symptoms or vascular invasion or extrahepatic spread. 

Patients with cancer-related symptoms and vascular invasion and extrahepatic spread are 

classified under advanced stage. Both stages are not suitable for radical treatment but 

several treatments are available. Transarterial chemoembolization has been shown to be 

effective in improving survival while other therapies, such as intra-arterial chemotherapy 

and internal radiation, show promising results [42]. 

Arterial embolization is the most widely used treatment for non-curable cancer 

and is primarily used to prolong survival. In addition, it is the main therapy administered 
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for patients waiting for a liver transplant to prevent the progression of HCC [27]. Arterial 

embolization/ chemoembolization are techniques that aim to occlude portions of the 

hepatic artery resulting in significant necrosis to the large, hypervascularized HCCs. In 

chemoembolization, chemotherapeutics are also delivered to the tumor to work 

synergistically with the vascular obstruction. Several embolic agents are used such as 

metallic coils, gelatin sponge cubes, polyvinyl alcohol, starch microspheres, or even 

autologous blood clots [42]. The procedure should be selective to limit damage to 

surrounding nontumoral liver. However, this procedure is not without its complications. 

Patients that undergo this procedure suffer from postembolization syndrome consisting of 

transient abdominal pain, ileus and fever [27, 42]. The next section provides a review of 

the various arterial embolization techniques. 

Internal radiation therapy consists of intra-arterial delivery of radioactive agents 

to administer high doses of radiation to the tumor. In contrast to whole-liver external 

beam radiation therapy, which has limited use in HCC because of low tolerability and 

tumor radioresistance, internal radiation therapy spares the liver parenchyma since it 

receives its blood supply from the portal vein. Iodine 131 (131I)-lipiodol and Yttrium-90 

microspheres have been tested for this therapy [48, 49].  

  

1.3.1.3 Terminal Stage 

  

Severe physical impairment and highly compromised liver function are symptoms 

of patients diagnosed with HCC and are categorized as terminal stage. With less than 1 

year survival, these patients undergo symptom-specific treatment [42]. 
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1.4  ARTERIAL  EMBOLIZATION  OF  HEPATOCELLULAR  CARCINOMA 

  

It is well known that growth and metastases of HCC is highly linked to 

angiogenesis [50]. At early stages, the tumor receives its blood supply from both the 

portal vein and the hepatic artery. As neovascularization progresses and the neoplasm 

grow, the blood supply gradually becomes exclusively received from the hepatic artery 

[51]. HCC uses 5 to 7 times the volume of arterial flow per unit tissue compared with the 

surrounding liver, which receives 75% of its blood supply from the portal vein [52]. This 

physiological transition gives rise to the pathological basis for developing arterial 

obstruction as a therapy for HCC. As a result, acute arterial occlusion results in ischemic 

tumor necrosis, typically sparing the adjacent hepatocytes since the portal vein is 

uncompromised [51, 52]. 

  

1.4.1 Transarterial Embolization 

  

Transarterial embolization (TAE) is a technique primarily focused on occluding 

the arterial flow to the tumor. This can be done either by physically compressing the 

vessel from the outside (also known as ligation) or by introducing an internal obstruction 

of the vascular lumen [51]. Surgical ligation of the hepatic artery was quickly abandoned 

because of high levels of negative side effects including death [53]. Figure 1.4 below 

shows an example of the obstruction of the hepatic artery as a result of TAE. 

Internal occlusion is achieved by injection or intra-arterial immobilization of 

several agents including metallic coils, Gelfoam (cubes or powder), polyvinyl alcohol, 

starch microspheres, or even autologous blood clots [51]. Investigations of TAE have 

commonly used gelatin sponge in the form of 1 mm cubes. The large size of the Gelfoam 

cubes does not allow formation of obstructions in close proximity to the tumor. Therefore 
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to achieve more distal embolization, Gelfoam powders were tested. However, this 

resulted in biliary strictures and caused significant side effects due to the miniscule nature 

of the powder particles [54]. Polyvinyl alcohol (Ivalon) resulted in distal obstructions and 

was demonstrated to embolize small vessels or even treat collaterals after repeated 

embolizations with other agents [55]. Starch microspheres (Spherex) resulted in transient 

embolization because of their degradability in a short period of time. Thus, their 

antitumoral effect was less intense [56]. Metallic coils are not used anymore due to 

severe complications [57]. Injection of autologous blood clots was also tested but is 

rarely used although it has been shown to produce comparable effects as gelatin sponge. 

Indeed, further studies are needed to design more effective biocompatible embolic 

materials that will form distal obstructions with high specificity to the tumor and minimal 

damage to the surrounding liver parenchyma. 

 

 

Figure 1.4:  An example of transarterial embolization. The arteriograpy image on the 

left shows the typical arterial hypervascularity of HCC. The image on the 

right shows the result of transarterial embolization. Adapted from [42] 
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1.4.2 Transarterial Chemoembolization 

  

Transarterial Chemoembolization (TACE) has become the main treatment for 

unresectable hepatocellular carcinoma because it enables the delivery of high-dose 

chemotherapy into the tumor vascular bed in addition to occluding the arterial source 

[58]. TACE involves performing the TAE process preceded by the administration of 

chemotherapeutic agents. Typically, the chemotherapy drug is emulsified in a carrier 

material, such as the commonly used lipiodol (an oil-based contrast agent used for 

lymphographic studies that is selectively retained in the tumor) [51]. The 

chemotherapeutic agent and the embolic material are administered selectively into the 

feeding arteries of the tumor resulting in higher intratumoral drug concentrations with 

obstruction of the vessel causing infarction and necrosis [59]. The emulsifying agent 

slows down the blood flow through the tumor blood supply thus increasing the 

chemotherapy residence time while achieving a slightly hypoxic condition.  

Lipiodol (also known as Ethiodol) is ethiodized poppy seed oil. For reasons that 

are not understood very well, when lipiodol is delivered to a neoplasm, it selectively 

adheres to the cell wall of the tumor causing lysis [60]. The liver parenchyma is left 

unharmed because Kupffer cells engulf the oil within a matter of days, and since HCC do 

not have Kupffer cells; lipiodol is retained in the tumor for months to years and can be 

imaged using CT or MRI [61]. Therefore, lipiodol is an effective carrier of chemotherapy 

agents into the hypervascular HCC. Initial studies using Ethiodol/Lipiodol mixed with 

chemotherapeutic agents for chemoembolization showed a response rate of 85% without 

progression of the disease on all 38 patients in 1 year [62]. Consequently, the use of 

lipiodol combined with chemotherapeutics became popular. However, it was shown that 

the drugs were being immediately cleared out of the liver into the systemic circulation, 
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resulting in a spike in the concentration locally at the tumor site followed by rapid 

elimination of the drug [63]. In addition, release of the drugs into the systemic circulation 

has lead to, in rare occasions, the development of certain side effects including hair loss, 

cardiac toxicity, nausea and diarrhea, depending on the agent used. Indeed, there is a need 

for an embolic agent/chemotherapy carrier that would enable high intratumoral 

concentrations for enhanced locoregional therapy of HCC.  

The dose of chemotherapy during TACE is adjusted according to the level of liver 

function. As a precaution, the chemotherapy agent must be distributed among the affected 

lobes. To address potentially existing undetected neoplasms, it is common practice to 

inject 25% of the agent into the tumor-free lobe if the tumor affects only 1 lobe [51]. 

Several chemotherapeutic agents have been used, the most common being doxorubicin 

and cisplatin. Tissue necrosis and apoptosis has been documented after these procedures. 

Chemoembolization have shown significant survival benefit compared to conservative 

treatment (survival probabilities at 1 and 2 years: 75% and 50% for embolization, 82% 

and 63% for chemoembolization, and 63% and 27% for control) [64]. 

Once anticancer drugs are injected, the hepatic artery must be obstructed. This 

process must be selective to limit injury to the surrounding nontumoral liver parenchyma. 

Of the patients that undergo TACE, about 60% – 80% experience the so-called 

postembolization syndrome which consists of transient abdominal pain, ileus, nausea, 

vomiting, and fever that is typically most intense in the first 72 hours after TACE, and 

may last up to 2 weeks [51, 52]. Unfortunately, prophylactic antibiotics are not used 

because the fever is a direct result of necrosis and is an indication of treatment response. 

However, a recent study has shown that the combined oral administration of ginsenosides 

and dexamethasone alleviated postembolization syndrome following TACE [65]. Less 

than 10% of treatment sessions have given rise to complications some of which were 
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severe involving ischemic cholecystitis, hepatic abscess and biliary strictures [57, 64]. In 

addition, TACE may lead to death in 4% of cases. Chemoembolization is not 

recommended for patients with decompensated cirrhosis and advanced liver disease, 

extrahepatic spread and/or cancer related symptoms, impaired clotting and renal failure.  

Although TACE shows promising results compared to conservative therapies, 

several issues remain unanswered that would better our understanding about the benefits 

of chemoembolization. First is the issue of which is the best embolic material and 

chemotherapeutic agent, and how the intratumoral concentration of the drug can be 

increased. Second is the question of which is the best treatment scheme for repeat 

treatment and whether it should be administered periodically at fixed times or once 

symptoms of disease progression is presented after initial treatment. Third is the question 

of whether the combination of arterial embolization with chemotherapy indeed produces 

an additive or synergistic effect, and hence, whether chemoembolization is better than 

embolization [42, 51].  

 

1.4.2.1 Combined TACE with Other Interventional Treatments 

 

TACE combined with other local therapeutic options such as PEI and RFA 

increases effectiveness of the treatment. Reported results indicate that combined 

treatment was better than administering individual treatments alone [66]. Superior results 

were obtained with TACE combined with repeated PEI. Koda et al report higher survival 

percentages of 100%, 80% and 40% after 1, 3 and 5 years, respectively, for combined 

treatment versus PEI alone [67]. Similarly, Kamada et al indicate 90%, 65% and 50% for 

the same timeline after combination treatment [68]. 
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Hepatic artery obstruction increases the area for RFA, which is designed to 

destroy tumors by local heating, because convection by blood flow is eliminated and 

impedance in the tumor is decreased [69]. Lower impedance in the tumor tissue will 

exhibit larger areas of coagulation necrosis. Yamakado et al. have shown that TACE 

followed by RFA is most useful for controlling nodular HCC lesions >3 cm [70]. 

Although the combined therapy works for lesions ≤3 cm and is comparable to RFA 

alone, it is not feasible to expose the patient to physical discomfort and financial burdens 

associated with chemoembolization [66]. Nonetheless, the combined treatment has shown 

superior therapeutic results and better quality of life for the patient than the individual 

techniques.  

 

1.4.2.2 Is Chemoembolization Superior to Embolization Alone? 

 

The dual impact achieved by chemoembolization has proven to be beneficial but 

there is a lack of evidence supporting whether this procedure produces an additive or 

synergistic effect. It is believed that the ischemic insult due to arterial occlusion reduces 

cell division and DNA synthesis, which is the main target of chemotherapy. On the other 

hand, it is also suggested that ischemia and chemotherapy induce death of malignant 

hepatocytes that retained their differentiation, whereas those poorly differentiated would 

tolerate prolonged periods of ischemia [71] and the chemotherapy would have no effect 

on them because of p53 inactivation [72]. Therefore, an active portion of the tumor 

remains and will influence the progression of the disease and the outcome of the patient. 

Another argument, however, suggests that hypoxia may inhibit the active efflux of drugs 

due to multidrug resistance [73] therefore causing the tumor cells to retain cytotoxic 

agents, such as doxorubicin, leading to necrosis and cell death [74].   
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Survival benefits were reported for chemoembolization using doxorubicin and 

cisplatin compared to control techniques, but not embolization alone. However, the 

results are not concrete due to a small sample size [75]. In addition, studies that directly 

evaluate the benefits of chemoembolization and embolization alone do not show 

significant improvement in favor of chemoembolization [76, 77]. Camma et al found no 

significant differences between TACE and TAE for 2-year survival [78]. In addition, 

Marelli et al. conducted a meta-analysis comparing TAE and TACE in three randomized 

controlled trials (RCTs) [79]. TACE was performed with doxorubicin or cisplatin mixed 

with lipiodol followed by embolization using gelatin sponge particles. TAE was 

performed using lipiodol and gelatin sponge particles or just gelatin particles alone. There 

was no statistically-significant difference between the therapies. In fact, TAE was 

favored in two of the trials while TACE was superior in the third.  

Further studies are needed to provide evidence of survival advantages of one 

procedure over another. Likewise, the method by which chemotherapy is combined with 

embolization may require further investigation. Post-TACE complications including 

acute liver and renal failure, encephalopathy and upper gastrointestinal bleeding may be 

severe [80]. Therefore, there is a need for treatment regimens that improve response rates 

and survival, while reducing the risk of post-TACE complications. Recently, drug eluting 

beads for transarterial chemoembolization have shown promising objective results.  

 

1.4.3 Drug-Eluting Beads Transarterial Chemoembolization 

 

Transarterial chemoembolization with drug-eluting beads (DEBs) is a new 

technique that uses microspheres as the embolic material, loaded with a chemotherapeutic 

agent that is gradually released [52]. Compared to TACE where chemotherapy is 
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delivered first prior to the embolic agent, DEB-TACE combines local embolization of 

vasculature with release of chemotherapy into adjacent tissues in one step [59]. These 

DEBs should present some essential properties such as precise locoregional delivery and 

controlled release including high intratumoral concentration for a sufficient time without 

damage to the surrounding liver parenchyma. These beads are typically non-

biodegradable polymers, such as polyvinyl alcohol (PVA), or biodegradable, such as 

polylactide-coglycolides (PLGA), that are loaded with chemotherapy drugs [81]. The 

polymer beads form distal occlusions while releasing drugs locally at the tumor site [82]. 

The advantage of using DEBs is that it provides investigators a more predictable release 

of chemotherapy over time, prolongs contact time between cancer cells and 

chemotherapy agents, and avoids damage to the hepatic microcirculation. In addition, the 

microspheres can be pre-formed to specific diameter ranges and can easily be loaded with 

doxorubicin by immersion in drug solution [83].  

DC Bead microspheres (Biocompatibles, Surrey, UK) are nonbiodegradable PVA 

microspheres loaded with doxorubicin that have received CE marking approval for the 

treatment of malignant hypervascular tumors. These beads are composed of a PVA 

hydrogel that has been sulfonated for binding with chemotherapy drugs. The beads can be 

formulated by inverse suspension polymerization yielding spherical diameters between 

100 to 900 µm [81]. DC Bead microspheres can actively sequester doxorubicin by an ion-

exchange mechanism, making them suitable for cancer drug delivery (Figure 1.5). The 

maximum theoretical capacity of DC Bead microspheres was 45.0 mg/mL regardless of 

microsphere size range used, but the most common commercial use is 37.5 mg/mL [59, 

82]. The rate of doxorubicin sequestration is dependent on bead size, drug-loading 

solution concentration, and salt-loading solution concentration [81]. 
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Figure 1.5: Loading DC Beads. The presence of significant proportions of sulfonate 

residues act as sites for ionic interaction with protonated primary amines on 

the doxorubicin structure. Adapted from [80]. 

Recently, the effects of drug loading on bead characteristics and drug distribution 

were studied [82]. The drug was distributed throughout the bead but was concentrated at 

the outer 20 µm surface layer which is believed to be a direct effect of the bead synthesis 

(Figure 1.6). Typically, bead sizes from 100 to 700 µm in size yielded somewhat similar 

kinetics in drug elution and consistent drug delivery [59]. Drug elution is dependent on 

ion exchange with the surrounding environment resulting in controlled and sustained 

release over time compared to the burst effect observed using lipiodol. It has been shown 

both in vitro and in vivo that these beads enable slow release of doxorubicin for 7 days 

after embolization. Peak systemic levels of doxorubicin after DEB chemoembolization 

was only 5% of those after lipiodol-assisted TACE. These levels remained stable for up 

to 10 days [63, 84]. 

 



 27 

 

Figure 1.6: Distribution of drug in DC Beads. Confocal sectional images of a bead 

taken at 10µm depths through its structure. Image (a) shows a homogeneous 

distribution representing the top surface. As the sections moved 

progressively deeper, the center of the bead is less intense. However, there is 

still doxorubicin sequestered in the center. The images suggest that 

doxorubicin is concentrated at the surface. Adapted from [80] 

DEBs seem to have effective antitumoral activity but further investigations on 

their long-term safety and impact on survival is needed. Certainly, inadvertent exposure 

of noncancerous liver parenchyma to DEBs would result in liver injury. The specificity 

and possibility of over-embolization with DEBs and other embolic materials raises 

concerns with regards to non-target devascularization which may also result in flow 

reversal in collateral arteries [81]. This in turn may cause serious infection and necrosis 

of unaffected liver tissue, or in the worst case, cause organ failure. Indeed, there is a need 

for a multifunctional embolic material which can deliver anticancer drugs without 

damaging neighboring tissues.  
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1.5  THESIS  ROADMAP 

 

To address the need for a multifunctional biomaterial that would enable 

successful chemoembolization with minimal side effects, we have designed, fabricated 

and characterized porous silicon microparticles. The particles have been developed to 

function as systemically injectable multistage drug delivery systems for the treatment of 

cancer. In other words, these porous particles encapsulate therapeutic or imaging 

payloads, and are specifically tailored to circumvent the various biological barriers 

encountered while in the systemic circulation en route to the target site. The fabrication 

and characterization of the multistage porous silicon particles are documented in this 

thesis. 

This is the first report that tests the use of porous silicon microparticles as a 

chemoembolization agent. One can envision the use of specifically engineered 

microparticles to create distal obstructions in the hepatic neovasculature while 

simultaneously delivering a powerful cytotoxic drug payload to hepatocellular 

carcinomas. This thesis presents a proof-of-concept experiment to demonstrate the 

application of porous silicon microparticles as effective embolic agents. A microfluidic 

construct that mimics the neovasculature surrounding a tumor is fabricated and is used to 

demonstrate the hemodynamic behavior of the microparticles. 

Chapter 1 discussed the significance of this study by highlighting the pathology 

and epidemiology of hepatocellular carcinoma. It is the fifth most prevalent cancer in the 

world and, due to its asymptomatic nature, is not detected early enough. Therefore, a 

successful treatment strategy is needed. Chemoembolization has proven to be a 

successful treatment resulting in prolonged patient survival rates. However, it is not 

without its own limitations. There is indeed a need for new chemo-embolic materials that 
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would expand treatment options and improve on the shortcomings of current treatment 

strategies. 

Chapter 2 discusses the concept of a multistage delivery system based on porous 

silicon that has been extensively investigated in our laboratory. This system is composed 

of a multifunctional nanovector that is capable of avoiding the body’s defenses and 

enhances the therapeutic efficacy of chemotherapeutics. The development and successful 

use of porous silicon as a versatile biomaterial for drug delivery will be highlighted, and 

will set the stage for the rational design of porous silicon microparticles as an embolic 

agent.  

Chapter 3 will discuss the fabrication and characterization of the porous silicon 

microparticles. Standard semiconductor microfabrication techniques were used to create 

microparticles with varying size, shape and porosity. Experimental analysis of 

biocompatibility and degradation kinetics, and drug loading and release will be discussed. 

Chapter 4 will discuss the fabrication of a microfluidic construct that would 

mimic the hepatic vasculature. The use of microfluidic channels to examine the 

efficiency of embolization techniques is rarely done although it may present useful 

information that will help improve the rational design of embolic materials prior to in 

vivo testing. Here, the in vitro study of porous silicon microparticles as embolic materials 

will be presented. The results of the experiments demonstrating the use of the 

microparticles for the formation of artificial embolisms will be highlighted. The 

significance of the results obtained from these experiments will be also discussed. 

Finally, Chapter 5 will summarize the thesis and present future work.  
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Chapter 2: Porous Silicon Embolization: Rational Design  

2.1  MULTISTAGE  DRUG  DELIVERY  SYSTEMS 

 

As discussed in the previous chapter, cancer is a complex disease circumscribed 

by a conglomerate of many genetic alterations and pathogeneses. Significant strides have 

been made to understand the underlying complexity of cancer, particularly at the 

molecular level. At the pathophysiological level, malignancies can be categorized as 

either hematological (affecting circulating cells) or solid tumors. Furthermore, solid 

tumors can be sub-divided into three compartments: vascular, interstitial and cellular [85, 

86]. Each compartment represents several biobarriers that impede the localization of 

therapeutics towards the diseased site [87, 88].  

Despite the specificity of conventional systemic chemotherapies, the multiplicity 

of biobarriers result in inferior concentrations at the target sites and poor biodistribution 

that lead to various side effects including unwanted toxicities and collateral damage to 

distant tissues [87-91]. As a result, the therapeutic index of systemic chemotherapy 

agents is low mainly because the reticuloendothelial system (RES) effectively clears 

them from the bloodstream. In addition, the main causes for tumor resistance to 

therapeutic agents are physiological non-cellular and cellular barriers including 

epithelial/endothelial membranes with intrinsic drug exclusion mechanisms, and 

biophysical barriers such as interstitial pressure gradients, transport across the 

extracellular matrix (ECM), and the expression and density of specific tumor receptors 

[91]. Since biobarriers are sequential in nature, the probability of chemicals, 

biomolecules or particulate systems to reach their target is the combination of the 

individual probabilities of overcoming each barrier [89, 90, 92]. It is therefore possible to 
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exploit nanotechnology to traverse the various biobarriers without compromising the 

therapeutic payload to ensure high concentrations at the target site.  

     

2.1.1 Cancer Nanotechnology 

 

Nanotechnology is defined as the combination of functional nanoscale materials 

that can be manipulated and controlled for fundamental applications. It pertains to 

synthetic and engineerable objects, or their individual functional components, with 

dimensions in the nanometer scale possessing unique emergent properties [93, 94]. The 

term engineerable not only describes the ability to design and develop nanoscale objects 

but also implies that their emerging properties are supported by valid mechanistic 

analyses through mathematical modeling. In addition, the term ‘nanoscale’ is often used 

to define objects or components with nominal dimensions ranging between 1 to 100 nm 

[94]. Nanotechnology applied to the medical field has been coined ‘nanomedicine’ and is 

particularly focused on oncology [95, 96]. The extensively researched and now 

commercially available nanoparticle for cancer drug delivery is the liposome. The FDA 

has granted approval for liposomal doxorubicin (DOXIL
®
) for use against Kaposi’s 

sarcoma, multiple myeloma, metastatic breast cancer and recurrent ovarian cancer. The 

liposome is indeed one of the first therapeutic nanoparticles developed.  

Indeed, the last 2 decades have seen a growing number of investigations on 

nanoparticles as carriers for therapeutic and imaging contrast agents to address cancer. A 

fundamental advantage of using nanoparticles in the delivery of cancer therapeutics is the 

potential for multifunctionality [92, 94]. This could include mechanisms to circumvent 

physiological barriers, specifically target a cancer biomarker, and provide feedback on 

therapeutic efficacy (Figure 2.1). Multifunctional nanoparticle-based drug delivery 
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systems are comprised of three main components: a core constituent material, therapeutic 

and imaging payloads, which may be embedded or adsorbed on the surface of the core 

material, and surface modifiers to enhance biodistribution and tumor-specific targeting 

[92]. The ability to separate each function in this system is critical and enables the 

controlled delivery of large amounts of payloads per targeting event with minimal 

sequestration by the reticulo-endothelial system (RES) while avoiding other biobarriers 

[92]. Multifunctional nanoparticles are often referred to as ‘nanovectors’ [91, 95, 97, 98]. 

 

 

 

Figure 2.1: Schematic of a multifunctional nanoparticle drug delivery system. 

Adapted from [92]  
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2.1.2 Nanovector Taxonomy 

 

The key challenges in the design of effective, targeted cancer drug therapies 

include the localization, controlled release and monitoring of drug efficacy within the 

body. A variety of sophisticated nanocarriers with various compositions, geometry and 

surface properties are under investigation as drug delivery systems establishing a plethora 

of nanovectors that can be combined for efficacious therapies. In addition, nanovectors 

can be utilized to deliver a concentrated payload of contrast agents to enhance the 

imaging of pathological sites. In general, nanovectors can be categorized into three main 

groups based on their function and capabilities (Figure 2.2) [88, 92, 99]. 

 

 

 

Figure 2.2:  Nanovector Taxonomy. (a) First generation nanovectors comprise the 

carrier (eg. liposomes) and its payload, and localize at the tumor site via the 

EPR effect. (b) Second generation nanovectors possess added functionality 

in the form of targeting moieties attached for more specific localization and 

shielding molecules to avoid rapid clearance from the body. (c) Third 

generation vectors (such as multistage delivery systems) are capable of 

multiple complex functionalities including biobarrier avoidance, first-order 

localization, biorecognition and therapeutics. Adapted from [91, 92, 96] 
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2.1.2.1 First Generation nanovectors 

  

This basic embodiment of nanovectors is composed of a carrier and its drug 

payload localizing at the tumor site by passive mechanisms. Enhanced permeation and 

retention (EPR) effect is primarily exploited by the nanovectors to passively localize at 

the disease site by extravasating through fenestrations in the tumor neovasculature [100-

105]. The most common example of a first generation nanoparticle is the liposome [106]. 

These nanoparticles can be subsequently modified with a stealth layer, such as 

polyethylene glycol (PEG), to avoid uptake by the RES and increase circulation time 

[107-109]. PEGylated nanoparticles are hydrophilic and cause minimal adsorption of 

plasma components [110] due to steric hindrance [111]. As a result, opsonization of the 

nanoparticles is severely reduced preventing uptake by professional phagocytes hence 

avoiding clearance from the circulation and enhancing their biodistribution [111]. In 

summary, these nanovectors enhance the delivery of water insoluble drugs, with 

prolonged systemic duration and reduced immunogenicity [112].   

 

2.1.2.2 Second Generation Nanoparticles 

 

The second generation of nanovectors is characterized by additional functionality 

[113-117]. In addition to surface modification with stealth layers, these nanovectors are 

decorated with targeting ligands that specifically bind to receptors uniquely found or 

over-expressed in the tumor microenvironment. They also possess advanced properties, 

such as the ability to simultaneously deliver multiple drugs and/or contrast agents, or 

activate controlled release of therapeutics thus representing a progressive evolution from 

the first generation of nanoparticles. Antibody-targeted nanovectors, such as mAb-

conjugated liposomes, are typical examples [118-120]. However, Li et al. have recently 
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developed a second generation nanoparticle system which is composed of hollow gold 

nanospheres coated with PEG and loaded with doxorubicin. The nanospheres are stealth 

vectors with dual functionality capable of mediating both photothermal ablation and the 

triggered release of cytotoxic drugs to cancer cells when irradiated with near-infrared 

(NIR) radiation [121]. 

  

2.1.2.3 Third Generation Nanoparticles 

 

To address the overwhelming number of biobarriers encountered by nanovectors, 

a novel drug delivery system is designed to coordinate the distribution of therapeutic 

tasks among various components. No single component can overcome the biological 

obstacles, however, a combination of these nanoparticles nested in a single vector can 

interact collaboratively to achieve therapeutic efficacy. Thus, these components can be 

assembled ex vivo with the intent to address the plethora of barriers in a multiplexed, 

sequential, independent yet synergistic manner. These novel systems are often termed 

multistage delivery systems (MDS) [122-125]. These MDS nanovectors are engineered, 

multi-component vectors that decouple required tasks from the therapeutic aspect. The 

first-stage delivery carriers are assigned the role of biobarriers avoidance, first order 

localization and conventional biorecognition while cytotoxicity is exclusively assigned to 

the second-stage payload. The second stage nanoparticles are nested within the first stage 

vectors and have the ability to penetrate into the lesion exploiting EPR or permeation 

enhancers resulting in selective delivery of cytotoxic agents to the tumor 

microenvironment (Figure 2.3) [91, 97, 125, 126].  

 



 36 

 

Figure 2.3:  Summary of possible MDS applications. The central portion shows the 

systemic delivery of porous silicon first stage microparticles (S1MP) 

marginating to and adhering to vessel walls. S1MP release drug/siRNA 

loaded in second stage nanoparticles (S2NP) to deliver a therapeutic effect 

prior to biodegradation (top right), release of an imaging contrast agent (top 

left) or external energy activated S2NP like gold nanoparticles or nanoshells 

(bottom right). Another possible mechanism involves cell-based delivery of 

MDSs to diseased site followed by drug release. Adapted from [123] 

Various approaches have been taken to develop third generation nanovectors. 

Nanoshuttles are self-assembled multifunctional networks of bacteriophage and gold 

nanoparticles [127]. The phage is engineered to display various peptides from a huge 

combinatorial library to target specific sites. As an example, biological targeting was 

demonstrated using cyclic arginine–glycine–aspargine (4C-RGD) sequence which 
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specifically targets neovasculature evident at tumor sites. The gold nanoparticles are then 

delivered to the tumor enabling both imaging and the treatment through thermal ablation 

using NIR radiation. Imaging is possible through enhanced fluorescence, dark-field 

microscopy, and surface-enhanced Raman scattering detection. Although this example of 

third generation nanovectors has unique potential to treat cancerous lesions, it is still 

susceptible to biobarriers due to its small size. The application of this technology would 

be best served if coupled with a larger first stage carrier that would protect the payload 

and deliver it to the site of interest to form a MDS [126].  

Another example of third generation nanovectors is the nanocell which is 

composed of a pegylated-phospholipid block-copolymer envelope coating a polymeric 

nanoparticle [128]. A chemotherapeutic agent, doxorubicin, is conjugated to the polymer 

core while an anti-angiogenic agent, combretastatin-A4, is trapped in the lipid envelope. 

The nanocells accumulate at the tumor microenvironment through the EPR effect where 

the sequential time release of drugs, first, disrupt tumor vascular growth and, second, 

accumulates drug-loaded polymer nanoparticles within the tumor to induce apoptosis 

[128]. Indeed, the temporal release of multiple drugs is a novel integrative approach to 

cancer therapy. 

The final example of third generation nanovectors is represented by silica and 

silicon-based delivery systems. These systems suggest a paradigm shift in the 

multifunctional strategy to overcome the numerous biobarriers in cancer therapy and 

signify an evolution towards a sophisticated multistage drug delivery system. A recent 

report discusses the use of mesoporous silica nanoparticles for the combined delivery of 

doxorubicin and Bcl-2 small interfering RNA (siRNA) [129]. This was achieved by 

loading doxorubicin and dendrimer shells complexed with siRNA within the pores of the 

silica nanovector. As a result, an apoptosis-inducing drug is delivered simultaneously 
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with a gene silencer that encodes membrane pumps that mediate multi-drug resistance. 

This example of a third generation nanovector epitomizes a step towards the concept of a 

multistage delivery system where multiple components, possessing various therapeutic or 

imaging capabilities, are nested within a protective carrier enabled with target recognition 

and enhanced payload localization. 

Over the past decade, our research lab has developed a mesoporous silicon-based 

multistage drug delivery system based on well established semiconductor 

microfabrication techniques. The use of microfabrication enables exquisite control on 

size, shape and porosity, and together with the ability to attach biological targeting 

moieties, these versatile, sophisticated third generation nanovectors are tailored to deliver 

concentrated payloads of therapeutics and imaging agents to the tumor site. Thus, 

mesoporous silicon microparticles are specifically designed as first stage carriers that 

efficiently transport, shield and control the release of second stage nanoparticulate 

therapeutics. Their rational design is supported by mathematical models that direct 

improved margination to vessel walls and enable adhesion to target locations while in 

systemic transit [130].  

Two recent investigations highlight the applicability of porous silicon 

microparticles as MDS candidates (Figure 2.4) [131, 132]. Indeed, mesoporous silicon 

microparticles have been successfully used to deliver nanoliposomes containing siRNA 

against the EphA2 oncoprotein which is overexpressed in most cancers, particularly 

ovarian. This is the first in vivo validation of the therapeutic efficacy of multistage siRNA 

delivery system which highlighted that a single dose of the porous silicon delivery system 

was equivalent to six repeated intravenous injections of EphA2-siRNA-liposomes [131]. 

This improvement is likely due to enhanced biodistribution afforded by the MDS as well 

as the sustained release of liposomal siRNA at the tumor site. Another recent successful 
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application of porous silicon-based MDSs was demonstrated as potential theranostic 

platforms incorporating both therapeutic and imaging agents. Various formulations of 

MRI contrast agents, including gadolinium, gadofullerenes and gadonanotubes, were 

loaded in mesoporous silicon particles and demonstrated enhanced image contrast with 

over 4 - 50 times the relaxivity of commercially-available MRI agents [132]. The 

nanoconfinement of gadolinium-based agents is likely the reason for enhanced imaging, 

and indeed highlights the potential of porous silicon MDSs for cancer therapeutics and 

diagnostics. The unique properties of porous silicon, which is further highlighted in the 

next section, enable their application as multistage delivery carriers. 
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Figure 2.4:  Mesoporous silicon multistage delivery systems. Two recent applications 

have been presented, including delivery of siRNA-loaded nanoliposomes 

(left panel) and MRI contrast agents (right panel). (A) Porous silicon 

microparticles (S1MP, 1.6µm in diameter) were loaded with siRNA dioleoyl 

phosphatidylcholine (DOPC) liposomes (red dots, 30-40nm in diameter). 

(B) Western blot and (C) densitomertric results at the indicated time points 

show effective silencing of EphA2 expression. (D) Hemispherical and 

discoidal porous silicon particles were loaded with gadofullerenes (GFs) and 

gadonanotubes (GNTs) for MRI contrast enhancement. (E) Schematics 

showing GFs and GNTs loaded in pores. (F) Inversion recovery curves for 

hemispherical SiMPs with and without GNT. Clearly, signal intensity is 

superior for the SiMP/GNT nanovectors. Adapted from [131, 132] 

2.2  BIOMEDICAL  APPLICATIONS  OF  POROUS  SILICON 

  

Bulk silicon technology is well established in terms of fabrication, 

characterization and manufacturing for micro- and nanotechnologies. The major advances 

in the field of silicon-based electronics have set the stage for innovations in silicon 
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technologies for a variety of applications, including biology and medicine. Indeed, the 

various characteristics of silicon processing, including scalability, precision and 

reproducibility, have been influential in translating novel silicon technologies into the 

clinic. These characteristics are just a few of the many unique properties that silicon 

processing has offered spurring great interest in the design and development of silicon-

based devices for biomedical applications. Increased research efforts have been invested 

to understand how silicon interacts with biological environments to bridge the gap 

between application-specific properties and biocompatibility issues. 

In the 1980s, bioapplications of most silicon-based electronic chips have been 

limited to where the device was isolated from the biological environment [133]. 

Consequently, silicon-based sensors and microelectromechanical systems (MEMS) have 

been developed for ex vivo applications such as pressure sensing, blood chemistry 

analysis, flow cytometry and electrophoresis [134]. This technology was subsequently 

termed BioMEMS to describe silicon-based tools for the exploration, manipulation and 

analysis of biological systems at the micro- and nanoscale. Several MEMS components 

and devices such as microreservoirs, micropumps, cantilevers, rotors, channels, valves, 

sensors and other microstructures, have been fabricated and tested mainly for in vitro 

studies. Indeed, advances in surface functionalization and chemical modifications have 

enabled extremely sophisticated systems, such as functionalized microcantilevers for 

molecule adsorption, recognition and quantification [135-137]. In addition, Lab-on-a-

Chip devices have been developed for multiple high-throughput laboratory protocols on a 

single compact chip allowing significant reduction in time, cost and resource 

requirements over conventional bioassays [138]. 
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Recently, research involving BioMEMS for in vivo applications has significantly 

increased. In particular, silicon-based implantable and transdermal components and 

devices for biosensing and drug delivery applications have been realized [139-143]. 

Implantable microreservoir arrays for periodic delivery of single doses and implantable 

micropumps for long term dosing; both coupled with hollow microneedles are 

undergoing pre-clinical and clinical testing [139, 142-144]. However, biocompatibility 

and biodegradability remain the major drawbacks with these silicon-based devices [145, 

146]. With the great advances in realizing silicon-based BioMEMS for in vivo and in 

vitro applications, there is growing interest in developing strategies that better interface 

these devices with the biological environment that ensure almost no adverse effects or 

inflammatory responses.  

 

2.2.1 Porous Silicon 

 

Porous silicon (pSi) was first discovered about 50 years ago by Ulhir [147] and 

Turner [148] independently while experimenting on optimal conditions for silicon 

electropolishing. Oblivious of this major discovery at the time, the anodic 

electrochemical etch process of silicon in diluted organic hydrofluoric acid (HF) solution 

would prove to be the key to the formation of pores of different sizes depending on the 

processing parameters. It was not until the 1990s when Canham [149] discovered the 

photoluminescence, electroluminescence and chemoluminescence properties of pSi that 

spurred investigational interest in optoelectronics to use silicon as a potential photonic 

material. Unfortunately, since the exciting discovery by Canham, research in the 

optoelectronic application of pSi has diminished due to functional limitations, including 

low optical efficiency and poor long-term stability. 
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In 1995, a seminal report suggested that silicon biocompatibility and bioactivity 

can be enhanced by porosification spurring interest in pSi as a biomaterial [150]. It was 

shown that pSi improved biocompatibility with pore size dictating biodegradability in 

simulated physiological conditions, or induced bone-like apatite deposition on the silicon 

surface. The study had encouraging implications for use of silicon-based MEMS 

technology in implantable biosensors, prosthetics and drug delivery devices. 

Consequently, interest in novel ways to porosify silicon has since grown. Today, bulk 

silicon porosification is achieved by electrochemical etching [151], stain etching [152] or 

metal-assisted etching [153].  

 

2.2.2 Porosification Mechanisms 

 

There are two main top-down strategies that have been realized for the 

porosification of bulk silicon. Electrochemical etching is the most widely used strategy 

whereas stain etching is rarely utilized due to its lack of processing flexibility. However, 

commensurate to the final application, the significantly slower stain etching process 

allows for the realization of thin films as low as 25Å [152]. It is a purely chemical 

process using a dilute solution of HF, nitric acid, or their combination thereof that slowly 

catalyzes the formation of pores on silicon. The limitations of this process arise due to the 

fact that etching is sustained and proceeds in a heterogeneous manner through the entire 

porous network [154]. As a result, porosification using stain etching lacks reproducibility 

and uniformity which are important for the development of BioMEMS devices. 
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During electrochemical etching, the anodic dissolution of silicon in an HF-based 

solution leads to the formation of pSi [154]. The dissolution is achieved by controlling 

either the anodic current or potential; however, a constant current is typically used as it 

allows better control over the porosification step. In general, a single crystal bulk silicon 

wafer is immersed in a dilute organic HF solution. The silicon wafer serves as the anode 

while an inert, HF resistant, conductive metal (typically platinum) is used as the cathode. 

Any surface on the silicon wafer exposed to the HF solution will be etched. Figure 2.5 

shows scanning electron micrographs of pSi samples prepared by electrochemical 

etching. The porosification occurs as long as current is applied. The main properties of a 

porous silicon film, including porosity, pore size, pore length, pore morphology, and pore 

orientation, are determined by three parameters: (i) the current intensity and duration, (ii) 

the composition and ratio of HF etchant solution, and (iii) the doping characteristics of 

the silicon wafer. The most common etchant solution used is a predetermined mixture of 

HF:H2O:ethanol. The ethanol serves as a surfactant to facilitate the penetration of the HF-

based solution into newly formed pores while assisting in degassing the solution from H2 

gas that may evolve as a result of the etch process [151, 154].  

 

Figure 2.5:  Porous silicon samples prepared by electrochemical etching. SEM image 

(a) shows a cross-sectional view of the porous film etched using an aqueous 

solution of ethanoic HF. Image (b) shows the top view. 
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The underlying mechanism by which silicon is porosified is still under debate 

[155]. However, a general understanding of the anodic dissolution of silicon in aqueous 

HF solution has been established. All accepted dissolution theories require the presence 

of a surplus of positive carriers (holes, h+) at the silicon surface to trigger the etching 

process (Figure 2.6). Two competing dissolution pathways dictate pore formation in an 

aqueous HF solution, a more prevalent direct pathway (Figure 2.6-I) and a less common 

indirect dissolution pathway (Figure 2.6-II). Both of these pathways require an activation 

step which involves the replacement of a hydrogen atom on the silicon surface with a 

fluoride ion from the solution. This step is also known as the electrical step in the 

electrochemical etch since a hole is required to neutralize SiF bond and is obtained from 

the silicon wafer. The second step involves breaking the Si–SiF with HF resulting in the 

removal of a single silicon atom. This constitutes the direct dissolution pathway. Since no 

holes are required for this step, it is considered the chemical portion of the 

electrochemical process. In the competing indirect dissolution pathway, the Si–SiF bond 

is attacked by H2O resulting in the formation of Si–O–Si bond that are unstable in HF. 

This indirect pathway results in a passivated silicon surface whose porosification depends 

heavily on the concentration of HF in solution. It is suggested that the ratio of both 

dissolution pathways in the chemical step determines the structure of the pore [151, 154].  
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Figure 2.6:  Two competing dissolution pathways during electrochemical etch 

leading to the formation of porous silicon. Adapted from [151]  

 

Although this proposed porosification mechanism is accepted as a good general 

model, most proposed porosification models disagree on the specific factors that affect 

pore characteristics, including pore morphology, separation and orientation. Some of the 

factors that have been proposed to have an effect on pore characteristics are surface space 

charges, quantum confinement, surface curvature, local surface crystalline anisotropies, 

combinations of these factors and many others [151, 154]. However, there is insufficient 

evidence that supports one factor over the other. Therefore, a valid deterministic 

porosification model is lacking and defined guidelines to determine the final pore 

structure for given etch parameters do not exist. To obtain structures with predefined 

morphological characteristics, several qualitative rules, approximate standards and trial 

and error are utilized. Once identified, these etching parameters can be used to obtain 

desired pore morphologies with highly reproducibility. 
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2.2.3 Porosification Parameters   

 

Pore size, porosity and pore structure is influenced by silicon doping type and 

concentration, silicon crystalline orientation and HF solution concentration [156]. Silicon 

can be either p-type or n-type doped. P-type doping achieves an excess of positive charge 

carriers (holes) while n-type doping results in an excess of negative charge carriers 

(electrons) and low hole density. In p-type wafers, the pore sizes increase with increasing 

doping from 10nm to 100nm for heavily doped wafers (dopant concentration Dc > 1015 

cm
-3

) while the pore sizes increase with decreasing doping from 1mm to several microns 

for lightly doped wafers (Dc < 1015 cm
-3

) [154]. On the other hand, n-type wafers 

electrochemically etched in the dark tend to form larger pores. For highly doped n-type 

wafers (Dc > 1019 cm
-3

), pore size ranges from 10 to 100nm. In lightly doped wafers (Dc 

< 1019 cm
-3

), the pore size increases from 1 to 10µm. As discussed above, the 

porosification of silicon is heavily dependent on positive holes. For n-type silicon, where 

holes are deficient, electrochemical etching is heavily dependent on the hole/electron pair 

generation by photon absorption. UV illumination significantly affects the formation of 

pores including pore size and structure. In general, p-type wafers tend to be more porous 

than n-type [151, 154]. 

Another important factor that contributes to the final pore structure is the nature 

of the exposed silicon surface and its crystallinity. Pores tend to grow orthogonal to the 

surface along the (100) crystalline direction and towards the source of holes. When the 

exposed surface is the (100) orientation, orthogonal straight pores are formed with the 

possibility of forming 90º branches depending on wafer doping characteristics. However, 

if the interface is not along the (100) crystalline plane, the etch conditions will result in 
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pores that may orient either along the (100) direction, along the source of holes or 

somewhere in between. This results in a chaotic, branched porous network [151, 154]. 

The HF concentration in the standard electrochemical etching solution 

HF:H2O:ethanol determines the range of pore-sizes and porosity dictated by the wafer 

doping. In general, the more dilute the solution is the larger the pore diameter [151, 154]. 

In addition, the etch current intensity also affects the pore size distribution with larger 

current intensities creating larger pores. It is necessary to maintain a constant current 

density across the surface of the wafer to obtain a porous layer with a homogeneous 

distribution of pore size and porosity across the entire wafer. However, to achieve 

continuous layers of pSi with a gradient of varying pore sizes, modulation of the current 

density during the etch process will result in variable pore diameters along the direction 

of their growth thus creating multiple layers of pSi with varying porosity [151, 154]. In 

theory, for every set of etch parameters (doping properties and etch solution 

concentration) there is a characteristic current-voltage profile (Figure 2.7) [151]. An 

initial limiting current (J1) determines the highest current that can be utilized to form 

stable pSi layers. Above J1, porosification does not occur. An intermediate region where 

highly porous, discontinuous and unstable layers are formed is found between J1 and a 

second current threshold J2 [151, 154]. Any current density above J2 results in 

electropolishing where complete removal of entire silicon layers occurs. This is typically 

used to generate electropolished or unstable porous layers to release pSi films from the 

bulk substrate. 
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Figure 2.7:  Typical anodic I-V curve of pSi etched in aqueous HF solution. Adapted 

from [151] 

The electrochemical etch enables fine tuning of the porosification process and 

makes it possible to obtain pSi structures of extremely different characteristics. Different 

pore morphologies and structures range from very low porosity (15-20%) to very high 

porosity (>90%) with pore sizes ranging from a few angstroms to nanometers to tens of 

microns. Although the lack of reliable predictive rules that dictate the effect of etch 

parameters on the final pSi structure seems like a drawback, the guidelines prescribed by 

silicon doping type and concentration, silicon crystalline orientation and HF solution 

concentration direct the development of unique pSi-based structures and devices for 

applications in different fields, including BioMEMS. 
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2.2.4 Porous Silicon Micro- and Nanostructures 

 

Application of pSi films as chemical and biological sensors have been realized 

[157]. However, the ability to define the structure of pSi films into complex micro- and 

nanostructures is of great interest particularly for drug delivery applications [158-160]. 

The physical properties of pSi particles determine their biodistribution and dictate the 

efficiency of their cellular trafficking [161-164]. In addition, the chemical and 

biochemical properties of pSi particles determine specific cellular interactions and uptake 

[124].  The fabrication of pSi microparticles for drug delivery applications have generally 

been prepared by fragmentation techniques of pSi films [165-167]. In contrast, the 

microfabrication of pSi particles with dimensions as low as several hundred nanometers 

to several tens of microns using photolithography have recently been realized in our lab 

[158, 160]. 

There are three main methods for the preparation of pSi microparticles. As stated 

above, microfragmentation and photolithography-based methods are the two most 

common techniques that have been reported. In addition, a recent study has demonstrated 

the fabrication of pSi microparticles by a direct imprinting method. Microfragmentation 

begins with the formation of a uniform porous film [166, 167]. A wafer is placed in an 

electrochemical etching tank typically made of polytetrafluoroethylene, aluminum oxide 

or other HF resistant materials (Figure 2.8). The wafer is connected to the anode while a 

cathode typically made of a platinum mesh is submerged in the appropriate etch solution 

at a fixed distance from the wafer surface. The desired current profile is applied to 

porosify the wafer to the desired morphological specifications and to create an 

electropolished release layer to detach the pSi film. The film is either ball milled or 

sonicated in an organic solvent to form microfragments of a desired size range [166, 
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167]. Filtration typically follows for size exclusion of undesired particles. However, 

microfragments are typically diverse in shape and size which negatively affects their 

biodistribution and drug delivery performance [164, 168]. In addition, the rate of 

degradation of irregularly shape particles is not consistent which also affects the release 

rate of drug payload. Finally, microfragment size irregularity detrimentally affects 

cellular uptake and association [169, 170]. Indeed, control over the physical properties of 

pSi microparticles offer improved drug delivery performance.   

 

 

Figure 2.8: Typical electrochemical etch tank setup for porosifying silicon. 

Our laboratory group has developed a method of microfabricating pSi particles 

with defined physical properties based on photolithography [123, 160]. The process of 

preparing these microparticles begins by the photolithographic transfer of the desired 

two-dimensional array of specific shapes onto a sacrificial mask layer of low stress 

nitride on a silicon wafer. The pattern is transferred further into the silicon by reactive ion 

etching (RIE) to dictate the shape of the microparticle following electrochemical etching. 

Adjusting the etch gas composition, pressure, radio frequency power and etch duration 
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defines the RIE step. The electrochemical etch is typically done such that a device layer 

with desired porous properties is realized followed by a highly porous release layer. 

Following the stripping of residual nitride layer, the pSi microparticles that are unstably 

connected to the bulk substrate is released by sonication. The resultant particle shape is 

hemispherical. Nonetheless, the fabrication process can be modified such that 

electrochemical etch is first undergone followed by photolithography. This modified 

process has consistently been used to produce discoidal pSi microparticles. Indeed, the 

processes described are highly reproducible and have been extensively modulated to 

control and realize the microfabrication of particles varying in shape from discoidal to 

hemispherical to tubular and sizes as low as 500nm up to several microns with porosities 

ranging from 40% - 90% and pore diameters from 5 to 150 nm (Figure 2.9) [171]. In this 

project, hemispherical pSi microparticles are used. Further details on the fabrication and 

characterization process are found in Chapter 3. 
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Figure 2.9:  The range of particles fabricated in our lab based on photolithography. 

SEM micrographs of (a) discoidal, (b) tubular, (c) hemispherical, (d) 900nm 

hemispherical, (e) 3.2 hemispherical and (f) 300nm discoidal pSi 

microparticles. Adapted from [171] 

Recently, Weiss et al. have demonstrated the fabrication of pSi microparticles by 

direct imprinting of pSi films [172]. An imprint stamp is first prepared using electron-

beam lithography or photolithography followed by pattern transfer onto a silicon 

substrate using RIE. The stamp is then used to transfer the desired pattern into a pSi film 

by using an automated hydraulic compression tool. The formation of pSi microparticles is 

based on the fact that void networks accommodate volume changes and will collapse as a 
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result of the compressive forces. Further compression at larger forces will drive the 

collapsed silicon to undercut the pSi structures naturally causing the release of the 

microparticles. Consequently, the size and shape of the particles is dictated by the stamp 

features. Although this process demonstrates a rapid and low cost method for the 

production of pSi microparticles, the reproducibility and uniformity of the particles needs 

to be validated for drug delivery applications.  

 

2.3  RATIONAL  DESIGN  OF  POROUS  SILICON  MICROPARTICLES 

 

The application of our pSi particles (PSP) as a multistage delivery system has 

been and is currently undergoing extensive investigations. We have demonstrated that we 

can effectively tailor the properties of mesoporous silicon microparticles with respect to 

geometry, porosity and surface modification [123, 160, 171]. The porous nature allows 

them to encapsulate a large payload of nanoparticles while unique silicon chemistry 

enables functionalization with stealth agents, such as PEG [173], and targeting moieties, 

such as 4C-RGD [174], for enhanced accumulation at the tumor microenvironment. In 

addition, it is possible to load a wide selection of nanoparticles, either individually or in 

various combinations. For example, two different agents were loaded simultaneously 

within PSPs, comprised of quantum dots (QDs) and PEG-FITC-single walled carbon 

nanotubes (SWNTs) [123]. Other nanoparticles that have been loaded include 

nanoliposomes loaded with siRNA [131], gadolinium-based MRI contrast agents [132], 

iron oxide and gold nanoparticles [175], thus, highlighting the versatility of the PSP. 

Multifunctionality and improved pharmacokinetics are some of the advantages 

that the multistage approach offers. By integrating the intrinsic properties of pSi with the 

mechanisms for therapeutic efficacy and validating mathematical models with in vitro 
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and in vivo experimentation, the PSPs were rationally designed for optimal biophysical 

properties to maximize tumor localization and avoid RES clearance [130]. The goal was 

to identify the dominating governing parameters in the cascade of events following the 

intravenous administration of the PSPs as they journey to their target site. PSPs travel 

through the bloodstream interacting with vascular endothelia and eventually coming in 

contact with the tumor neovascular endothelia. Therefore, there are three governing steps 

that provide the basis for the rational design of the particles: (1) margination dynamics, 

(2) firm adhesion, and (3) controlled internalization [130]. 

Margination is a term commonly used in physiology to describe the trajectory of 

white blood cells from the center of a blood vessel to the endothelial walls. Based on this, 

the PSPs are rationally designed to spontaneously marginate and preferentially move in 

close proximity to vascular walls [130, 176]. While in the bloodstream, longitudinal and 

lateral flow forces, as well as the torque exerted on a particle depend on various 

properties including size, shape and orientation of the particle, as well as the stream 

direction and vascular morphologies that the particle encounters [177]. Non-spherical 

particles, compared to spherical particles, have been shown to have a higher propensity to 

interact with blood vessel walls facilitating binding and firm adherence to specific 

vascular targets. In vitro experiments, using spherical, discoidal and quasi-hemispherical 

particles with the same weight were flowed through a parallel-plate chamber under 

controlled hydrodynamic conditions, and showed that, unlike their spherical counterparts, 

the non-spherical particles exhibited a complex behavior which can be exploited to 

achieve margination without external lateral forces [168, 178]. Moreover, discoidal 

particles had a higher tendency to marginate than the quasi-hemispherical particles 

(Figure 2.10).  
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Figure 2.10: Non-spherical particles marginate better than spherical particles. SEM 

micrographs of (a) spherical silica particles (1µm in diameter, solid), (b) 

discoidal polysilicon particles (1.5µm x 0.3µm, solid), and (c) hemispherical 

microparticles (3.2µm, porous). (d) The graph shows the number of 

adherent particles (n) for various shear rates. Adapted from [168] 

The probability of adhesion of particles to the vascular endothelia depends on 

various factors. The shear stress experienced at the vessel wall, and the shape and size of 

the particle negatively influence adhesion, while increased density of ligands on the 

particle surface and receptors on the cell membrane promote adhesion. For all particle 

shapes, an optimal size can be mathematically characterized to maximize the probability 

of cell adhesion [177]. For example, although the hydrodynamic forces decrease as 

particle size decreases, the surface area of the particle conducive to interacting with the 

cell membrane is diminished. This results in a decrease in ligand-receptor interaction 
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leading to lower cumulative binding forces that could withstand the dislodging flow 

forces. On the other hand, a larger particle would result in a larger number of ligand-

receptor interactions but will experience a larger hydrodynamic force. Therefore, particle 

adhesion necessitates the need for a rational design that dictates the optimal particle 

shape and size with respect to ligand-receptor surface density and binding affinity to 

achieve optimal binding strengths between the particle and the vascular endothelial wall. 

A recent in vivo study using plateloid-shaped PSPs of various dimensions decorated with 

RGD targeting ligands showed superior rapid tumoritropic accumulation [174]. Plateloids 

particles measuring 600 x 200nm, 1000 x 400nm and 1800 x 600nm were tested for 

enhanced adherence at the tumor vasculature. The 1000 x 400nm particle exhibited the 

highest adherence and therefore highest localization rate; supporting the concept that an 

optimal particle size exists that influences cell adhesion. 

Internalization is also affected by the shape and size of particles. Depending on 

the end application, the need for internalization may or may not be necessary. If the end 

goal is to use the particle to release drugs or therapeutic agents into the cytosol or the 

nucleus then it should be internalized. Otherwise, if the particle is simply required to 

dock on the target cell and deliver secondary therapeutics, then cellular uptake is not 

essential. Several studies have shown that particle size not only affects internalization 

rate but it also influences internalization mechanism whether via endocytosis, 

phagocytosis or a combination of both [179-181]. More recently, the effect of particle 

shape on internalization was evaluated. Mitragotri et al. examined phagocytosis of 

micrometer sized polystyrene particles by macrophages, and suggested that particle 

orientation and aspect ratio either inhibited or promoted cellular internalization [182, 

183]. A characteristic angle (Ω) which varied between 0 and 90º was introduced to define 

the contact between the particle and the macrophage cell membrane. If the particle’s 
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major axis aligned orthogonally to the cell membrane, this corresponded to an angle Ω = 

0º translating to a high internalization rate. Conversely, a particle with its major axis 

aligned parallel to the cell membrane corresponded to an angle Ω = 90º and a very low 

rate of internalization. Angles above a threshold of Ω = 50º was determined to be the 

point at which the probability of internalization was low. Additionally, this was further 

corroborated by Decuzzi and Ferrari in a recent theoretical model they developed for 

receptor mediated endocytosis of elongated particles [184]. Indeed, particles are less 

likely to be internalized if they lay parallel to the cell membrane compared to spherical 

particles or non-spherical particles orthogonally positioned with respect to the cell 

membrane. These results suggest the importance of particle shape and size in controlling 

internalization which is influential depending on the drug delivery mode employed by the 

particle.  

Decuzzi et al. recently reported that the biodistribution of silicon microparticles is 

also influenced by particle shape [164]. Intravenously administered particles in mice 

bearing MDA-MB-231 breast tumors showed that hemispherical particles exhibited the 

highest accumulation in tumors compared with spherical, discoidal and cylindrical 

particles. In addition, hemispherical particles accumulated preferentially in the liver with 

minimal localization at the heart and lungs. Conversely, less retention in the liver and 

high accumulation in the heart, lungs and spleen was seen with discoidal particles. 

Interestingly, the results show that approximately 2% of the hemispherical particles 

accumulate at the tumor[164] which is significantly greater than 0.01% of biomolecularly 

targeted therapeutic agents [98]. Therefore, size, shape and ligand surface density 

influence the hemodynamic properties and biodistribution of PSPs.  
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Rational design emphasizes the importance of considering specific geometrical 

and biophysical properties to develop efficient multistage delivery systems based on 

PSPs [185]. The fundamental guidelines established by these studies serve as the basis for 

rationally designing particles based on their application and mode of interaction with the 

biological environment, and are influential in the design of the mesoporous silicon 

microparticles used in this study for the embolization therapy of hepatocellular 

carcinoma. 

 

2.4  USE OF SILICON FOR THE TREATMENT OF HEPATOCELLULAR CARCINOMA 

 

2.4.1 Silicon-based Nanovectors for Treatment of Hepatocellular Carcinoma 

 

There has been a small number of investigations demonstrating the use of silicon-

based devices for the treatment of hepatocellular carcinoma. Most of these have been in 

vitro studies. In 2007, Mengsu Yang et al. reported the cytotoxic effects of silicon 

nanowires (SiNWs) on adherent human hepatocellular carcinoma cell line, HepG2 [186]. 

SiNWs were prepared using the oxide growth method [187], and suspended in solution. 

The nanowires were then incubated with cultured HepG2 and their effects on cell 

adhesion and spreading was examined. This preliminary study suggested that SiNWs 

does influence cell proliferation, communication and regulation. However, there has not 

been a follow up investigation based on this work that validates the use of SiNWs for the 

treatment of HCC. 

Several silica-based nanoparticles, however, have been developed as vectors for 

HCC therapy. To address the ineffective conventional chemotherapies available to treat 

HCC, Xiao et al. developed an amino-modified silica nanoparticle (AMSN) that enables 
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DNA transfection [188]. They have shown that the AMSNs can strongly bind DNA and 

protect it from degradation making them suitable non-viral HCC gene therapy 

nanovectors. Moreover, with p53 genes bound to the AMSNs, they have demonstrated 

high transfection efficiency of HepG2 cells in culture by monitoring the level of p53 

mRNA and protein expression. In addition, in vivo experiments were done using 

p53/AMSNs administered intratumorally on nude mice that were implanted 

subcutaneously with harvested HepG2 cells [188]. Tumor size and volume measurements 

showed significant tumor growth inhibition. This preliminary study showed that AMSNs 

are efficient non-viral nanovectors with potential use in gene therapy for HCC treatment. 

However, the route of administration of the nanoparticles was achieved by intratumoral 

injection and was not systemically delivered. This raises concerns about the invasiveness 

of the procedure due to the need for repeated injections to the tumor lesions in the liver 

for effective treatment. In addition, the ability of the particles to avoid biobarriers needs 

to be addressed. Further studies are required to validate the effectiveness and biosafety of 

this delivery system in a clinical setting.  

Recently, a multifunctional nanoparticle, composed of a gold nanoshell 

encapsulating a mesoporous silica nanorattle (GSN) core, was investigated for the 

ablation of HCC by the combination of photothermal ablation and chemotherapy [189]. 

The GSNs are synthesized to controlled uniform sizes and are characterized as having 

tunable optical properties as NIR-absorbers with high drug payload in the mesoporous 

silica core. In addition, the gold coating can easily be PEGylated to obtain stealth 

particles that would increase blood residence and avoid clearance. An excised tumor 

sample of hepatoma 22 (H22) injected with PEGylated GSNs (pGSNs) was irradiated 

under 2 Wcm
-2

 NIR. The temperature at the irradiated region increased to about 50ºC 

suggesting that pGSNs are suitable for photothermal ablation. In addition, the authors 
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report in vitro experiments characterizing sustained release of anticancer drug, docetaxel 

(DOC), from GSNs over a period of 1 week, as well as, increased cellular internalization 

by HepG2 over a 2 hour incubation. In vivo experiments were done on mice with H22 

subcutaneous models. The mice were intravenously injected with pGSNs-DOC and six 

hours later were irradiated for 3 minutes with NIR at 2 Wcm
-2

 [189]. Local hyperthermia 

and sustained release of DOC demonstrated a synergistic effect for the treatment of solid 

tumors. However, the mechanism of combination of the two therapies is still not fully 

understood, and the extent of tissue injury needs to be quantified [189]. Therefore, further 

experimental validation is warranted. 

Recently, a third stage nanovector known as a protocell was designed to treat 

HCC [190]. Protocells are composed of a nanoporous silica core supported by a lipid 

bilayer coating decorated with targeting peptides and fusogenic peptides (Figure 2.11). 

The silica core may be loaded with nanoparticles, siRNA, chemotherapeutics, or a 

combination of these agents. The lipid bilayer is mainly composed of 

phosphatidylcholine lipids while phosphotidylethanolamine are added to chemically 

conjugate targeting and fusogenic peptides. SP94 peptides that have an affinity to HCC 

were used as targeting molecules. In vitro experiments were done on Hep3B (HCC) cells 

with SP94-targeted protocells loaded simultaneously with a low molecular weight drug 

mimic (calcein), a siRNA mimic (double stranded DNA), a protein toxin mimic (red 

fluorescent protein) and a model nanoparticle (water soluble CdSe/Zn Q-dots) [190]. 

Targeted delivery of multicomponent cargos was validated in the cytosol and successful 

delivery of drug and genetic cargos to the nucleus of HCC cells was demonstrated using a 

nuclear localization sequence (NLS). Furthermore, an in vitro comparative study was 

done using liposomal DOX and protocells loaded with DOX or a cocktail of drugs to 

compare their effect on drug-resistant HCC cells, and a 106 fold improvement was 
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reported over liposomes with very low collateral damage to normal hepatocytes [190]. 

The protocell is certainly a prime example of a third stage nanovector characterized with 

multifunctionality and versatility. Further in vivo tests would elucidate the long term 

efficacy of this nanovector based on its biodistribution.  

 

Figure 2.11:  Schematic of a typical multifunctional protocell. Adapted from [190] 

It is worth noting that all three silica-based examples, including the AMSNs, 

pGSNs and the protocell, are unique nanovectors for the treatment for HCC. However, 

their systemic performance could be further improved if combined with a multistage 

delivery system. Future investigations are necessary to prove this hypothesis. 
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2.4.2 Porous Silicon for Treatment of Hepatocellular Carcinoma 

 

The first and only published study of pSi particles used on humans was reported 

in 2007 reporting the use of phosphorous 32 (32P)-doped pSi (Brachysil®) for 

brachytherapy in nonresectable HCC [191]. P-doped 20 micron pSi particles are neutron-

irradiated to significantly enrich the silicon substrate with radioactive 32P [192]. Animal 

studies have shown that non-irradiated particles are biocompatible [193]. Similarly, the 

irradiated 32P particles implanted in pig livers did not show any systemic toxicity [194]. 

All eight subjects considered for the human clinical studies were classified as being 

Okuda Stage I or II with greater than 12 weeks life expectancy, and sufficient 

hematologic, renal and hepatic functions. A maximum of three tumors were identified 

and monitored in each patient. Intratumoral administration of Brachysil was achieved by 

radiological guidance and local anesthesia. Radioactivity was not detected in the blood 

immediately after administration suggesting that the particles remained at the tumor site. 

Consequently, a size reduction of all treated tumors was observed after 12 weeks with 

complete regression in two patients. A final assessment after 24 weeks showed two 

complete responses, two partial responses, thee stable diseases and one progressive 

disease. Since this report was presented, Brachysil has now entered phase III clinical 

trials for treatment of pancreatic cancer [192]. Indeed, these promising results may then 

be extended towards HCCs. 

This thesis work presents preliminary results that suggest the use of non-

radioactive biocompatible pSi microparticles with defined shape and size as an 

embolization agent for the treatment of HCC. Hemispherical pSi particles are prepared 

using standard semiconductor microfabrication techniques. The particles are 

approximately 100 - 120µm in diameter and are hydrodynamically designed to 
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mechanically occlude the hepatic arteries that feed HCC tumors. Conceptually, the 

particles would be transarterially delivered to form obstructions at bifurcations leading to 

necrosis of the tumor neovasculature. The ability to form artificial embolization is 

demonstrated in this thesis using a microfluidic construct that serves as a simple 

preliminary mimic of the tumor blood vessels. It is envisioned that pSi embolization 

would also enable the delivery of chemotherapeutics and imaging agents to better 

diagnose the progression of the treatment. 
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Chapter 3: Tailored Porous Silicon Microparticles 

3.1  MICROFABRICATION 

 

Although previous patterning methods have been investigated on silicon layers to 

form particles, control over the critical parameters that define features in the micro- and 

nanoscale have not been thoroughly demonstrated [158, 195]. Microfragmentation is the 

current standard method for the preparation of pSi particles which involves the sonication 

or ball milling of pSi layers resulting in fragments with polydispersed shape and size 

[167, 196, 197]. As previously stated, my thesis research work involved the controlled 

fabrication and characterization of pSi microparticles for cancer drug delivery 

applications. The microfabrication of the particles involves two main steps to define their 

morphology and porosity: photolithography and electrochemical etching. Key parameters 

in the fabrication protocol can be tuned to realize particles with defined features with 

high reproducibility. 

Two fabrication protocols are employed depending on whether hemispherical or 

discoidal particles are required (Figure 3.1 A, B). Briefly, hemispherical particles are 

fabricated by initially patterning a silicon wafer by standard lithographic techniques. The 

wafer then undergoes anodic etching in aqueous hydrofluoric acid where adjusting the 

etch parameters defines the pore size and porosity of the substrate. The final step involves 

the release of particles from the bulk silicon in isopropanol (IPA) solution by means of 

sonication. Alternatively, discoidal particles are fabricated by first porosifying the silicon 

substrate to the desired porosity. The intended pattern is then transferred into the porous 

film by means of a photolithographically patterned oxide film followed by dry etching 

using RIE. These particles are then released in IPA using sonication. A third method of 

creating pSi nanostructures explored in our lab involves the formation of porous 
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nanowires by metal assisted electroless etch (Figure 3.1C). Under specific controlled 

conditions, this involves the use of a metal catalyst, such as silver or gold, and an 

HF:H2O2 solution to bore holes through a silicon substrate leaving behind silicon 

nanowires that are spontaneously porosified. 

 

 

Figure 3.1:  The range of porous silicon micro- and nanostructures that have been 

realized. (A) Hemispherical pSi Microparticles. (A1) Pattern transfer and 

etching of trenches in the silicon substrate establishes the nucleation spot for 

hemispherical microparticles. (A2) Hemispherical microparticles are 

realized after anodic etching. (A3) Unreleased hemispherical microparticles. 

(A4) Cross-sectional view of a released hemispherical microparticle. (B) 

Discoidal pSi Microparticles. (B1) Patterning of photoresist and sacrificial 

layer on pSi film. (B2) Pattern transfer through pSi film by dry etch. (B3) 

Unreleased and (B4) Released discoidal microparticles. (C) Porous Silicon 

Nanowires. (C1) pSi nanowires are fabricated by metal assisted electroless 

etch (MAEE). Nanowires with multilayered porosities as seen under (C2) 

optical and (C3) scanning electron microscope. (C4) Size selective loading 

of Q-dots in nanowires with multilayered porosities. Adapted from [171].      
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Several techniques to modify the surface properties of the silicon particles have 

been employed. Oxidation of pSi particles makes the particles negatively charged while 

treatment with APTES (3-aminopropyltriethoxysilane) renders them positively charged. 

Control over the surface properties of pSi particles, the ability to quantify the number of 

particles, and the characterization of the overall distribution of particle morphology 

enables the reproducible production of these vectors to perform accurate and feasible 

experiments. Such experiments include the loading of second stage nanoparticles and the 

uptake of these first stage microparticles by cells.  

This chapter details the steps necessary to fabricate the pSi microparticles and the 

characterization protocols throughout the entire process. Emphasis will be put on the 

microfabrication of hemispherical particles since these are the particles used for 

embolization studies. Nonetheless, it should be noted that controlled modifications of the 

microfabrication process enables reproducible and tailored particles with enhanced 

versatility for a wide variety of applications. 

 

 

3.1.1 Microfabrication of Hemispherical Porous Silicon Particles 

Figure 3.2 depicts the protocol to fabricate hemispherical particles. 
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Figure 3.2:  Schematic showing the major steps in fabrication process of 

hemispherical microparticles. 

The entire process is done in a class 100 cleanroom microfabrication facility with: 

 

 furnaces for thin film deposition 

 photolithography tools (including HMDS oven, spin coater, UV mask aligner) 

 metrology tools (including white light ellipsometry and scanning electron 

microscopy) 

 RIE tool with CF4, SF6 and HBr gas 

 aluminum sputtering tool 

 acid hood and solvent hood with sonic bath 

 

The starting substrate is a heavily doped 4-inch p++-type (100) silicon wafer with 

resistivity less than 0.005 Ω-cm. Depending on the parameters used during 

electrochemical etching, this resistivity enables the formation of pores ranging from a 
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few nanometers to a few hundred nanometers. Exploratory work was done on other wafer 

types (p-type versus n-type) with varying dopant concentration and a wide range of pore 

sizes and porosities have been realized. However, the microfabrication process has been 

standardized for single side polished p-type silicon wafers with <0.005 Ω-cm resistivity.    

 

3.1.1.1 Thin Film Deposition 

  

The wafer is first cleaned in a piranha wash composed of a 2:1 H2SO4:H2O2 

solution to strip organic contaminants on the wafer surface. The substrate is then 

transferred into a low-pressure chemical vapor deposition (LPCVD) furnace to deposit 

about 90 nm uniform layer of silicon-rich silicon nitride (835ºC, 300mTorr, SiH2Cl2/NH3 

80:20 %, ~25min). The exact thickness of nitride layer is measured and recorded using a 

white-light ellipsometer. Prior knowledge of the nitride thickness is used to tune the dry 

etch step.  

 

3.1.1.2 Photolithography 

 

The patterning step dictates the final size of the particle by specifying a nucleation 

site for porosification on the silicon substrate during anodic etching. This step uses a 

quartz/chromium dark field photolithographic mask of circular patterns in a two-

dimensional ordered array. Various critical dimensions were tested ranging from 600 nm 

to 50 µm. For the embolization particles, the mask used had a pattern composed of 

hexagonally arranged circles with 50 µm diameters and a pitch of 150 µm. The objective 

is to fabricate large particles ranging in size from 100 – 120 µm comparable to 

microvessel dimensions in the hepatic artery that feed HCC tumors. The 
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photolithography step transfers the desired pattern onto a photoresist layer on the silicon 

wafer surface. This patterned photoresist serves as a masking layer for dry etching. 

First, the wafers with nitride deposited are coated with hexamethyldisilazane 

(HMDS) to promote photoresist adhesion in an HMDS oven (Yield Engineering Systems, 

Livermore, CA) for a 5 min prime. Positive photoresist, SPR 220 (7.0) is spun on the 

wafer at a spin speed of 4000 rpm with a ramp of 1000 rpm/sec for 40 seconds. This 

resulted in a resist thickness of approximately 7 µm. The photoresist is soft baked at 115 

ºC for 90sec on a hotplate before being exposed using a Karl Suss MA6 Mask Aligner, 

700J exposure (approximately 30 seconds) using vacuum contact. As per the 

manufacturer’s recommendation, the exposed wafer was left undisturbed in atmosphere 

for one hour to allow sufficient water resorption necessary for the completion of the 

photochemical reaction.  A post-exposure bake step was done at 115 ºC for 90sec on a 

hotplate. The pattern transfer was completed by developing the exposed wafer in MIF 

300 developer for 3 to 3.5 minutes. Since the wafer will be dry etched, a hard bake at 140 

ºC for 30 min was necessary to harden the photoresist pattern and remove any remaining 

solvent. 

It is important to note that depending on the desired size of the particles, the 

photomask critical dimension would dictate the final outcome. In addition, the type of 

resist and exposure parameters used would vary depending on how small the feature sizes 

are. It is necessary to maintain a uniform pattern throughout the wafer. Even slight 

variations in the pattern uniformity would affect the overall outcome of the 

electrochemical etch process. Achieving the best pattern uniformity is dependent on the 

power of the UV light source used in the mask aligner and an appropriate contact with the 

photomask. Issues with the photolithography can be easily mitigated by stripping the 

photoresist either with acetone under sonication or by using a piranha bath.  
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3.1.1.3 Dry Etch 

  

The dry etch process transfers the pattern established by the photoresist through 

the nitride to the silicon. There are two main steps in the dry etch process. The initial CF4 

etch step transfers the pattern to the nitride layer and is followed by a silicon etch step 

involving SF6. As a result, selective anodic etching in a HF-based solution would 

porosify the exposed silicon pattern while the nitride-insulated substrate is protected. 

Patterned wafers are reactive-ion etched in pure CF4 plasma (Plasma Therm 790 series, 

15 sccm CF4, 200 mTorr, 250W radio-frequency (RF) power, 2 minutes 20 seconds). CF4 

etch is selective to the nitride layer and does not etch the silicon substrate [123, 160, 

171]. 

Since the electrochemical etching process creates pores orthogonal to the silicon 

surface, a trench is required to be etched into the silicon substrate guided by the nitride 

pattern to nucleate hemispherical particles. The shape and depth of the trench dictates the 

final shape of the pSi microparticles (Figure 3.3 c-l). If a trench is not etched, the 

resulting particle following anodic etching in HF would be a discoidal particle. Shallower 

trenches will result in shallow hemispherical particle while deeper trenches will create 

cylindrical or more tubular particles. Typically, for smaller hemispherical particles with 

diameters less than 5 µm, an RIE step using SF6 plasma (Oxford Plasmalab 80 plus, 10 

sccm SF6, 100 mTorr, 300 W RF power) is utilized [160]. However, since the 

hemispherical particles used in the embolization experiment are one or two orders of 

magnitude deeper, a deep RIE process is used to anisotropically etch trenches that are 

more than 20 µm deep. To achieve this, the trenches are created in a Versaline Deep 

Silicon Etcher (DSE, Plasma-Therm, LLC. St. Petersburg, FL) using the parameters in 

Table 3.1 for 350 cycles. 
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Figure 3.3:  The multitude of shapes and sizes of pSi microparticles. (a) The front 

nucleation side of hemispherical particles with 3.2, 1.6 and 0.97 µm 

diameter: 1) is the external corona, and 2) is the nucleation site. (b) The 

backside of the hemispherical microparticles. The wide variety of 

microparticles that can be fabricated can be seen as sectional and lateral 

view of: (c, d) discoidal microparticles obtained by wet-etching masking 

layer; (e, f) shallow hemispherical particle formed by CF4 etched trench; (g, 

h) hemispherical particle formed by SF6 etched trench; (i, j) tubular 

hemispherical particle formed by HBr etched trench; (k, l) Extra large pore 

(XLP) discoidal particle, characterized by multilayered porosity (m) for 

structural support: 1) small pore (SP) layer, 2) transitional layer, and 3) XLP 

layer. All scale bars: 200nm. Adapted from [160] 

Table 3.1:  Recipe used for deep silicon etch process 

Step Gas Flow Rates 

(sccm) 
Bias RF 

Voltage 

Setpoint 

(V) 

ICP RF 

Forward 

Power 

Setpoint 

(W) 

Helium 

Cooler 

Pressure 

Setpoint 

(mTorr) 

Time 

(s) 
SF6 C4F8 Ar 

Deposition 50 150 30 10 1600 4000 1 

Etch A 50 150 30 400 1350 4000 1 

Etch B 50 150 30 10 1300 4000 0.7 
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It is necessary to remove the nitride layer formed in the backside of the wafer to 

achieve better contact during the anodic etch process. This is achieved by again exposing 

the rear side of the wafer to CF4 RIE (Plasma herm 790 series, 15 sccm CF4, 200 mTorr, 

250W radio-frequency (RF) power, 2 minutes). The photoresist on the wafer frontside is 

stripped using oxygen plasma (1 min, 300W, PX-250 Asher, Marsh Instruments Inc, 

Concord, CA) followed by a piranha clean. To provide uniform backside electrical 

contact between the wafer and the anode, a 200 nm coat of aluminum is sputtered (Varian 

Sputter, 12 minutes) on the rear-side.  

 

3.1.1.4 Anodic Etch 

 

A custom-made poly(tetrafluoroethylene) etch tank with an aluminum-foil anode 

and a platinum-mesh cathode are used for the anodic electrochemical etch step (Figure 

3.4). The aluminum-coated backside of the wafer is contacted with the aluminum anode 

and is prevented from contacting the HF-based etchant solution by a rubber o-ring. The 

cathode is placed at a fixed distance (about 2.5 cm) from the front-side of the wafer. 

Depending on the desired particle thickness, porosity and pore sizes, the etch tank setup 

is connected to a power supply and the electrochemical etch is done for a specific time 

duration by applying a defined current density and a specific HF/ethanol ratio. The 

appropriate current density produces pSi particles with the desired pore size and porosity. 

A high current density is finally applied to create a high-porosity release layer at the 

particle-bulk silicon interface. An optimal current density for the release layer is 

necessary. If the current density is too high, particles will pre-release into the etchant 

solution and may be lost. On the other hand, if the current density is set too low, the 
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particle will not release from the substrate. It is important to note that current densities 

are measured on the effective area of silicon exposed to the etch solution.  

For the embolization particles, a 1:2 HF/ethanol solution was used with a current 

density of about 23mA/cm
2
 applied for 30min. The release layer was formed using a 

current density of about 280 A/cm
2
 for a short duration of 10 seconds. The resultant 

hemispherical particle was about 116 µm in diameter and about 70 µm deep.  

 

Figure 3.4:  Anodic etch process. (A) Anodic etch tank components include: 1) 

aluminum electrode, 2) seal o-ring; 3) tank; 4) screw-in tank base; 5) 

electrode spacer; and 6) platinum mesh electrode. (B-I) shows the assembly 

of the tank and setup for anodic etching. (B-E) shows the placement of the 

wafer followed by the Al electrode on the bottom-side of the tank, and the 

attachment of the tank base. (F-I) show the placement of the Pt electrode, 

the pouring of the HF-based solution, and attachment of the power supply to 

initiate the anodic etch process. 

 

3.1.1.5 Particle Release in Isopropanol 

 

After the anodic etching, the wafer is rinsed with DI water and dried. Examination 

under an optical microscope reveals patterned circles with coronas, as seen in Figure 3.5 

A, B. The substrate is then soaked in 49% HF for about 15 – 20 minutes to strip any 

residual nitride and the backside aluminum layer. If the nitride is not completely 
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removed, particle release will be difficult and, as a result of the force created by the 

ultrasound during sonication, unreleased particles trapped by the nitride layer will be 

shattered. Once the nitride is completely stripped, the wafer is rinsed and dried, then 

transferred to a crystallization dish containing IPA. The wafer is then sonicated for 

approximately 1 min to detach pSi particles from the bulk silicon. The released 

suspension is transferred to a low-retention tube for storage in a controlled environment 

at 20ºC to be used later for experimentation. 

 

 

Figure 3.5:  Microfabricated hemispherical pSi microparticles for embolization. (A) 

Unreleased hemispherical embolization microparticle showing the external 

corona and the nucleation site as seen under an optical microscope. (B) 

Trench left behind after microparticle is released is seen as dark structure 

under the optical microscope. (C-E) Scanning electron micrographs showing 

embolization microparticles at 70º tilt with (D) later view and (E) sectional 

view. (F) shows the frontside and backside of the released microparticles. 

Scale bar: 20µm. 
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In the case of the embolization substrates, particle release was easily realized even 

in the etchant solution at the end of the anodic etch or by simply spraying IPA directly on 

the wafer. This suggested that the current density for the release layer may be slightly 

higher than necessary. Particles that pre-released in the HF-based etchant solution were 

recovered by sequential rinsing and re-suspended in IPA using repeated centrifugations. 

However, this step created minor defects in the particles. In addition, fractures and 

defects were observed when sonication was used to release the particles. Due to their 

larger size, the particles are significantly heavier and mechanical manipulation with high 

forces may lead to increased particle collisions that inadvertently cause fractures and 

defects. It was therefore found that a simple rinse with IPA using a spray bottle or 

soaking the wafer in IPA bath without sonication and gentle agitation results in complete 

particle release without defects (Figure 3.5F).  

 

3.2  CHARACTERIZATION 

 

Once the pSi microparticles have been fabricated, they are carefully characterized 

to insure the realization of desired particle specifications and reproducibility with 

minimal batch-to-batch variation. Good Manufacturing Practice (GMP) must be 

maintained to ensure proper microfabrication with each lot of particles and to eliminate 

variability that would negatively impact biological experiments. Due to the structural 

complexity and size scales of the microparticles, a number of techniques are necessary to 

quantify and characterize parameters, such as porosity, pore size, density, surface area, 

surface charge and surface modification. 
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3.2.1 Scanning Electron Microscopy 

 

Most characterization techniques require the use of large areas of continuous pSi 

films or a large sample of pSi particles gathered from multiple wafers. Electron 

microscopy methods, such as SEM, afford the ability to examine a sampling of pSi 

particles from each wafer without consuming the whole sample in the process [123, 198, 

199]. Scanning electron micrographs (SEMs) of the resulting pSi particles fabricated 

based on the protocol described above are shown in Figure 3.5. SEM is a desired 

inspection medium because it requires almost no sample preparation beyond 

microfabrication of the particles. It is a quick and accurate high- resolution technique to 

examine the overall structural features of the particles. Cross-sectional views are obtained 

by cleaving the wafer before releasing the particles [123]. Cleaved wafer sections are 

typically mounted on 45º, 70º or 90º SEM stages. To image released particles, a drop of 

the pSi microparticle-rich suspension is transferred onto a 17-mm SEM stub. The IPA is 

allowed to evaporate before imaging in the SEM.  

The 50 µm photolithographic pattern was subsequently electrochemically etched 

to realize quasi-hemispherical particles that are about 116 µm in diameter and about 70 

µm deep. The top of the particle is characterized by a circular nucleation site with an 

outer corona highlighting the etch depth for the given current density and etch duration. 

The circular nucleation site is composed of a thin (10 – 20 nm) layer of small pores 

ranging from 2 - 3 nm in diameter. This nucleation layer provides support to maintain 

structural integrity of the particle. Below this nucleation layer, the pore rapidly expand to 

the pore size dictated by the anodic etch parameters. 
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3.2.2 Nitrogen Adsorption/Desorption 

 

The principle of gas adsorption is commonly used to directly measure the 

properties of the pSi particles [156, 200]. Nitrogen gas is the most commonly used gas. 

Nitrogen adsorption calculates the total surface area of the porous material by knowing 

the molar volume of the substrate and the adsorption cross-sectional area [201]. 

Moreover, a pore size distribution can be obtained by knowing the surface tension of 

liquid N2, and how surface curvature changes as the N2 gas condenses onto a flat 

substrate [202]. 

Measurements are done by first introducing a known amount of gas into a 

chamber containing the porous sample. Once equilibrium is reached, any deviation of the 

equilibrium pressure from the ideal pressure is a direct result of desorption taking place 

and is recorded [203, 204]. Under isothermal condition, pressure deviations are related to 

volume gas adsorbed (cm
3
g

-1
) and are plotted to get isotherm curves. The relative 

pressure (p/po) where p is the supplied pressure and po is the saturation pressure of liquid 

N2 is at the x-axis. The relative pressure is usually sweeped in both directions of the 

saturation pressure to measure adorption and desorption. Hysteresis is usually observed 

due to the porous nature of the sample. Interactions during the pressure sweep may be 

quite complex but hysteresis tends to be consistent for samples microfabricated under the 

same conditions. This suggests that the technique may be used as a qualitative method to 

check pore morphology for a given sample [200]. A good estimate of the pore volume 

can be made from the saturated area of the isotherm at high relative pressures. Therefore, 

the porosity can be calculated as a ratio of the pore volume and the estimated total 

volume of the pSi material [200]. The super-linear region of the isotherm at high values 

of relative pressure may be used to determine the pore distribution using the Barrett, 
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Joyner and Helena (BJH) model. The model describes the change in desorbed volume to 

a release of condensate from pores of a specific radius. As a result, a plot of the 

differential pore volume versus the pore radii (rp) is provided that represents the pore size 

distribution.  

Pore size distribution of pSi particles was realized from N2 adsorption – 

desorption isotherms obtained using a Quantachrome Autosorb – 3B surface analyzer. 

About 10mg of the particles are concentrated in about 3ml of IPA. This suspension is 

then dried in a vacuum oven at 80 ºC, and degassed at 200 ºC for 12 hours. The N2 

adsorption-desorption isotherm is measured at 77K over a relative pressure (p/po) range 

of 0.015 – 0.995 [160]. From the measured isotherms, porosity and pore size distributions 

were obtained using the BJH model. Figure 3.6 shows the range of pore sizes and 

porosities that can be fabricated using the protocol described above. SEM images of the 

pore morphologies are shown along with the respective N2 adsorption-desorption 

isotherms. 
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Figure 3.6:  Various porosities and pore sizes afforded by anodic etching of silicon. 

(a) Sectional view of pore structure of small pore (SP), large pore (LP), and 

extra large pore (XLP) microparticles. (b) Summary of the BJH analysis 

with corresponding electrochemical etch parameters. (c) BJH model of the 

pore distribution for each type of pSi microparticle. (d) SEM images 

representing the pore structure of various pSi microparticles. Scale bar: 

100nm. Adapted from [160] 

 

3.3 LOADING  POROUS  SILICON  MICROPARTICLES  WITH  NANOPARTICLES 

 

Pore size and porosity play a significant role in the ability to load pSi 

microparticles including payload retention and release kinetics. The ability to tailor the 

pore morphology was discussed above. However, a variety of techniques have been 

demonstrated for the loading of mesoporous silicon. The simplest method is to immerse 

pSi particles in an appropriate loading solution that serves as a compatible solvent for the 

target drug [205]. Alternatively, dry pSi particles can be loaded with drug solution by 
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capillary action, a technique known as the incipient wetness method [206-208]. Dry pSi 

particles may be achieved by freeze or vacuum drying [208, 209], and thermal drying 

[167]. Loading by immersion or the incipient wetting method depends on several factors 

including pH, time and temperature, interactions between drug and particle, between drug 

and solvent, and between solvent and particle. Nontrivial combinations of electrostatic 

attraction, van der Waals forces, hydrogen bonding and hydrophobic interactions depend 

on pSi surface chemistry and drug composition, and therefore affect the retention of 

drugs in the pores. 

There are two methods for irreversible loading of nanoparticles in the pSi 

microparticles. The first technique involves entrapment of the payload by volume 

expansion which is commonly done by oxidation of the pSi substrate after nanoparticles 

are loaded in the pores [197]. Oxidation of silicon to SiO2 results in a volume expansion 

that causes the shrinkage of the pore and subsequent entrapment of the contents in the 

pore. Volume expansion by oxidation is typically achieved by immersing the pSi 

microparticles in a basic aqueous solution containing the nanoparticles to be loaded 

followed by a drying step in an oven. It is suggested that both basic aqueous solution and 

drying steps contribute to oxidation process. Alternatively, a second irreversible 

technique for loading nanoparticles in the pSi matrix involves covalent attachment of the 

payload directly to the silicon substrate where hydrosilylation of oxidized pSi 

microparticles enables bioconjugation chemistry [197]. For example, it is possible to 

react oxidized pSi microparticles with a carboxylalkene to functionalize their surfaces 

with carboxyl-terminated groups to attach a payload directly to the pSi. This irreversible 

loading of nanoparticulate drugs is very stable and will most likely depend on the 

degradation of the pSi matrix to achieve release of the payload.  
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Loading of the nanoparticles was successfully achieved by oxidation and APTES 

treatment of mesoporous silicon microparticles. Amine- or carboxyl-modified Q-dots and 

neutral PEGylated SWNTs were successfully loaded. Our lab has demonstrated the 

ability to efficiently load 2 x 30nm SWNTs and immobilize 15nm CdSe Q-dots on the 

surface of pSi microparticles with 5nm pore diameter [123]. On the other hand, both 

SWNTs and Q-dots were successfully loaded in pSi microparticles with 20nm pores, and 

sustained release of both nanoparticles was observed over a 24 hour period. This 

suggested that pore size and the characteristic size of the nanoparticle payload 

significantly affect loading efficiency. In addition, the study suggested that there is 

significant dependence on the electrostatic interaction between payload and the pSi 

substrate. Q-dots with opposite surface charges were preferentially loaded based on the 

surface charge of the microparticles. In another study, Serda et al. demonstrated the 

covalent attachment of nanoparticles on the silicon surface using APTES functionalized 

pSi microparticles [175]. Carboxylated iron oxide (Fe3O4, 10nm) and gold nanoparticles 

(6 nm core) were irreversibly attached to the silicon surface by means of sulfo-N-

hydroxysuccinimide and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide chemistry. 

Loaded first stage microparticles did not affect cell proliferation after internalization. 

 

3.3.1 Oxidation of Porous Silicon Microparticles 

 

There are two ways to oxidize pSi microparticles: wet and dry oxidation. Wet 

oxidation involves the immersion of dry particles in piranha solution. Mesoporous silicon 

particles suspended in IPA are first dried on a hotplate 80 – 90 ºC. H2O2 is added to the 

dried particles and sonicated while concentrated (95 – 85%) sulfuric acid is slowly added 

to the solution. The particle suspension is then heated to 100 – 110 ºC for 2 hours. 
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Intermittent sonication during the heating step allows dispersion of the particle and the 

release of any trapped air pockets within the pores of the particle. Multiple rinsing steps 

using centrifugation is done using deionized (DI) water to wash the piranha away. 

Alternatively, the particles maybe dried by transferring a particle-rich aliquot on to a Petri 

dish and slowly evaporating the solvent using a hotplate at 40 – 50 ºC. After the particles 

are completely dried, the Petri dish is exposed to oxygen plasma (PX-250 Asher, Marsh 

Plasma Systems, Concord, CA) for about 1 minute to oxidize the particles. Once oxidized 

(Figure 3.7A), either by the wet or dry method, the pSi particles may be transferred to an 

appropriate buffer solution or re-suspended in IPA or DI water. 

 

3.3.2 APTES Modification of Porous Silicon Microparticles 

 

Oxidized pSi particles can be further modified with a positive surface charge with 

APTES (Figure 3.7B). After oxidation with piranha, the particles are thoroughly washed 

and re-suspended in IPA. Next the particles are transferred into an APTES solution, 

typically containing 0.5% (v/v) of APTES, for a fixed period of time at room 

temperature. For a uniform coating of APTES, the solution is sonicated intermittently and 

kept in motion on a tabletop shaker. After the treatment is complete, particles are washed 

in IPA up to 6 times and stored at 4 ºC. Alternatively, particles can be washed, dried and 

stored under vacuum desiccator.  
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Figure 3.7:  Oxidation of silicon surface followed by aminosilylation by APTES 

modification. Adapted from [210] 

 

3.3.3 Measuring Zeta Potential 

 

To measure the surface charge of any substrate, including pSi films and 

microparticles, the zeta potential is obtained using a ZetaPals Zeta Potential Analyzer 

(Brookhaven Instruments Corp., Southborough, MA) [126]. Typically, particles are 

suspended in phosphate buffered saline (PBS, pH~7.3), and a 1.5 – 2 ml sample is 

transferred into a cuvette for analysis. Electrodes are inserted in the cuvette and the zeta 

potential reading is initiated. Typically, a total of 3 runs are performed with 25 cycles in 

each run. 

Oxidation typically results in pSi microparticles with a negative zeta potential 

from -29 to -34 mV [126]. The number of hydroxyl groups on the surface dictates how 

negative the microparticles are. In contrast, modification with APTES renders the surface 

less negative because the particles are decorated with silane groups. Multiple layers of 

APTES will result in high positive zeta potentials, typically ranging from +5 to +11 mV 

[126]. 
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3.3.4 Effect of Pore Morphology on the Loading of Nanoparticles 

 

To study the effect of pore morphology on the loading of nanoparticles, we 

fabricated pSi particles with varying pore sizes as shown in Figure 25 [160]. The 

microparticles were oxidized and APTES treated resulting in a positive amine-terminated 

silicon surface. Carboxyl-functionalized 15 nm CdSe Q-dots (1 mM, Qdot 565 ITK 

Invitrogen, Carlsbad, CA) were incubated in tris(hydroxymethyl)aminomethane-HCl 

buffered suspensions of small pore (SP, 6nm), medium pore (MP, 10-18 nm), large pore 

(LP, 21-26 nm) and extra-large pores (XLP, >50 nm) microparticles for 15min. To 

examine the loading process, ultrathin slices (100nm) of the microparticles were 

microtomed and the spatial localization of Q-dots was analyzed using a high-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM).  

Interestingly, the Q-dots diffused differently within the pores depending on the 

pore size (Figure 3.8). Q-dots accumulated on the surface of the of SP and MP 

microparticles and did not penetrate the pores. While electrostatic interaction was the 

main factor promoting the adhesion of Q-dots to the particle surface, the inability of the 

Q-dots to access the porous matrix of MP particles is due to size exclusion. Therefore, as 

suggested in a previous study [171], there is an inherent relationship between the 

characteristic size of the second stage nanoparticle being loaded and the pore size of the 

first stage pSi microparticle regardless of surface chemistry. On the other hand, a 

homogeneous close-packed distribution of Q-dots was observed within the pores of LP 

particles while aggregates formed within porous matrix of XLP particles. This suggested 

a significant interaction between the functionalized Q-dots and the pore walls. Further 

analysis is required to understand the physic-chemical interaction occurring within the 

pores of XLP that drive the formation of aggregates. Nonetheless, this experiment is a 
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strong indication that pore morphology plays an important role in the loading dynamics 

of nanoparticles with pSi microparticles. 

 

Figure 3.8:  Pore size and size of nanoparticles dictate how nanoparticles distribute 

within the pore. STEM images of microparticles with various pore sizes 

loaded with 15-20 nm Q-dots (red box indicates analyzed region relative to 

the whole paticle). From left to right: 15.2 nm pore MP2, 26.3 nm pore LP2, 

and 51.3 nm XLP1 particles. The red arrows indicate the localization of Q-

dots. All scale bars: 50nm. Adapted from [160] 

 

3.3.5 Surface Localization and Retention of Nanoparticles by Aminosilylation 

 

The previous experiment showed the ability to load 15 nm carboxyl-modified 

nanoparticles within the porous matrix of APTES-treated large pore particles (> 20 nm). 

On the other hand, surface immobilization of Q-dots was only seen as a result of size 
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exclusion in small pore particles (< 20 nm). In a separate study, we demonstrated the 

versatility of aminosilylation (APTES modification) of pSi microparticles enabling the 

surface localization of super paramagnetic iron oxide nanoparticles (SPIONs, 10 nm) on 

XLP pSi microparticles (3.2 ± 0.2 µm in diameter, 51.3 ± 28.7 nm pores), or the capping 

of oxidized XLP microparticles to entrap amino-modified SPIONs with the pores [124].  

The loading of oxidized XLP particles with amino-modified SPIONs was 

compared to loading of amino-modified XLP particles with carboxylated SPIONs [124]. 

The XLP particles were oxidized as described above and APTES treatment was carried 

out for 22 hours using a 9% (v/v) APTES solution in IPA. These particles were 

subsequently dried either by heating at 37 ºC or at room temperature using a vacuum 

desiccator. Charged SPIONs (amine- or carboxy-modified; Fe3O4/ Fe2O3; 10 – 15nm; 

purchased from Ocean Nanotech LLC, Springdale, AR) at various concentrations (0.1 to 

5 mg/ml) were added to dry XLP particles and loaded by the incipient wetness method 

(described above) using a borate buffer (0.01 M, pH 5.0 for amine-modified SPIONs, and 

50 mM, pH 8.5 for carboxy-modified SPIONs). Particles were sonicated and agitated for 

10 min at 1300 rpm at room temperature and allowed to settle without agitation for 

20min. The samples were then centrifuged for 5-10 min before washing with DI water to 

remove excess SPIONs. 

Based on TEM analysis of microtomed slices, APTES treatment blocked access 

of SPIONs to the pores and immobilized the nanoparticles on the surface of the XLP 

particles (Figure 3.9A). On the other hand, SPIONs readily penetrated the pores of 

oxidized XLP particles with uniform distribution (Figure 3.9B). Characterization of 

APTES polymerization was done on oxidized versus APTES-modified porous silicon 

wafers with identical porous specifications as the XLP particles. Porous silicon wafers 

were oxidized by piranha and were subsequently incubated with 0.5% (v/v) APTES for 4 
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hours at room temperature resulting in a surface thickness change from 0.689 to 3.843 

nm. Furthermore, X-ray photoelectron spectroscopy (XPS) was used to quantify the 

amounts of nitrogen on the aminosilylated pSi surfaces with 0.5, 2 and 9% APTES at 2, 4 

and 22 hours of incubation (Figure 3.9 C-E). Increased incubation times from 2 to 4 

hours did not show significant increases in the amount of nitrogen, where as extended 

incubations for 22 hours showed increased atomic percentages of nitrogen for all samples 

treated at the various concentrations. Indeed, increased nitrogen content is a direct 

indication of APTES polymerization thickness on the pSi sample. In addition, increased 

surface roughness on APTES-treated wafers was observed using AFM and correlated 

with increased incubation times (Figure 3.9F).  

The increased surface thickness, amount of nitrogen and surface roughness with 

respect to APTES concentration and incubation time corresponded to a thick polymer 

coat surrounding the pSi microparticle after incubation with 9% (v/v) APTES for 22 

hours. The thick polymer coat explains the surface localization of SPIONs on the 

APTES-treated pSi microparticles compared to the oxidized particles loaded with amino-

treated SPIONs. This suggested the ability to use APTES-treatment for the entrapment 

and retention of SPIONs within the pores of oxidized XLP microparticles. Retention of 

SPIONs in XLP particles by electrostatic interaction was compared to capping with 

APTES polymer. The presence of SPIONs was over 200% in APTES-capped XLP 

microparticles compared to uncapped particles when incubated overnight due to 

enhanced entrapment and retention within the pores and within the dense APTES 

polymer. Furthermore, release of SPIONs was shown to have a direct correlation to the 

degradation of the XLP particles.   
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Figure 3.9:  Characterization of APTES modification and its effect on loading 

microparticles with SPIONs. (A) APTES treatment causes surface 

localization of SPIONs whereas (B) oxidation enables penetration of 

SPIONs into pores. This is most likely due to the formation of a thick layer 

of APTES on the surface of the microparticle preventing access to the pore. 

(C-E) XPS analysis of atomic % nitrogen on the surface of porous silicon 

following various APTES polymerization times using 0.5 (C), 2 (D) and 9 

% (E) (v/v) APTES solutions. (F) Surface roughness represented for 

modification with 0.5% APTES at various polymerization times. Scale bar: 

100nm. Adapted from [124]. 
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3.4  BIOCOMPATIBILITY  AND  BIODEGRADATION 

3.4.1 Directed Opsonization of Porous Silicon Microparticles 

 

The composition and morphological characteristics of our pSi microparticles 

affect their biophysical application [163, 175]. Size, shape, chemical composition and 

surface charge significantly affect their interaction with cells and their components 

resulting in various degrees of biocompatibility. Since the microparticles are designed for 

systemic delivery, they become coated with serum components, known as opsonins or 

dys-opsonins depending on whether they enhance or prevent cell binding and uptake. 

Reduction of serum decoration and subsequently reduction in cellular uptake was shown 

using PEG. Alternatively, particle surfaces may be modified to attract serum components 

for enhanced binding to target cells [163]. We have demonstrated the influence of sizes 

and surface modifications on interaction with macrophages and endothelial cells. 

The target of pSi microparticles is diseased tumor neovasculature that commonly 

exhibit inflammatory surface moieties on vascular endothelia. This was simulated in vitro 

by treating human umbilical veins endothelial cells (HUVECs) with TNF-α, a cytokine 

involved in systemic inflammations, for 48 hours, and the internalization effects of 

surface-modified pSi microparticles were studied [163]. In a serum-rich environment, 

oxidized microparticles were prevented from endothelial cell association by surface 

bound dys-opsonins. In contrast, APTES-modified microparticles were preferentially 

phagocytosed by HUVECs with a 1.9 fold increase in microparticles engulfed compared 

to oxidized particles (Figure 3.10A). Furthermore, antibody opsonization of oxidized 

microparticles enhanced phagocytosis by J774 mouse macrophages (Figure 3.10B) 

through immunoglobulin (IgG) receptors (FcγRs) on the cell surface but failed to have an 

impact on cellular association with APTES-modified microparticles [163]. These results 
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strongly suggest that it is possible to tailor the surface properties of pSi microparticles to 

direct opsonization for selective cellular targeting. 

 

Figure 3.10: Porous silicon microparticle uptake by HUVECS and J774 mouse 

macrophages. (A, B) Flow cytometry analysis of serum opsonized pSi 

microparticles with various surface modifiers taken up by (A) HUVECs, and 

(B) J774 macrophages under control conditions and stimulated condition 

with either TNF-α or IFN-γ for 48hours. The results are shown for 

incubation with 20 particles per cell for 60min at 37ºC. (C) SEM image of 

silicon microparticle taken up by HUVEC. (D) SEM image of silicon 

microparticle taken up by macrophage. Adapted from [163]  

 

3.4.2 Cellular Engulfment and Compatibility of Porous Silicon Microparticles 

 

Microparticle size affects cellular uptake and internalization. Depending on 

particle size, cellular association of particle is characterized by either phagocytosis or 
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macropinocytosis involving extensive actin-driven membrane reorganization. Phagocytic 

engulfment involves the formation of tight phagosomes around the particle while 

macropinocytosis is characterized by the formation of ruffles for the uptake of both solids 

and liquids. The formation of pseudopodia was observed looping around 1.6 µm and 3.2 

µm microparticles after incubation for 15 min with HUVECs at 37 ºC (Figure 3.11). SEM 

and TEM analysis show that uptake of 1.6 µm particles was primarily achieved by 

mechanisms phenotypically-resembling macropinocytosis and phagocytosis, whereas 3.2 

µm particles were engulfed by phagocytosis evidenced by the formation of actin cups 

[175].  

 

Figure 3.11: Phagocytosis of microparticles by HUVECS. (A) 1.6 and (B) 3.2 µm 

oxidized pSi microparticles were incubated with HUVECs for 15 min at 

37ºC in serum free media. Initiation of internalization was characterized by 

the formation of lamellopodia as seen on the right. Scale bars 5µm (left) and 

1 µm (right). Adapted from [175].    
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To prove the involvement of actin polymerization in the uptake of microparticles, 

HUVECs were pre-incubated with Cytochalasin B (2.5 µg/ml) for 1 hour followed by 

incubation with 1.6 and 3.2 µm oxidized microparticles for 15 – 60 min at 37 ºC [163]. 

Cytochalasin B dissociates actin-binding proteins and blocks actin polymerization. As a 

result, particle uptake was effectively prevented even after 30min of incubation when 

actin cup formation typically appears (Figure 3.12). Confocal images, SEMs and flow 

cytometry analysis all show dose-dependent Cytochalasin B-blocked internalization by 

85 - 88% compared to control tests with untreated HUVECs [163]. 
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Figure 3.12: Cytochalasin B blocks uptake of microparticles by HUVECs. (A) SEM 

images of HUVECs incubated with a mixture of 1.6 and 3.2 µm oxidized 

microparticles in serum-free media containing 2.5 µg/ml Cytochalasin B. 

(B) Confocal micrographs of HUVECs incubated with 3.2 µm 

microparticles in control serum free media without (B, top images) and with 

(B, bottom images) Cytochalasin B for 60minutes. Actin (stained red) was 

clearly dissociated in the Cytochalasin B treated cells and microparticle 

internalization was prevented. Adapted from [163].  

In vitro studies of internalized microparticles by HUVECs and a second 

endothelial cell line, Human MicroVascular Endothelial Cells (HMVECs), show 

undisturbed endothelial proliferation and no cytotoxicity [175]. This was supported by 

confocal microscopy, SEM, TEM, flow cytometry and an MTT assay which measures 

mitochondrial enzyme activity and is a good indicator of cell viability. Additionally, 
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cellular proliferation was unaffected by the presence of unloaded and loaded pSi particles 

with SPIONs and gold nanoparticles over a 72 hour period [175]. In contrast, cells treated 

with a toxic dose of Cisplatin, a chemotherapeutic drug that damages DNA and elicits the 

apoptotic pathway, showed significant structural changes in HUVECs, compared to those 

that have internalized microparticles. As seen using Fluorescence-activated cell sorting 

(FACS), cell volume loss or shrinkage was evident in Cisplatin-treated cells thus proving 

that pSi microparticles are biocompatible first stage carriers.  

  

3.4.3 Biodegradation of Porous Silicon Microparticles 

 

Porous silicon degrades completely to orthosilicic acid, the most readily available 

dietary source of silicon to humans [211] and is found in various tissues including bone, 

tendons, liver and kidneys [212, 213]. It is readily excreted from the body in the urine 

and toxicity reports indicate that it is harmless. On the contrary, a deficiency in 

orthosilicic acid has been implicated to induce deformities in the skull and peripheral 

bones [212]. Therefore, the use of porous silicon as a multistage delivery system is an 

appealing biomaterial due to its biodegradability and biocompatibility. In this section, I 

discuss a series of experiments that were done to show the ability to tune the degradation 

rate that may be potentially used in various bioapplications. 

 

3.4.3.1 Effect of Oxidation on the Degradation of Porous Silicon Nanostructures 

 

Metal-assisted Electroless Etch (MAEE) was used to prepare porous and solid 

silicon nanowires (SiNWs) [214]. Silver was deposited on <0.005 and 0.01-0.02 Ω-cm p-

type wafers using a deposition solution of 2.9 M HF and 0.02 M AgNO3 for 30 second 

and 2.5 minutes, respectively. Both wafers were subsequently etched for 5 min in a 
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solution of 0.1 M H2O2 and 2.9 M HF. The silver catalyst was stripped by dipping the 

samples in a solution of silver etchant (type TFS, Transene, Danvers, MA) for 30 

seconds. The wafers were diced into 1 cm
2
 samples. Half of the porous and solid SiNWs 

samples were oxidized for 1 min in oxygen plasma (PX-250 Asher, Marsh Plasma 

Systems, Concord, CA). To simulate physiological conditions, the samples were placed 

in 50 ml PBS (Thermo Fisher Scientific, Waltham, MA) at 20 ºC under constant gentle 

agitation at 20 rpm using a rocker plate. Samples were extracted and imaged after 0, 2, 4, 

8, 16, 20, 24, 48, 72 and 96 hours of soaking in PBS using a Zeiss Neon40 FE-SEM (Carl 

Zeiss SMT, Peabody, MA). 

These in vitro experiments were designed to study the degradation rates of porous 

versus non-porous and oxidized versus as-synthesized nanowires [214]. As expected, 

solid nanowires prepared using 0.01 – 0.02 Ω-cm wafers did not show any signs of 

degradation even after 96 hours. In contrast, as-synthesized and oxidized porous SiNWs 

both degraded completely in 24 hours and 72 hours, respectively, indicating that plasma 

oxidation slows down the degradation rate. Degradation of porous SiNWs was 

characterized by a decrease in the diameter of the nanowires making them more flexible 

over time resulting in spontaneous bending (Figure 3.13, 48h, Porous SINW). In addition, 

the pore sizes of the SiNWs increased with time; doubling in size within 16 hours for the 

as-synthesized porous SiNWs. Oxidized porous SiNWs did not show a significant pore 

size increase until after 48 hours. The results of this in vitro experiment show that surface 

treatment and porosity influences degradation rate, and both properties can be exploited 

to control the degradation kinetics of the porous silicon structures for specific 

applications. 
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Figure 3.13: Biodegradation of as-synthesized solid (top) and oxidized porous 

(bottom) SiNWs. (Top) SEM images of non-oxidized solid nanowires 

fabricated from a 0.01 – 0.02 Ω-cm silicon wafer immersed in PBS. No 

degradation observed over 96 hours period. (Bottom) SEM images of 

oxidized porous nanowires fabricated from a <0.005 Ω-cm silicon wafer 

immersed in PBS. Degradation is significant with complete dissolution after 

72 hours. Adapted from [214].  

 

3.4.3.2 Release of Second Stage Nanoparticles from First Stage Porous Silicon 

Microparticles 

 

Porous silicon microparticles were fabricated as described previously using 

standard photolithography and anodic etching. The resulting particles had an average 

diameter and average pore size of 3.2 ± 0.2 µm and 51.3 ± 28.7 nm, respectively. These 

particles were oxidized and subsequently loaded with SPIONs using the incipient wetness 

method [124]. Loaded pSi microparticles, with and without APTES caps, were incubated 

on a rotator for up to 24 hours in PBS at 25 ºC, or Fetal Bovine Serum (FBS, Hyclone, 

Thermo Fisher Scientific, Waltham, MA) at 37 ºC. Analysis by inductively coupled 

plasma-optical emission spectroscopy (ICP-OES) using a Varian Vista AX instrument set 
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at 1kW, with plasma flow set to 15 L/min, auxiliary flow set at 1.5 L/min, and a nebulizer 

flow of 0.75 L/min, enabled the detection of the dissolution rate of silicon particles and 

the iron content in the supernatant [124]. As a result, a correlation between the 

degradation of porous silicon with the release of SPIONs was realized.  

Degradation of the particles was observed 4 hours into the experiment, for both 

capped and uncapped pSi microparticles, with 94 and 87% remaining intact, respectively. 

The values gradually decreased over time with 83 and 80% at 8 hours for capped and 

uncapped particles, and eventually both groups dropping to 46% at 23 hours. The results 

suggest more than 50% degradation in PBS at room temperature in less than 24 hours 

regardless of the extent of aminosilylation [124]. In a separate in vitro experiment, the 

degradation of quasi-hemispherical particles loaded with SPIONs was studied and 

content of iron and silicon in the supernatant was monitored following incubation in FBS 

at 37 ºC to simulate physiological conditions. Silicon was rapidly degraded with 31% 

degradation at 4 hours and 96% at 24 hours. This correlated well with the percentage of 

iron released in the supernatant [124], as shown in Figure 3.14. This experiment suggests 

that degradation can be used as a sustained release mechanism of second stage 

nanoparticles loaded in the first stage pSi microparticles. 
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Figure 3.14: In vitro degradation of porous silicon microparticles is directly related 

to the release of SPIONs. The silicon and iron content of supernatant was 

monitored using ICP-OES for SPION-loaded microparticles incubated in 

serum at 37ºC. Iron content is a direct indication of the release of SPIONs as 

silicon degraded. Adapted from [124] 

 

3.4.3.3 In Vivo Study of Biodegradation of First Stage Porous Silicon Microparticles 

 

Hemispherical pSi microparticles were fabricated using photolithography and 

electrochemical anodic bonding as described previously [160]. The microparticles had a 

diameter of 1.6 ± 0.1 µm with about 26nm pores. Following APTES treatment, the 

particles were loaded with liposomes encapsulating Alexa 555-tagged siRNA [131]. The 

particles were intravenously administered in female athymic nude mice; and the liver, 

kidney, spleen, lung and heart was harvested 4 hours after injection. The organs were 

lysed, spun down and the silicon content was analyzed using ICP-OES. 
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Silicon content analysis provided insight on the biodistribution of non-targeted 

pSi microparticles. The particles accumulated mostly in the liver (53% of total injected 

dose) and spleen (11%) [131]. There was no detectable accumulation in the kidney and 

heart with minimal accumulation in the lungs. Further analysis showed that in the spleen 

an 80% reduction in silicon content was observed in the first 2 weeks with complete 

clearance achieved by the third week. Conversely, 55% was cleared from the liver after 2 

weeks and about 25% remained after the third week. This suggested that degradation 

kinetics varied from one organ to another [131]. Degradation of the microparticles was 

further monitored using SEM, where pore enlargement was noticed at day 7 after the 

injection and reduction in overall particle size was observed after 2 weeks (Figure 3.15). 

These data suggest that pSi microparticles can be efficient carriers of second stage 

nanoparticles with unique tailorable biodistribution and degradation kinetics; both of 

which can be exploited to achieve controlled release that is not based on diffusion. 



 101 

 

Figure 3.15: In vivo analysis of the biodegradation of pSi microparticles. Five female 

athymic nude mice were injected with microparticles loaded with 

nanoliposomes containing siRNA. The liver and spleen were harvested at 

week 0, 2 and 3. (A, B) ICP analysis was done to monitor the silicon content 

in the organs. (C) SEM images of isolated microparticles from the spleen 

and liver homogenates. There is a clear time-dependent biodegradation of 

the microparticles based on organ localization. Adapted from [131] 
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3.5  DISCUSSION 

 

Porous silicon microparticles are rationally designed multistage delivery systems. 

These systems are characterized as multifunctional, versatile nanovectors that can 

effectively overcome biobarriers in the body to reach a specific target site, such as the 

tumor microenvironment. This chapter discussed the microfabrication, characterization 

and applicability of pSi microparticles for use as multistage drug delivery vehicles. 

We have demonstrated the ability to fabricate pSi microparticles with controlled 

size, shape and porosity [160]. The size of the microparticles is primarily determined in 

the photolithography process with patterns ranging from 600 nm to 50 µm. Shape is 

mainly dependent on the surface profile of the silicon substrate exposed to the HF-based 

etchant solution during anodic etching. A dry etch step was used to create trenches on the 

silicon substrate which guided the formation of hemispherical microparticles. Finally, 

adjusting the current density and duration, and the HF/ethanol ratio during anodic etching 

dictates the pore sizes and porosity of the pSi microparticles. Characterization is typically 

done using scanning and transmission electron microscopy (SEM/TEM) and nitrogen 

adsorption/desorption measurements. The versatility of this fabrication process enables 

the realization of porous silicon microparticles ranging in size from 600 nm to 116 µm in 

diameter with varying shapes, including discoidal, cylindrical and hemispherical, and 

varying porosity with pore sizes ranging from 6 nm to greater than 50 nm in diameter. 

For the embolization studies, I have successfully fabricated hemispherical microparticles 

with 116 µm diameter and pore diameter of about ~15 nm. The size was chosen to enable 

the formation of occlusions at distal bifurcations in the hepatic artery that lead to the 

tumor microenvironments. The successful fabrication of these microstructures is a step 

closer to the realization of pSi particles as a biomaterial for chemoembolization.  
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The ability to load pSi microparticles with second stage nanoparticles is a critical 

characteristic of a multistage delivery system. This process is typically preceded by 

surface modification of the pSi microparticles by oxidation (negatively-charged) or 

modification with APTES (positively-charged) [123]. The most common method of 

loading the pores is through the incipient wetness method [206-208]. Two major factors 

dictate the loading mechanism of second stage nanoparticles in the first stage pSi 

microparticles: pore size and surface chemistry [123, 124]. Depending on the critical 

dimension of the second stage cargo being loaded and the pore size of the microparticles, 

the nanoparticles may be sequestered on the surface of the microparticles due to size 

exclusion, or may penetrate freely with a uniform distribution or form aggregates 

depending on the size of the pore. The second factor that may affect pore loading is 

surface modification which drives the loading mechanism based on electrostatic 

interactions. Oxidized microparticles are readily loaded with amine-terminated 

nanoparticles, whereas APTES-modified microparticles are loaded with carboxyl-

modified nanoparticles. In addition, polymerization of APTES on the surface of 

microparticles can serve two purposes: a method to sequester nanoparticles on the surface 

of the microparticles, or a capping mechanism to encapsulate nanoparticles within the 

pores [124]. The versatility in loading mechanisms afforded by the ability to fabricate 

particles with various pore sizes and various surface chemistries has indeed enabled the 

loading of nanoparticles, such as Q-dots [123, 160], SWNTs [123], siRNA-loaded 

nanoliposomes [131], Gd-based contrast agents [132], gold nanoparticles and SPIONs 

[175]. The ability to load second stage nanoparticulate payloads establishes the feasibility 

of using pSi microparticles to deliver chemotherapy drugs required during HCC 

chemoembolization. 
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Many of the conventional embolic materials used in chemoembolization suffer 

from poor biocompatibility and potentially toxic degradation by-products [81]. Two 

important requirements for injectable drug delivery and embolization agents are 

biocompatibility and efficient clearance or biodegradability [173]. Porous silicon is 

known to degrade to the weak orthosilicic acid over time which is readily cleared from 

the body [131]. Canham et al. have reported that biodegradation of porous silicon is 

dependent on pore size such that larger pores result in faster degradation [150, 215]. We 

have shown that, in addition to porosity and pore size, surface modification affects the 

degradation rate of pSi microparticles. Oxidation tends to slow down the degradation rate 

compared to as-synthesized porous silicon structures [214]. In addition, regardless of 

whether capping was done with APTES or not, porous silicon microparticles loaded with 

SPIONs degraded and released their payload in a manner that paralleled the degradation 

rate of the microparticles [124]. Drug release achieved by pSi degradation was further 

demonstrated with microparticles loaded with nanoliposomes encapsulating siRNA. In 

addition, in vivo studies have shown that degradation is organ-specific with faster 

degradation observed in the spleen compared to the liver [131].  

Understanding the degradation kinetics of pSi microparticles will influence the 

design of microparticles for chemoembolization. First, the porosity, pore size and surface 

chemistry will play an important part in ensuring the formation of a biocompatible 

artificial embolism. The degradation by-product of pSi is safe and poses no threat to the 

surrounding healthy liver parenchyma. Second, the degradation rate can be fine tuned to 

establish an artificial embolism for a specific period of time before the onset of 

degradation initiates the complete dissolution of the pSi embolism. Finally, the 

degradation rate and loading/release mechanism of chemotherapeutic can also be tuned 

for efficient treatment of the tumor microenvironment. Further analysis on the 



 105 

degradation kinetics of pSi microparticles specifically targeted for chemoembolization of 

HCC is warranted. However, all preliminary studies suggest that pSi is a safe and suitable 

biomaterial that can be tailored to form multifunctional artificial embolisms for the 

treatment of HCC. 
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Chapter 4:  In Vitro Study of Porous Silicon Microparticles as an 

Embolic Material 

4.1  INTRODUCTION 

 

To test the ability to form embolizations using pSi microparticles, a microfluidic 

platform is designed to mimic the physiological properties of the hepatic 

microvasculature and is fabricated using soft lithography. The ability to characterize the 

hydrodynamic behavior of the hemispherical particles by in vitro experimentation using 

microfluidics will provide insight on how the particles will perform in vivo. In addition, 

the effect of varying the properties of the microparticles and the flow conditions on 

embolization efficiency can be easily monitored. This chapter will: (1) briefly review the 

challenges and recent advances in establishing a biomimetic microvascular network, (2) 

discuss the fabrication and characterization of the preliminary microfluidic channel used 

for embolization studies, and (3) test the ability to form embolisms using hemispherical 

pSi microparticles. 

 

4.2  MICROVASCULAR  NETWORKS 

 

Living systems are characterized by vascular networks that are fundamental in 

orchestrating efficient fluid flow and distribution for autonomic healing, cooling and 

energy harvesting to satisfy metabolic needs and maintain homeostasis [216]. The ability 

to mimic these highly branched architectures in functional materials is of great interest 

for various applications in self-healing [217-219], tissue engineering [220-222], organ 

printing [223, 224], microfluidics [225, 226], and biomedical devices [227]. However, 

progress in these emerging applications has been severely hampered by the inability to 

develop functional microvascular networks with properties that mimic the physiology of 
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the microcirculation [228]. Indeed, engineered complex tissues and organs require a 

viable microcirculation model for sustained delivery of oxygen and nutrient delivery. 

Moreover, drug development for cardiovascular diseases and vascular toxicity and 

pharmacokinetic studies of chemotherapeutic agents require the establishment of in vitro 

biomimetic microvascular constructs. 

Several techniques, including soft lithography [229, 230], stereolithography [231], 

direct laser ablation [232], bioprinting [224], vascular corrosion casting [233], and 

electrostatic discharge [234], have been developed. The length scales in microvascular 

networks range from several microns to millimeters in diameters, and the ability to form 

complex 3D structures with smooth transitions between hierarchical, bifurcating features 

present significant challenges. Photolithography-based microfabrication [235-238] have 

been extensively researched for development of vascular networks and typically result in 

2D planar vascular networks that can be stacked layer-by-layer (LBL) to achieve a 

certain degree of three-dimensionality [239]. However, LBL assembly is a tedious 

process and limits the topological complexity of the microvascular construct. In addition, 

photolithography enables the fabrication of microvascular networks with rectangular 

cross-sections which does not emulate the circular features of the microcirculation. 

Stereolithography [231] and direct laser ablation [225, 240] both enable the formation of 

3D networks, however, these techniques can be time consuming, and are limited by 

resolution and feature size ranges that can be realized.            

Various strategies have been developed to address the ability to fabricate 

microvascular networks with circular cross-sections and smooth transitions at 

bifurcations [241, 242]. Recently, Borenstein et al. reported the fabrication of 

endothelialized microvascular networks with circular cross-sections [243]. Master molds 

were prepared on silicon by electroplating copper to form semi-circular ridges. Thin 



 108 

polystyrene sheets were embossed on the masters to create semi-circular channels. Two 

polystyrene sheets are then aligned and joined to form a closed microchannel network 

with circular cross-section suitable for seeding of endothelial cell on the inner walls. The 

smallest microchannel embossed on the polystyrene sheet was measured to be 190 µm 

wide and about 80 µm deep, and bifurcations showed smooth transitions that would 

eliminate chaotic flow [243]. In addition, tissue-culture-grade polystyrene was chosen 

because it offered stable surface chemistry for cell attachment compared to 

polydimethylsiloxane (PDMS) which is commonly used in soft lithography. 

 Recently, omnidirectional printing (ODP) was reported that establishes the 

formation of 3D complex microvascular networks that physically resemble the 

microcirculation in terms of circular cross-sections and smooth bifurcations [244]. ODP 

is a variant of direct-write assembly that also enables layerwise patterning. A fugitive ink 

filament is deposited within a photocurable gel through a deposition nozzle that is 

mechanically translated to allow omnidirectional freeform fabrication of the network. 

Due to the difference in viscosity between the filler ink and the photopolymerizable gel 

substrate, local voids are created as a result of the translational motion of the nozzle and 

are quickly filled by the less viscous ink. This is followed by photo-induced solidification 

of the gel substrate and the extraction of the ink by liquefaction at 4ºC under vacuum. 

The authors were able to fabricate a 3D biomimetic microvascular network characterized 

by hierarchical, 3-generation branching topology with circular channels ranging from 200 

– 600 µm in diameter [244]. Indeed, this microvascular construct has potential to be used 

in various applications including in vitro experimentation with intravenous based 

therapeutic development and tissue engineering.     
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4.3  SOFT  LITHOGRAPHY 

 

Although the techniques mentioned above are effective for preparing biomimetic 

3D microvascular networks, they require sophisticated tools and the processing 

conditions require optimization. Due to time constraints and inexperience in fabricating 

the desired complex microvascular networks by ODP, microfluidic channels for 

preliminary embolization experiments were fabricated using soft lithography and are 

composed of simple 2D planar features. The microchannel for this study does not reflect 

in vivo flow dynamics in the microvasculature. However, they offer valuable qualitative 

information regarding the performance of the pSi microparticles as embolic materials 

which can be used to optimize the desired experimental conditions in the future.  

Soft lithography for rapid prototyping using PDMS was first proposed by the 

Whitesides group in a seminal paper published in 1998 [245], and has since become one 

of the most common techniques to fabricate microfluidic devices [246, 247]. Microscale 

soft fabrication has also been widely used in tissue engineering [230, 248, 249], and 

recently efforts have been focused on developing biomimetic microvascular networks for 

in vitro and in vivo applications using soft lithography. The basic process in soft 

lithography involves the fabrication of a master mold using conventional 

photolithography, and casting a pre-polymer mixture over the mold to create patterned 

relief structures on the polymer surface after curing is completed. The master can be used 

numerous times making the process simple, inexpensive and amenable to rapid 

prototyping. PDMS is the most commonly used polymer in this technique because it is 

cheap, biocompatible and transparent. 
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4.4  MICROCHANNEL  FABRICATION FOR IN  VITRO  EMBOLIZATION  STUDIES 

 

The fabrication process of the microfluidic channel was done in a class 100 cleanroom 

microfabrication facility using: 

 

 photolithography tools (including HMDS oven, spin coater, UV mask aligner) 

 metrology tools (including ellipsometry and scanning electron microscopy) 

 acid hood and solvent hood with sonic bath 

Figure 4.1 shows three major fabrication steps involved in soft lithography: (1) 

rapid prototyping of master molds using photolithography, (2) replica molding of master 

molds in PDMS, and (3) sealing the final device by oxidation. 

 

Figure 4.1:  Schematic representation of the major steps involved in soft 

lithography. The steps include: (a) rapid prototyping of master molds, (b) 

replica molding of master, (c) sealing the device to get (d) the final 

microfluidic device. Adapted from [250]  
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4.4.1 Rapid Prototyping of Master Molds 

The microchannel was drawn to scale on AutoCAD (AutoDesk Inc., San Rafael, 

CA). A high resolution dark-field transparency was generated (Fineline Imaging, 

Colorado Springs, CO) and served as a mask in contact photolithography when 

fabricating the master mold. This master, which consisted of a positive relief structure on 

a silicon wafer, would later be used as a template for generating microchannels in PDMS.  

The high resolution transparency photomask outlines the shape of the final 2D 

pattern of the microchannel (Figure 4.2). The channel used here consisted of a main 

channel with a side branch that ended with a bifurcation. The main channel and the side 

branch have a width of 200 µm while both legs of the bifurcation have a width of 100 

µm. This channel design was chosen to mimic bifurcations found in the microcirculation. 

Although the microchannel does not exactly emulate the vascular physiology found in the 

microcirculation, it will however provide valuable insight on the behavior of the 

hemispherical pSi microparticles at bifurcations. 

 

 

Figure 4.2: A CAD design of the microchannel used to create a transparency 

photomask for the fabrication of the master mold. The numbers are used 

to label each port on the channel. Port 1 was used as an inlet while ports 2 – 

5 were all outlet ports. 
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Multi-level photolithography, which involves the application of multiple layers of 

photoresist before UV exposure and development, was used to create high aspect ratio 

reliefs [239]. SU-8 2025 (Microchem Corp, Newton, MA) was the photoresist used 

because it offers several advantages including high aspect ratio imaging and vertical 

sidewalls.   

 

4.4.1.1 Substrate Preparation 

 

A silicon wafer was chosen the substrate for the master mold. To improve 

photoresist adhesion, the wafer was cleaned with a piranha solution (1:2 mixture of H2O2 

/ H2SO4) and thoroughly rinsed for 5 cycles in de-ionized water. To promote photoresist 

adhesion, the wafer is then coated with hexamethyldisilazane (HMDS) in a HMDS oven 

(Yield Engineering Systems, Livermore, CA) for a 5 min prime.    

 

4.4.1.2 Resist Coat and Soft Bake 

 

Approximately 3 – 4 ml of SU8 – 2025 was dispensed on the silicon wafer. 

According to calibration curves of Film Thickness (µm) versus Spin Speed (rpm) 

available in the processing guidelines, the wafer was spun using a spin program with two 

consecutive steps: (1) Spreading step: 500 rpm for 10 seconds with acceleration set to 

100 rpm/sec, and (2) Thinning step: 1750 rpm for 30 seconds with acceleration set to 300 

rpm/sec. The spreading step allows for an even distribution of the resist after dispensing, 

while the thinning step spins off excess resist such that the desired film thickness is 

achieved. 

Soft baking is a necessary step to allow evaporation of solvent in the photoresist 

which could affect cross-linking of the resist. Two hotplates were used to step up the 
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temperature from 65 ºC to 95 ºC. The soft bake times depended on the thickness of the 

resist layer. A multi-level photolithography process was employed and 4 cycles of both 

resist spin-coating and soft baking was executed to achieve the desired thickness. The 

soft bake times varied with each spin cycle, as shown in Table 4.1. Coated wafers were 

allowed to cool to room temperature after each soft bake cycle before proceeding to the 

next step in the fabrication process. Approximate resist thickness was obtained by 

profilometry. However, to obtain more accurate thickness measurements ellipsometry 

may be used.  
 

Table 4.1: Soft bake times with every spin cycle (based on recommended bake times 

in Microchem recipe) 

Spin cycle Approximate Thickness of final 

layer (µm, profilometer) 

Soft Bake Times 

65 ºC (minutes) 95 ºC (minutes) 

1 57 2 4 

2 120 5 15 

3 N/A 5 25 

4 287 7 40 

 

4.4.1.3 Exposure and Post-Exposure Bake 

 

Exposure is typically done with conventional UV (350-400 nm) radiation with i-

line (365 nm) being the recommended exposure wavelength. SU-8 undergoes cross-

linking in two steps: (1) a strong acid is formed during the exposure step, which catalyzes 

(2) the thermally driven cross-linking of the epoxy during the post-exposure bake (PEB). 

Resist thickness dictates the exposure dose required to achieve vertical sidewalls. 
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UV exposure was done using a Karl Suss MA6 Mask Aligner, 700J exposure 

(approximately 35 seconds) using hard vacuum contact. The high resolution mask, 

described earlier, was used to transfer the pattern onto the SU-8 2025 multi-level resist. 

After exposure, PEB was done on hotplates at 65 ºC for 5 minutes and 95 ºC for 15 

minutes. The sample was allowed to cool to room temperature before development. 

 

4.4.1.4 Development and Hard Bake 

 

The exposed wafer was immersed in SU-8 Developer (Microchem Corp, Newton, 

MA) and underwent gentle agitation for about 20min. Once the dissolution of the regions 

on the wafer that did not cross-link was completed, the wafer was rinsed with acetone for 

5 seconds, was quickly followed by a second rinse with isopropanol (IPA) for 10 seconds 

and was dried using a nitrogen gun. The wafer was hard baked on a hotplate at 200 ºC for 

20 minutes. This became the master mold for PDMS replica molding which was 

composed of four identical positive relief patterns of the microchannel. As a result, four 

microchannels can be generated with each casting of PDMS (Figure 4.3). 

 

Figure 4.3:  An image of the final master mold used of rapid prototyping with 

PDMS. 
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4.4.2 Replica Molding of Master Molds 

 

PDMS pre-polymer curing agent (Sylgard® 184 Silicone Elastomer, Dow 

Corning, Midland, MI) were mixed in a 10:1 ratio. The mixture was degassed using a 

vacuum chamber. Once air bubbles were eliminated, the PDMS mixture was cast over the 

master mold and cured in a convection oven at 60 ºC for about 1 hour. Once the polymer 

was thermally hardened, the PDMS replica was peeled off the master mold and holes 

were punched through the inlet and outlet ports of the microchannels. Flat PDMS slabs 

were also prepared in clean Petri dishes which served as the base for the microchannels. 

4.4.3 Oxidation and Sealing 

 

The surfaces of both the PDMS microchannel and the flat slab that were going to 

be bonded to each other were rinsed with IPA and dried. Double-sided tape was used to 

remove excess dust and debris that were on the surfaces of interest. The samples were 

then loaded, with the surface of interest facing up in a PX-250 Asher (300W, Marsh 

Instruments Inc, Concord, CA) for 30 seconds for oxygen plasma treatment. Immediately 

after plasma treatment was completed, the substrates were brought in conformal contact 

to create the final microfluidic device (Figure 4.4). It is suggested that oxidation of 

PDMS causes the formation of covalent siloxane (Si-O-Si) bridges between the two 

surfaces by a condensation reaction. As a result an irreversible seal is achieved. The final 

microfluidic device has a consistent depth of approximately 280 µm which is directly 

related to the height of the relief structures on the master mold. 
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Figure 4.4:  The sealed PDMS microfluidic device. 

 

4.5  IN  VITRO  EMBOLIZATION  WITH  POROUS  SILICON  MICROPARTICLES   

To study the potential use of pSi microparticles as an embolic material for the 

treatment of HCC, a simple microfluidic channel with a single bifurcation was used as a 

construct to emulate bifurcations in the hepatic artery which is the vessel that is 

commonly targeted during conventional chemoembolization. As described in the Chapter 

3, hemispherical porous silicon microparticles (116 µm diameter) were fabricated using a 

combination of photolithography and anodic etching in HF-based solution, and were 

subsequently released in IPA.  

 

4.5.1 Preparing Microparticles for In Vitro Study 

 

An aqueous buffer is typically used to deliver therapeutics intravenously, and 

therefore, to simulate this, the pSi microparticles were transferred into phosphate 

buffered saline (PBS). This was done by transferring the particles onto a glass Petri dish 



 117 

and drying them from solvent using a hotplate at 45 ºC for about 30 minutes. Once 

completely dried, the particles were oxidized by exposure to oxygen plasma (300W, PX-

250 Asher, Marsh Plasma Systems, Concord, CA) for 1 min. Oxidized particles were 

then suspended in 30 ml PBS for experimentation (estimated 20,000 particles / ml PBS). 

 

4.5.2 Experimental Setup 

 

Figure 4.5 shows a schematic of the setup used to observe formation of 

embolization in the microfluidic channel. A peristaltic pump (Dynamax RP-1, Rainin 

Instrument Co., Emeryville, CA) was used to flow the pSi microparticles through the 

fabricated microfluidic device. The hydrodynamic behavior of the microparticles within 

the microchannel was observed using an optical microscope (Olympus BX-51, Olympus 

America, Inc., Center Valley, PA). 

 

Figure 4.5:  A schematic showing the experimental setup for observing the 

formation of embolization in the microfluidic channel.  
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The volume flow rate of the peristaltic pump was calibrated, as shown in Figure 

4.6. This was used to set the appropriate speed on the pump for the desired flow rate. In 

addition, the mixture of pSi microparticles in PBS was placed on a magnetic hotplate 

stirrer (VMS-C7, VWR International, LLC. Radnor, PA), and was used to gently agitate 

the solution at about 250 rpm while pumping. Agitation was used to ensure that a 

homogenous mixture of the particles is pumped. 

 

Figure 4.6:  Calibration curve of flow rate vs. rpm setting on the Rainin peristaltic 

pump. The calibration curve was obtained by pumping a volume of DI 

water over a fixed period of time for every rpm setting. The volume of water 

pumped was measured using a graduated cylinder. 

 

4.5.3 Experimental Results 

 

For this preliminary experiment, a flow rate of 9µl/sec was used. Flow was 

introduced in the microchannel through Port 1 while Ports 2, 4 and 5 were set as outlets. 

A hole was not created through Port 2 during the replica molding process because it was 
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considered redundant, and did not influence the flow within the channel. Time-lapse 

images were obtained every 5 seconds using the Olympus microscope over a period of 3 

minutes. The results are shown in Figure 4.7. Interestingly, after 90sec of flow, a single 

hemispherical microparticle behaved like a plug, and initiated the accumulation of mor 

microparticles to form an obstruction at the bifurcation. The result of this proof-of-

concept in vitro experiment supports: (1) the feasibility of using pSi microparticles as an 

embolic agent, and (2) the feasibility of using microfluidic constructs as in vitro testing 

platforms to study embolization. 

 

 

Figure 4.7:  Time-lapse images captured using an optical microscope at 10X 

showing the formation of an occlusion at the bifurcation site in the 

microfluidic device. Note that at t = 90s, a single hemispherical particle 

acts like a plug at the bifurcation initiating the embolization process. 
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4.6  DISCUSSION 

 

The use of a microfluidic device for the in vitro evaluation of embolization 

performance is of great interest because the current standard for the evaluation of 

embolization processes involves experimenting directly on animal models such as mice, 

rabbits and pigs [251]. Although these animal models closely represent the tumor 

microenvironment in which the embolic agent will operate in, they are limited by 

experimental and economical complications. Recently, Carugo et al. presented the first 

report that discusses the use of a microfluidic device for the characterization of the 

embolization behavior of polyvinyl alcohol (PVA) hydrogel beads [252]. The device 

consisted of a set of bifurcations that mimicked the microcirculation network. 

Comparable to embolization characteristics observed in vivo, distal and proximal 

embolizations were realized within the PMMA-based microchannel using various PVA 

bead sizes. Smaller beads resulted in more distal embolizations with reduced controlled 

over the spatial localization of the occlusion. On the other hand, larger beads afforded 

improved reproducibility of embolization behavior with effective formation of proximal 

occlusions. Various properties of the embolic agent were characterized using the 

microfluidic device including bead partitioning behavior at bifurcations, penetration 

efficacy and spatial distribution of the occlusions. In addition, bead size and 

concentration, channel geometry and bifurcation morphology, and various flow 

conditions were investigated for a better understanding about the relationship between 

bead embolization behavior and penetration performance. Furthermore, the microfluidic 

device was shown to be a potentially useful platform for preclinical evaluation of 

embolization agents as an alternative precursor to animal studies. 
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For this preliminary study to investigate the embolization behavior of pSi 

microparticles, I fabricated a simple microfluidic device consisting of a main channel and 

a single bifurcation. The microfluidic channel was rapid prototyped in PDMS using soft 

lithography. Oxidized pSi microparticles were introduced into the channel at a flow rate 

of 9 µl/sec and formation of occlusions was observed using an optical microscope. Time-

lapse images show the formation of occlusions at the bifurcation within the first 3 

minutes and penetration was effectively disrupted. This preliminary data suggest that pSi 

microparticles can effectively occlude flow in a microchannel and can potentially be used 

to form artificial embolisms in the microcirculation of HCC tumors. Further 

investigations are warranted to understand the embolization characteristics of the pSi 

microparticles. In addition, the development and characterization of a complex 3D 

microvascular network combined with effective detection strategies would potentially 

enable the accurate in vitro evaluation of microparticle embolization behavior. 
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Chapter 5:  Conclusion and Future Directions 

5.1  THESIS SUMMARY 

 

Hepatocellular carcinoma (HCC) comprises most primary liver cancer incidences. 

Global demographic data have indicated that HCC accounts for up to 85% of the total 

liver cancer burden [2]. Current treatment strategies for intermediate and advanced stage 

unresectable HCC include internal radiation therapy and arterial 

embolization/chemoembolization, of which transarterial chemoembolization (TACE) has 

shown the best survival rates. TACE takes advantage of the fact the HCC tumors are 

hypervascularized and almost exclusively receive their blood supply from the hepatic 

artery. Therefore, a chemotherapeutic agent is administered locally followed by the 

occlusion of specific regions of the hepatic artery using embolic materials. The 

synergistic effect of chemotherapy and arterial obstruction results in ischemic tumor 

necrosis. Recently, chemoembolization using drug-eluting beads (DEBs) has shown 

promising results by combining local embolization of vasculature with release of 

chemotherapy into one step.  

Although TACE is a promising treatment option, it is not without its set of 

complications, which primarily results in post-embolization syndrome where patients 

suffer from symptoms such as transient abdominal pain, ileus and fever [81]. This is 

partially due to inadvertent exposure of noncancerous liver parenchyma to embolic 

agents resulting in liver injury. The specificity and possibility of over-embolization with 

DEBs and other embolic materials raises concerns with regards to non-target 

devascularization which may also result in flow reversal in collateral arteries. This in turn 

may cause serious infection and necrosis of unaffected liver tissue, or in the worst case, 
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cause organ failure. Indeed, there is a need for a multifunctional embolic material which 

can deliver anticancer drugs without damaging neighboring tissues. 

Our laboratory has developed a multistage drug delivery system based on porous 

silicon (pSi) that is capable of circumnavigating the several biobarriers encountered in the 

body when delivered intravenously to the tumor [91, 95, 97, 98, 125]. This system is 

composed of specifically engineered pSi microparticles that can be tailored to 

simultaneously carry various therapeutic and imaging agents, and designed to maximize 

site-specific localization and release of payload therein [123, 126, 160]. These 

multifunctional carriers are biocompatible and biodegradable eliminating any safety 

concerns and long-term adverse effects. 

We have demonstrated the ability to fabricate pSi microparticles ranging in size 

from 600nm to 116µm in diameter with varying shapes including discoidal, cylindrical 

and hemispherical, and varying porosity with pore sizes ranging from 6 nm to greater 

than 50 nm in diameter [160]. We have also demonstrated the ability to load second stage 

nanoparticles in pSi microparticles by tailoring the pore sizes and surface chemistries, 

enabling the loading of nanoagents, such as Q-dots [123, 160], SWNTs [123], siRNA-

loaded nanoliposomes [131], Gd-based contrast agents [132], gold nanoparticles and 

SPIONs [175]. The ability to load second stage nanoparticulate payloads in 

biocompatible, engineered pSi microparticles are desirable properties of embolic agents. 

It is feasible to envision pSi microparticles tailored to deliver chemotherapeutics to HCC 

tumors and form biocompatible obstructions in the hepatic artery, thus, creating a novel 

chemoembolization agent with multifunctional capabilities.  

To test this theory, I designed a preliminary in vitro experiment to test the 

feasibility of forming occlusions at a bifurcation in a microvascular construct. First, I 

successfully fabricated hemispherical microparticles with 116 µm diameter and pore 
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diameter of about ~15 nm. Second, using soft lithography, I rapid prototyped a 

microfluidic device in PDMS which consisted of a main channel and a single bifurcation. 

Oxidized pSi microparticles were introduced into the device at an appropriate flow rate 

and time-lapse images were taken showing the formation of occlusions at the bifurcation 

within the first 3 minutes. Furthermore, penetration through the bifurcation was 

completely hindered suggesting that pSi microparticles can potentially be used as an 

embolization agent. 

 

5.2  FUTURE DIRECTIONS 

 

This preliminary study is in its primitive stage. There are several avenues for 

improvement and further investigations are warranted to understand the performance of 

the pSi microparticles as chemoembolization materials. Based on the extensive studies on 

the application of pSi microparticles as multistage delivery systems, it is safe to state that 

these particles are comparable to DEBs in that they have the potential to simultaneously 

administer chemotherapeutic drugs and occlude the target blood vessel. Further tests, 

however, are necessary to corroborate this theory. In addition, it is believed that pSi 

microparticles would offer more functionality compared to DEBs. The ability to deliver 

more than one nanoparticulate agent, such as gene silencing, chemotherapy, and imaging 

agents, makes this system very desirable. As a result, the effect of the therapeutic agents 

and vascular obstruction on HCC tumors can be monitored with the enhancement of 

contrast agents. Indeed, future efforts would seek to implement the multifunctionality of 

pSi microparticles for effective chemoembolization. Finally, it should be noted that pSi is 

a desirable biomaterial for HCC chemoembolization because it is biocompatible and 

biodegradable. DEBs are non-biodegradable polymer microbeads and have been 
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implicated in various complications. Future work would focus on exploiting the 

biodegradability of pSi microparticles to balance the release of nanoparticulate payloads 

while sustaining vascular obstruction to ensure necrosis of the tumor and its 

microvasculature.    

Another area of improvement would be in the design of an optimal biomimetic 

microvascular construct that accurately emulates the microcirculation around the HCC 

tumors. The work in this thesis is one of the first in vitro studies that utilize microfluidics 

to investigate the embolization characteristics of pSi microparticles. It is common 

practice to test embolic materials directly on animal models. However, maintaining 

animal facilities and sacrificing animal models, as well as the complexity of the methods 

to harvest and observe in vivo data results in experimental and financial complications. It 

is therefore necessary to develop accurate in vitro platforms to understand the behavior of 

embolic agents. The microchannel developed for this study is not an accurate 

representative of the microcirculation around a tumor. First, the microfluidic channel has 

a flat planar structure with straight bifurcations and a square cross-section throughout. 

The aspect ratio of the channel is limited by the photolithography process resulting in a 

structure with a single height distribution and inaccurate bifurcation transitions. Second, 

although PDMS is biocompatible and elastic, it does not accurately simulate the 

structural properties of the microvasculature. In addition, it is inhospitable to uniform cell 

seeding to create endothelialized microchannels. Therefore, there is a need for a complex 

microvascular platform based on microfluidics that biophysically mimics the tumor 

microcirculation. Future work would focus on the development of 3D branched structure 

of the microvascular network characterized by circular channels and an optimal 

biomaterial. The establishment of a microvascular construct as a platform for in vitro 

experiments with pSi microparticles would provide more insight on the hydrodynamic 
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behavior, partitioning through bifurcations, penetration through microchannels and 

embolization effects of the microparticles with respect to particle size, concentration and 

fluidic conditions. Indeed, the results presented in this thesis supports the need for such in 

vitro platforms, and future work will focus on this issue. 
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