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ABSTRACT OF THE DISSERTATION 

 
Selective Sensing and Sustained Release: Biomedical Applications of Porous Silicon 

 

by 

 

Geoffrey Ian Hollett 

 

Doctor of Philosophy in Materials Science and Engineering 

 

University of California San Diego, 2019 

 

Professor Michael J Sailor, Chair 

 

 Porous silicon has been investigated as a novel material for biomedical 

applications since the early 1990s. Owing to its low toxicity profile and unique 

properties, it has been utilized in a variety of manners, including biomedical imaging 
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and sustained delivery applications discussed within. In the first portion of this 

dissertation, quantum confined domains of silicon were used as ratiometric 

fluorescent probes, in which the long-lived excited states were harnessed to generate 

wavelength-dependent quenching motifs. To further evaluate the performance of 

porous silicon as a biomedical imaging agent, it was then compared and contrasted 

against a series of luminescent silicon nanocrystals to probe which unique properties 

are intrinsic to all silicon nanocrystals and which are imbued during the fabrication 

process. Finally, porous silicon microparticles were used to sustain the delivery of 

hormonal progestins to develop injectable contraceptives with the goal of reducing 

maternal mortality rates in sub-Saharan Africa. Owing to the anisotropic dissolution of 

porous silicon, hydrophobic progestin molecules were able to be released from the 

porous particle host in a highly linear fashion and for longer periods of time than the 

unprotected controls. The progestins were incorporated into the porous particle via a 

technique known as melt casting, in which molten drug infiltrates and then 

recrystallizes within the porous structure. Strategies for melt casting thermally 

instable drugs were also explored. Particles containing segesterone acetate were 

found to be non-toxic and well tolerated in a cohort of adult female Sprague-Dawley 

rats over an extended period of time.  
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CHAPTER ONE: INTRODUCTION 
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1.1 POROUS SILICON 
 

 Porous silicon was first reported in the literature as an accidental discovery by 

Uhlir in 1956 out of Bell Labs2. In an attempt to electropolish silicon wafers in the 

presence of hydrofluoric acid (HF), Uhlir instead unknowingly formed aligned, 

nanometer-sized pores on the surface of his silicon wafer, reporting the discovery as 

a “matte black brown, or red deposit” (Fig 1.1) on the areas exposed to HF relative to 

the otherwise shiny silicon. However it wasn’t until decades later in 1990 when 

Canham and Gosele simultaneously reported that these nanometer sized features of 

silicon produced orange-red luminescence under ultraviolet excitation that the appeal 

of porous silicon as a material was more widely recognized3-4. Owing to the relative 

non-toxicity of silicon based materials in the body, many applications involving porous 

silicon have been focused on the biomedical field, ranging from  drug delivery 

vehicles5 to imaging agents6. 

1.2 FABRICATION OF POROUS SILICON  
 

 Porous silicon has been made in a variety of methods, including 

electrochemical etching, metal assisted chemical etching7, stain etching8 and the 

chemical reduction of naturally occurring porous silica structures9. For the purposes 

of this work, however, porous silicon will be used to refer specifically and exclusively 

to material prepared by the electrochemical etching of silicon wafers by HF. 

Electronics grade silicon wafers are submerged in an electrolyte solution containing 

HF and ethanol and then exposed to current, producing pockets of SiO2 on the  
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Figure 1.1 (top) Electronics grade silicon wafer prior to etching. (bottom) Silicon wafer after exposure 
to 50 mA/cm2 current in a 3:1 HF:EtOH solution for 5 minutes. The dark circle represents the area 
exposed to HF where the porous Si layer is formed. 
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surface which is then dissolved to soluble SiF6
2- species, creating a void on the 

surface. Since this void has now presented a path of least resistance relative to the 

rest of the surface, further electrochemical oxidation of silicon to SiO2 and 

subsequent dissolution by HF are favored at the bottom of the void rather than the 

top, thus forming aligned pores10 (Figure 1.2).  

 Particles of porous silicon can then be formed by performing a second 

“electropolishing” etch in which a dilute hydrofluoric acid solution and low current 

density liberate the bottom of the porous layer from the bulk Si substrate. The 

resulting film can then be fractured into particles of varying size, typically by 

ultrasonication in water or ethanol11. Due to the broad, irregular distribution of particle 

sizes produced by this method, a process known as “perforated etching” can be 

performed in which high current pulses can be performed at regular intervals during 

the initial electrochemical etch, producing physically weak, high porosity planes at set 

distances which tend to fracture first relative to the rest of the porous layer. This 

produces particles with a tighter distribution of sizes relative to particles made from a 

non-perforated etch12. 

 It should be noted that luminescent porous silicon, as reported by Canham 

and Gosele, is only created under a specific set of conditions, explored later in this 

work. The majority of porous silicon structures generated using electrochemical 

etching is not luminescent immediately upon removal from the HF electrolyte and 

requires further processing to activate luminescence. One such technique, mild 

oxidation of the pore wall, is discussed at length in Chapters 2 and 3. 
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Figure 1.2 Scanning electron microscopy of (top) porous silicon cross-section, and (bottom) top-down 
view of porous silicon microparticle generated by ultrasonication. Scale bars represent 1 µm. 
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1.3 BIOSAFETY OF POROUS SILICON MATERIALS 
  

As the second most abundant element in the earth’s crust, silicon tends to 

accumulate in the diet of most humans and has been found in serum levels at 

approximately 100-500 µg/L across a broad spectrum of patients13.  While not 

believed to be an essential mineral to growth or maintenance of human health, it 

does not appear that low levels of silicon in the human body have any adverse toxic 

effects, and in fact may have some positive benefits on early stage bone formation14. 

In the body, silicon is most often found in the form of orthosilicic acid, Si(OH)4, a 

water soluble species that is regulated by the kidneys with excess being excreted in 

the urine15. This is advantageous for the use of porous silicon as a biomaterial, as the 

primary aqueous degradation product of porous silicon and its oxides is to orthosilicic 

acid16.  

In the literature, porous silicon was first evaluated for toxicity in 1998 after 

implantation in the backs of guinea pigs, where it was found that there were no 

adverse effects up to 12 weeks after implantation17. As expected, the porous layer 

began to dissolve into water soluble Si(OH)4 over time and the implant was visibly 

degraded after 4 and 12 weeks when viewed with electron microscopy. Since then, 

silicon chips, films and particles have all been evaluated for toxicity in a variety of 

tissues, including the eye18, the heart19, the lymph node 20, the subcutaneous space21 

and in general circulation6, 22-23.  

This aspect of silicon nanomaterials is of particular interest when compared 

against its major competing technologies and their struggles with toxicity. For 
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example, traditional inorganic nanoparticle systems such as gold24, silver25 and iron26 

have all struggled to achieve clinical translation partially due to their lack of 

biodegradability and risk of accumulation. This is even further apparent when 

contrasting luminescent porous silicon with competing luminescent semiconductor 

nanoparticles (such as PbS, CdSe, etc.), more commonly referred to as “quantum 

dots”, which are notoriously toxic and can leech heavy metals such as cadmium and 

lead27-28. As such, the development of traditional quantum dot technologies for 

biomedical applications will likely be limited to in vitro and ex vivo tools only. 

According to the Food and Drug Administration (FDA), silica is “generally 

regarded as safe”29, however there are currently no materials containing porous 

silicon or porous silica that have been approved for usage in humans at the time of 

writing. One product, OncoSil, is currently in clinical trials in Australia and the United 

States with patient enrollment of 40 and 20, respectively. OncoSil utilizes a depot of 

porous silicon microparticles loaded with phosphorous-32 for continuous 

brachytherapy injected directly into pancreatic tumors30. 

1.4 LUMINESCENCE IN POROUS SILICON 
 

 Similar to traditional semiconductor quantum dot systems, luminescence in 

porous silicon (and all other types of luminescent silicon outlined in this work) arises 

due to the quantum confinement of nanosized silicon domains31-32. Briefly, quantum 

confinement occurs when the diameter of a semiconductor material approaches the 

de Broglie wavelength and the band gap of the material increases. Once the 

diameter reaches a critical size (typically 10 nm or smaller), the recombination of 
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electron and hole will then result in the emission of visible light corresponding to the 

band gap, which blue shifts as the material gets smaller and smaller. This effect was 

first observed in silicon materials simultaneously by Canham and Gosele in the early 

90s3-4. 

 Relative to other semiconductor quantum dots, luminescent silicon has many 

unique features due to its indirect bandgap. In particular, luminescent silicon is 

typically characterized by an unusually broad emission, large Stokes shift and 

unusually long excited state lifetimes33. Arising from the vibrational component 

required for exciton recombination, these parameters, especially the lifetime, are 

crystallite size and thus wavelength dependent34-35. In-depth discussion of these 

materials and their applications are included in Chapters 2 and 3. 

1.5 LUMINESCENCE BASED SENSING IN POROUS SILICON 
 

 Luminescence in quantum-confined silicon is a two-step process: the 

formation of the electron-hole pair and the subsequent recombination. Due to the 

vibrational component of recombination, this process typically takes much longer 

(100 to 1000-fold) than organic or direct semiconductor equivalents, on the order of 

10s to 100s of microseconds. A typical strategy for sensing an analyte of interest 

involves disrupting this process in a concentration-specific manner (Figure 1.3). This 

concentration dependence is described the Stern-Volmer relationship, outlined in 

Equation 1.136: 

= (𝐾 [𝑄] + 1)(𝐾 [𝑄] + 1)                                       (1.1) 
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Figure 1.3 Photographs of aqueous luminescent porous silicon nanoparticles quenched by 500 nM of 
benzyl viologen (left) compared to unquenched particles (right) under white light and 365 nm 
excitation. 

  



10 
 

 Where I0 and I represent initial and quenched intensities, KS and KD 

represents the Stern-Volmer quenching constant for static and dynamic modes 

respectively, and [Q] represents the concentration of the quencher or analyte.  

 If the analyte of interest is a competent electron acceptor, there are two stable 

complex with the ground state, or (ii) accepting the excited electron into a non-

radiative pathway, as described in Figure 1.4. These two mechanisms are typically 

referred to as static and dynamic (collisional) quenching, respectively. While these 

two mechanisms are useful to know, there typically is not a noticeable difference in 

sensing capability when looking simply at a change in intensity. One appreciable 

difference, however, is in the change of excited state lifetime. Since static quenching 

mechanisms prevent the electron from ever reaching the excited state, the excited 

state lifetime of a statically quenched system is unchanged. For a dynamically 

quenched system, since the excited state is now given additional, non-radiative 

pathways to decay through, the excited state lifetime will always be lower than that of 

the unquenched system. This property has been utilized in techniques such as 

fluorescent lifetime imaging microscopy (FLIM) which can be used to visualize the 

distribution of quenchers in a system37-38. 

Shortly after the discovery of luminescence in porous silicon, quenching based 

sensors were developed. When examining the literature, one may note that an 

unusual feature in porous silicon quenching systems arises – a perceptible blue shift 

in the silicon emission spectrum after exposure to the analyte. It is not noted in all 

samples or all analytes, but it does appear regularly (summarized in Table 1.1) often  
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Figure 1.4 Jablonski diagram representations of unquenched, statically quenched and dynamically 
quenched systems. 
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Table 1.1 Literature survey of analytes, mechanisms and the presence of blue shifting observed in 
luminescent silicon sensors. 

Year 
Published 

Silicon 
Source Quencher 

Quenching 
Mechanism 

Blue 
Shifting 

Observed? Reference 

1993 Porous Ethanol Dynamic Yes 
39 

1993 Porous Benzene Static No 
39 

1996 Porous Nitrous Oxide Unreported Yes 
40 

1998 Nanocrystal WO3 NP Dynamic No 
41 

2001 Nanocrystal 
Aromatic 

Nitros 
Dynamic No 

42 

2002 Porous Oxygen Unreported Yes 
43 

2013 Porous Cu2+ Unreported No 
45 

2014 Nanocrystal Dinitrotoluene Dynamic No 
46 

2015 Nanocrystal Trinitrotoluene Static No 
47 

2016 Nanocrystal Dinitrotoluene Dynamic No 
48 

2016 Nanocrystal Quinones Dynamic No 
49 
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with little to no explanation by the authors. Due to the size dependence of silicon 

emission wavelength, blue shifting is often be attributed to oxidation, as the oxide 

slowly decreases the crystallite size50.  

However an alternate explanation exists in which the wavelength dependence 

of quenching can be attributed to the wavelength dependence of excited state 

lifetimes in luminescent silicon. This hypothesis is explored in-depth in Chapters 2 

and 3 of this work. Interestingly, blue shifting is observed in literature quenching 

spectra only when two criteria are met: (i) luminescent silicon is dynamically 

quenched (or the mechanism is unknown), and (ii) luminescent silicon is derived from 

porous silicon. Dynamically quenched silicon nanocrystals (ie, free-floating crystalline 

silicon not embedded in a porous silicon matrix) in the literature did not demonstrate 

any perceptible blue shifting in their emission despite also containing wavelength 

dependent lifetimes, often on the same order of porous silicon. One potential 

explanation, described further in Chapter 3, is the capping chemistries required to 

stabilize silicon nanocrystals tend to be more insulating than those used in equivalent 

porous silicon samples. Alternatively, the proximity of emissive silicon centers within 

a porous silicon matrix may play a role.  
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1.6 MATERNAL MORTALITY & LONGER ACTING CONTRACEPTIVES 
 

As of a 2015 estimation of maternal mortality by the United Nations’ 

Population Fund, approximately 830 women die and up to 25,000 sustain injuries 

every day due to complications with their pregnancies51. For comparison’s sake, 

there were approximately 520 deaths by accidental overdose per day in 2017, at the 

height of the ongoing worldwide opioid crisis52. For the purposes of this work, 

maternal mortality is reported as the death of the mother while pregnant or within 42 

days of terminating the pregnancy (including live birth). While maternal mortality rates 

worldwide tend to be trending downwards, they are still too high and the mortality rate 

in the United States is increasing by as much as 26.6%53. Risk factors for maternal 

mortality include age54, nutrition55, and the use of a Caesarean section56.  

The World Health Organization list of essential medicine contains eleven 

contraceptives, including three injectable hormones. Access to effective birth control 

is a key component to granting women agency and control over their lives, and in the 

US, the first approval of a daily oral hormonal contraceptive coincided with a sharp 

increase in the percentage of women receiving professional or graduate level 

training57-60. In the developing world, however, women may not have access to the 

variety of options that are available to women in the developed world. For example, a 

2015 United Nations report showed that implantable intrauterine devices (IUD) were 

used by married or in-union women aged 15 to 49 at a rate of only 1% in the 

developing world compared to 13.7% globally61-62. Explanations given include poor 

education and counseling with regards to expected side effect profiles, the lack of 

trained providers that can administer the device in a sterile environment, and 
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discomfort experienced by some women during the required pelvic exam63. Similarly, 

the popularity of oral contraceptives was found to be much lower in Sub-Saharan 

Africa (5.1%) compared to Europe (21.9%) and North America (16.5%), possibly due 

to concerns of discretion and the inability to hide pill usage from their partner (Table 

1.2). With high maternal mortality rates and large numbers of women in the 

developing world with unmet family planning needs, it is clear that better alternatives 

are required64-66. 

In Sub-Saharan Africa, injectable contraceptives were found to be the most 

popular option for women (10.7% usage rate)61. In the developed world, these 

methods are rarely used, with only 0.4% of European women and 0.1% of North 

American women utilizing injectable contraceptives61. Injectable contraceptives have 

many key features that make them more desirable in low-resource settings, such as 

the minimal training requirements, convenience and secrecy67. In the ideal scenario, 

injectable contraceptives can be self-injected by the woman, last for an acceptable 

period of time and can be administered discreetly without their partner’s knowledge. 

However, despite the large number of potential consumers, the technology for 

injectable contraceptives is immature. The most common injectable contraceptive 

currently in use is depot medroxyprogesterone acetate (DMPA), a liquid suspension 

of crystalline drug administered intramuscularly or subcutaneously. By 1980, DMPA 

(under market name DepoProvera®) was approved for long-term contraceptive use 

in 80 countries, yet the only major innovation since has been the introduction of the 

Sayana® Press in 2014, a pre-loaded injection kit that can be self-administered68-71.  
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Table 1.2 Summary of maternal mortality and self-reported contraceptive usage statistics for women in 
select countries. 

Country 

Maternal 
Mortality Rate 
(per 100,000 
live births)* 

Rate of Self-
Reported 

Unmet 
Contraceptive 

Need** 

Oral 
Contraceptive 
Usage Rate*** 

Injectable 
Contraceptive 
Usage Rate*** 

United States 14 6.7% 16.0% <0.1% 
Canada 7 7.9% 20.7% 1.0% 
Australia 6 10.4% 28.8% 2.0% 
United 
Kingdom 

9 5.1% 28.0% 2.0% 

China 27 3.8% 1.2% <0.1% 
Kenya 510 18.5% 8.6% 28.1% 
Sierra Leone 1360 26.2% 3.9% 7.5% 
Rwanda 290 19.9% 7.6% 28.1% 
Afghanistan 396 27.1% 6.8% 11.9% 
* - from the Central Intelligence Agency World Fact Book, 2015 estimate72. 

** - Median unmet need for family planning, self-reported by married or in-union 
women, ages 15 to 49 from the 2015 United Nations Trends in Contraceptive Use 
Worldwide report73. 

*** - Usage rates from married or in-union women, age 15 to 49 from the 2015 United 
Nations Trends in Contraceptive Use Worldwide report73.  
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The lack of innovation is not due to a lack of need. DMPA injections suffer 

from serious side effect profiles that can be linked directly to their pharmacokinetic 

profile. As would be expected with an injection of pure crystalline drug, serum MPA 

levels start high and then slowly taper off until the drug has been fully dissolved74-75. 

To maintain adequate serum levels during the tail regime, however, a very high initial 

dose is required, resulting in burst-phase serum levels that can be over 200-times 

higher than the contraceptive threshold76-77. Starting in 2004, the Food and Drug 

Administration placed a “black-box” warning label on DMPA injections due to bone 

mineral density (BMD) loss experienced by women, which is not observed in women 

using oral contraceptives78-79. Studies have shown that the dose of MPA is critical for 

BMD outcomes, ranging from a protective effect at 10 mg/day to significant BMD loss 

at 50 mg/day in premenopausal women80-81. The extended, tapering tail of serum 

MPA levels can also lead to unpredictable timing on a woman’s return to fertility, with 

reports of women experiencing infertility up to 11 months beyond DMPA’s intended 

duration82-83. 

 

1.7 SUSTAINED RELEASE MATERIALS 
 

Improving long-term pharmacokinetic features of a drug through the use of 

biomaterials has been a widely studied field, and resulted in many successful 

products for the treatment of diseases such as bipolar disorder, prostate cancer and 

acromegaly (Table 1.3)84-86. In principle, the active pharmaceutical ingredient is 

embedded within a host material that dissolves at a slower rate than the drug,  
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Table 1.3 Summary of select FDA-approved sustained release products. 

Product 
*Name 

Active 
Pharmaceutical 

Ingredient 

Host 
Material 

Used Indication 
Duration of 

Action 
DepoProvera Medroxyprogesterone 

Acetate 
None Contraception 3 months 

Norplant / 
Jadelle 

Levonorgestrel Silicone 
(rods or 
capsules) 

Contraception 5 years 

Implanon Etonogestrel Silicone 
(rod) 

Contraception 3 years 

Vivitrol Naltrexone PLGA Alcoholism 
and opioid use 
disorders 

4 weeks 

Zoladex Goserelin acetate PLGA Prostate and 
breast cancer 

6 months 

Lupron Depot Leuprolide acetate PLGA Prostate 
cancer and 
endometriosis 

3 months 

Sandostatin 
LAR 

Octreotide acetate PLGA Acromegaly 4 weeks 

Ozurdex Dexamethasone PLGA Macular 
edema 

1-3 months 

Risperdal 
Consta 

Risperidone PLGA Schizophrenia 
and bipolar 
disorder 

2 weeks 

Arestin Minocycline PLGA Periodontitis 3 months 
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causing only small quantities of the drug to enter circulation over a longer duration of 

time. Typically these are referred to as “depot” injections that are administered 

subcutaneously or intramuscularly. The most common material used in extended 

delivery vehicles is biodegradable polymeric microspheres, typically made from 

poly(lactic-co-glycolic acid) (PLGA). 

Contraceptive materials, however, have to this point avoided the use of PLGA, 

and instead focused on either no delivery vehicle (DepoProvera) or the use of 

extremely long-duration silicone tubing implants (Norplant®, Implanon®). Implants 

that use silicone tubing are not biodegradable and require a trained professional for 

both initial implantation and a secondary procedure at the end of the duration to 

remove. As such, the penetration of these implants into the developing world has 

been relatively poor, with a 2.0% usage rate in the least developed countries versus 

12.9% usage rate of injectable contraceptives73. The history of these medications can 

also not be ignored when weighing their ability to penetrate new markets. Norplant, in 

particular, was accused of coercing patients and was the subject of intense litigation 

in the United States due to the perceived non-disclosure of side effects by the 

manufacturer, resulting in a market withdrawl of Norplant® in 200687-88. Subdermal 

implants such as Jadelle® and Implanon® were the focus of a 2014 program in 

South Africa that generated a lot of enthusiasm in the first year but saw a 50% 

decrease in implants in the following year with one of the cited factors being the 

perceived failure of the device if it required removal – even if it were for the express 

desired purpose of returning to fertility, rather than due to any side effects89. 
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It is unclear if PLGA type systems would address the pharmacokinetic issues 

observed in DMPA. That is to say, PLGA microsphere systems still dissolve in a 3-

dimensional manner, with the surface area of the microsphere decreasing steadily 

over time. Pharmacokinetic analysis of PLGA microsphere formulations typically 

follows the “burst and tail” form just as DMPA would, albeit perhaps over a longer 

duration90-92. An example of this can be seen in the case of Vivitrol, a PLGA-based 

formulation delivering naltrexone for 4 weeks to combat opioid use disorders. Briefly, 

naltrexone is an opioid antagonist that blocks the feeling of euphoria when taking 

opioids and as could be expected, there are significant hurdles with patient 

compliance when administering naltrexone orally93. However when administered 

using a PLGA microsphere system, there is an increased risk of overdose during the 

3rd week of treatment – the concentration of naltrexone in the system is low enough 

that it dulls euphoria, but does not block it entirely, which can cause patients to 

overdose on opioids trying to overcome the naltrexone blockade94-95. Mapping this 

behavior to contraceptive delivery, this would suggest that PLGA microsphere-based 

strategies would likely present significant return to fertility challenges. 

In addition, PLGA-based materials may not be a good fit for delivery to the 

developing world. For example, terminal sterilization can keep costs lower compared 

to aseptic preparation, but gamma irradiation is known to induce crosslinking and 

chain cleavage in polymeric systems96-97. Similarly, maintaining a proper cold chain in 

the developing world is seen as a major hurdle for the widespread delivery of 

pharmaceutics, but PLGA systems require storage at 4°C due to particle 

aggregation98-99..  
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CHAPTER TWO: QUANTUM ENSEMBLES OF SILICON NANOPARTICLES: 
DISCRIMINATION OF STATIC AND DYNAMIC PHOTOLUMINESCENCE 

QUENCHING PROCESSES 
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2.1 ABSTRACT 
 

Porous silicon photoluminescence is characterized by a broad emission band 

that displays unusually long (tens to hundreds of microseconds), wavelength-

dependent emissive lifetimes.  The photoluminescence is associated with quantum 

confinement of excitons in silicon nanocrystallites contained within the porous matrix, 

and the broad emission spectrum derives from the wide distribution of nanocrystallite 

sizes in the material.  The longer emissive lifetimes in the ensemble of quantum-

confined emitters correspond to the larger nanocrystallites, with their longer 

wavelengths of emission.  The quenching of this photoluminescence by aromatic, 

redox-active molecules aminochrome (AMC), dopamine, adrenochrome (ADC), 

sodium anthraquinone-2-sulfonate (AQS), benzyl viologen dichloride (BV), methyl 

viologen dichloride hydrate (MV) and ethyl viologen dibromide (EV) are studied, and 

dynamic and static quenching mechanisms are distinguished by emission lifetime 

analysis.  Due to the dependence of emission lifetime on emission wavelength from 

the silicon nanocrystallite ensemble, a pronounced blue shift is observed in the 

steady-state emission spectrum upon exposure to dynamic-type quenchers. 

Conversely, static-type quenching systems show uniform quenching across all 

emission wavelengths. Thus the difference between static and dynamic quenching 

mechanisms is readily distinguished by ratiometric photoluminescence spectroscopy. 

The application of this concept to imaging of AMC, the oxidized form of the 

neurotransmitter dopamine that is of interest for its role in neurodegenerative 

diseases, is demonstrated.  It is found that static electron acceptors results in no 
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ratiometric contrast while AMC shows a strong contrast, allowing ready visualization 

in a 2-D imaging experiment. 

2.2 INTRODUCTION 
 

Luminescence quenching has been widely deployed for both practical and 

fundamental reasons: practical applications include sensing or detection of a 

particular analyte, and fundamental motivations generally involve providing insights 

into structure and function of protein or cellular systems36. Quantum-confined 

semiconductors offer several advantages over fluorescent dyes when used as the 

luminescent species in a quenching experiment.100 Most relevant to the present case, 

silicon quantum dots derive their photoluminescence from small (< 5 nm), quantum-

confined silicon nanocrystallites, typically protected by a thin oxide shell.3-4 Porous 

silicon nanoparticles (pSiNPs) are a unique subset of silicon quantum dots, where the 

~3 nm quantum domains exist in a larger silicon framework, usually ~100 nm in size, 

such that each pSiNP contains an ensemble of a relatively large number of quantum 

dots. These quantum-confined silicon emitters display an emission lifetime that 

scales with emission energy,101 each displaying its own distinct emission energy and 

lifetime (Figure 2.1).  The emission lifetime is on the order of many tens of 

microseconds,1 which extends the effective distance over which diffusion of a 

quencher can be monitored to dimensions comparable to the size of proteins and 

membranes36. In the pSiNPs used in this work, the emission lifetime ranges from 70 

sec at em = 600 nm, to 180 sec at em = 900 nm. Thus each pSiNP can be 

considered to be a nanoscale probe of both static and dynamic quenching 
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porous silicon
particle

Si SiO
2

900800700600
Wavelength, nm

photoluminescence
spectrum

d = 3 nm
 = 700 nm
t = 70 sec

d = 4 nm
 = 850 nm
t = 180 sec

quantum-confined
silicon domains

Figure 2.1 Schematic depicting the ensemble of quantum-confined photoluminescent centers that 
comprise a porous Si particle. The smaller features are blue shifted relative to the larger features.  
The photoluminescence spectrum represents the sum of emission from all the nanocrystallites in 
the ensemble; the illustration gives three representative sizes.  The characteristic emission 
wavelength (λ) and emission lifetime (τ) for a given feature size (d) from reference (1). 
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 processes--because of the ensemble of emission lifetimes and emission energies 

contained within each 100-nm nanoparticle. Luminescent porous silicon is sensitive 

to a host of molecular quencher species102. Previous works have shown that the 

ensemble of emissive centers in photoluminescent porous Si is quenched when 

exposed to molecules that undergo either energy transfer103-104 or charge transfer105-

106 mechanisms.  In some cases the material displays a shift in the wavelength of the 

spectral maximum upon quenching,107-110 while in others quenching results in a 

uniform decrease in photoluminescence intensity,109-112 with no shift in the energy 

distribution of the spectrum. To date, there has been no satisfactory description or 

predictive model for these disparate spectral shifts. In this work, we find that the 

spectral shifts are a consequence of the trade-off between dynamic and static Stern-

Volmer quenching. We adapt a model to understand the balance between these two 

quenching modes, and we validate the model using a variety of viologen and quinone 

molecules. We find that the dependence of emission lifetime on emission wavelength 

from the silicon nanocrystallite ensemble allows the separation of dynamic-type 

(collisional) from static-type (adsorbate-based) quenchers. Finally, we exploit this 

concept by distinguishing these two classes of quenchers using fluorescence 

microscope-based, ratiometric imaging of the steady-state emission spectrum from a 

single particle probe.  
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2.3 EXPERIMENTAL 

  
The two types of luminescent particles used in this study, porous Si 

nanoparticles (pSiNPs) and porous Si microparticles (pSiMPs), were prepared in a 

similar fashion from highly boron-doped (ρ ~ 1 mΩ-cm), p-type <100> silicon wafers 

(Virginia Semiconductors).  The wafers were contacted on the back side with 

aluminum foil and mounted in a Teflon cell that exposed 8.6 cm2 of the wafer.  They 

were anodized in a two-electrode configuration using a platinum counter electrode at 

a constant current density of 50 mA/cm2 in an electrolyte consisting of 3:1 (v:v) 

aqueous 49% HF:ethanol (CAUTION: HF is highly toxic and corrosive, and proper 

care should be exerted to avoid contact with skin, eyes or lungs). This generated a 

porous silicon layer with porosity of 49%, as measured by the spectroscopic liquid 

infiltration method (SLIM).113 For luminescent nanoparticle (pSiNPs) preparations, 

this porous layer was removed from the bulk substrate using a constant 

electropolishing current density of 5 mA/cm2 in a 1:13 (v:v) aqueous 49% HF:ethanol 

solution. Luminescence was then activated in the free-standing porous layer by 

immersion of 30 mg of the porous Si film for ~10h in 10 mL of a pH 7.4 aqueous 

solution of 1X Tris buffer (Fisher Scientific) containing ethanol (20% by volume). The 

resulting Si-SiO2 core-shell film was washed with water and subjected to ultrasonic 

fracture in ethanol (50T ultrasonic bath, VWR International) for ~10h to generate the 

pSiNPs with an average diameter of  236 nm and a zeta potential of -21.1 mV (see 

Figure 2.2). Nanoparticles were characterized for hydrodynamic size and zeta  
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Figure 2.2 Dynamic light scattering (DLS) of luminescent porous silicon nanoparticles used in this 
work. Average hydrodynamic diameter was was 236 with a polydispersity index of 0.206. The average 
zeta potential is presented in the inset. 
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potential by light scattering (ZetaSizer Nano, Malvern Instruments). The pSiMPs 

(microparticle) materials were prepared similarly, except that the porous Si films were 

subjected to ultrasonic fracture for only 1 hour, to yield particles of approximately 50 

µm in diameter.  

All steady-state luminescence measurements were performed using a TE-

cooled CCD spectrometer (OceanOptics QE65 Pro). A 375 nm light source (Horiba 

DeltaDiode) was used for excitation, and pSiNP emission was passed through a 535 

nm long pass optical filter prior to spectral acquisition. Time-resolved luminescence 

measurements were collected using an intensified charge coupled device (iCCD) 

detector (iSTAR 334T, Andor Technology Ltd) fitted to a 0.275 m focal length 

monochromator (Acton Corp). The 375 nm light source was driven by a function 

generator (Keithley 3390) to output pulses of 500 µs duration with a 0.5% duty cycle. 

Photoluminescence measurements used 1.25 mL aliquots of photoluminescent 

pSiNPs(0.36 mg/mL) suspended in deionized (18 M) water in a standard UV-grade 

PMMA optical cuvette (Globe Scientific). Quenchers were added to the luminescent 

pSiNP suspensions dropwise (0.02 mL) under rapid stirring. Quencher molecules 

tested in this work include aminochrome (AMC), adrenochrome (ADC), sodium 

anthraquinone-2-sulfonate (AQS), benzyl viologen dichloride (BV), methyl viologen 

dichloride hydrate (MV) and ethyl viologen dibromide (EV). All quenchers, with the 

exception of AMC, were purchased from Sigma-Aldrich and suspended in deionized 

water. To generate AMC, a solution of 350 µM dopamine hydrochloride (Sigma-

Aldrich) was prepared in deionized water and bubbled with pure O2 for 5 min. before 

addition of 300 units/mL mushroom-derived polyphenol oxidase (Worthington 
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Biochemicals). The enzyme solution was allowed to stand for 15 min. to generate 

AMC and then diluted with deionized water to the desired concentration prior to 

titration. Quantum yield measurements were performed using an integrating sphere 

(OptoSigma LabSphere) using the two-equation method described elsewhere114. 

Photoluminescence images of the pSiMPs were obtained using a fluorescence 

microscope (Eclipse LV150, Nikon) equipped with a thermoelectrically cooled CCD 

camera (CoolSNAP HQ2, Photometrics). Particles were excited using 360 nm light 

and an exposure time of 5 s and observed through bandpass filters (750 ± 40 nm or 

850 ± 40 nm, as indicated). To obtain ratiometric images, the value of raw 

fluorescence intensity measured in the 750 nm channel was divided by the intensity 

in the 850 nm channel using the Image Calculator function in the ImageJ software 

package (NIH), with no additional modifications or processing. 

2. 4 RESULTS & DISCUSSION 
 

We first characterized the emission properties of the porous Si micro- and 

nanoparticles (pSiMPs and pSiNPs, respectively) used in this study.  The particles 

were fabricated through a top-down process that involves the electrochemical etching 

of electronics grade p-type silicon wafers followed by ultrasonic fracture to generate 

porous particles. Particles prepared in this fashion are generally not luminescent due 

to the low prevalence of quantum-confined silicon domains and the high prevalence 

of non-radiative surface traps. Luminescence was activated by treatment in an 

aqueous amine-based buffer solution. Figure 2.3 shows the porous structure of the 

microparticles before and after oxidation.  This treatment has two simultaneous 
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Figure 2.3 Scanning electron micrographs of (a) Tris-oxidized porous silicon nanoparticles, (b) porous 
silicon surface pre-oxidation, and (c) porous silicon surface post-Tris oxidation. All images collected at 
500,000 X magnification. Scale bar represents 200 nm. 
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outcomes: it oxidizes the silicon nanostructure and it dissolves the resulting surface  

oxide. The presence of the surface oxide shell acts to passivate non-radiative traps, 

increasing photoluminescence.50, 115-116 Aqueous dissolution of silicon oxide is 

enhanced in the presence of nucleophilic species such as amines117, and in the 

present case the combination of surface oxidation and aqueous dissolution 

processes effect a net decrease in the size of the crystalline silicon features, such 

that the total number of quantum confined domains increases.50 As depicted in Fig. 

2.1, the process resulted in a relatively broad size distribution of quantum-confined 

silicon domains contained within a single particle, which led to correspondingly broad 

emission spectra (Fig. 2.4).118-119 One interesting feature observed after activation is 

the loss of visibly open pores on the nanoparticles and plane-view images. Similar 

behavior has been observed in porous silicon in which insoluble silicates have 

formed during dissolution and precipitated onto the surface120. To investigate, FTIR-

ATR was performed and revealed liquid water in an otherwise dry sample, further 

suggesting a sealing of pores during activation (see Figure 2.5).   

The measured quantum yield for these particles was 18.6%. Each of the 

emissive quantum dots in the porous silicon ensemble is expected to display its own 

distinct emission energy and lifetime. The emission wavelengths spanned by the 
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Figure 2.4 Aminochrome (AMC) quenching of photoluminescence from pSiNPs. (a) Steady state 
photoluminescence spectra of an aqueous dispersion of pSiNPs upon sequential addition of small 
aliquots of AMC (molecular structure is shown in the inset). (b) Stern-Volmer plots of the data from (a), 
plotted as intensity ratio Io/I vs [AMC], measured at the indicated emission wavelengths. Points 
represent the average of three trials; error bars represent one standard deviation. 

 



33 
 

 

Figure 2.5. Fourier-transform infrared spectroscopy of freshly etched (bottom) and Tris-activated (top) 
porous silicon nanoparticles, with attributed bond labels provided. 
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ensemble in the present work ranged from 550 nm to 900 nm; the useable range 

(where photoluminescence intensity was sufficiently intense for analysis) was 700 to 

850 nm (Fig. 2.4).  Based on literature measurements of single, isolated quantum 

spanned 3 to 6 nm121; this corresponds to crystallites containing from 700 to 6000 

silicon atoms.  

Due the indirect bandgap nature of silicon, luminescence originating from 

quantum-confined silicon displays a relatively long excited state lifetime.35 

Additionally, this lifetime depends on the size of the individual silicon nanocrystallite, 

resulting in wavelength-dependent lifetimes when an ensemble of Si nanocrystallites 

is measured as is the case here. In general, the time-resolved photoluminescence 

spectra from porous silicon do not follow mono-exponential decays.122  However, in 

the present work the deviations from single-exponential behavior were not excessive 

(Figure 2.6), and so for purposes of comparison in this work an effective lifetime (τ) 

was determined by dividing the measured half-life (t1/2, time at which integrated 

intensity was half of the total decay integral) by ln(2). In the pSiNPs used in this work, 

the calculated emission lifetimes ranged from 70 sec at em = 700 nm to 180 sec at 

em = 850 nm (Figure 2.6).  The emission lifetimes measured here are comparable to 

average lifetimes extracted from measurements on isolated, dodecene-capped 

silicon quantum dots (~30  sec at em = 700 nm, 200 sec at em = 850nm).1 

We next studied the effect of quinone-type quencher molecules on the 

photoluminescence of the silicon ensemble. Molecules that can participate in electron 

transfer processes are of great interest to the biomedical community due to the wide 

range of biochemical pathways and diseases that involve redox-active species,123-126  
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Figure 2.6 (top) Time-resolved photoluminescence decays measured from luminescent porous silicon 
nanoparticles dispersed in deionized water, measured immediately after the excitation pulse and 
collected at 7 different emission wavelengths as indicated in the legend. Dashed lines represent fits to 
a stretched exponential function. (bottom) Graphical representation of the calculation used to 
determine t1/2 values of the photoluminescence decays.  Example shown here is for a luminescent 
porous Si (LPSi) nanoparticles measured at an emission wavelength of 800 nm in deionized water 
(black squares) and in the presence of 3 µM aminochrome (AMC) in deionized water (red circles). 
Area under the curve was estimated using discrete trapezoidal integration and then summed, with the 
fraction of cumulative trapezoid area plotted against time. The interpolated time at which the plot 
crosses 0.5 was taken to be the half-life, t1/2. The effective lifetime (τ) was then determined by dividing 
the measured half-life by ln(2). 
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and quinones are one member of this class that are prevalent in many biological 

systems. In particular we were interested in the neurotransmitter dopamine and its 

oxidized form, aminochrome (AMC). When dopamine is oxidized to AMC in vivo, 

some neurons cannot perform the two-electron reduction needed to regenerate 

dopamine, and instead the molecule undergoes a one-electron reduction resulting in 

the cytotoxic radical semiquinone species.127-128 AMC has been investigated for its 

role in neurodegeneration and Parkinson’s disease, and illustrates the need for 

probes sensitive to redox-active biomolecules.129-131  

As expected from previous work with organic quenchers of porous Si 

photoluminescence,103, 119, 132-133 AMC exhibited strong quenching of the 

photoluminescence from porous Si nanoparticles (Fig. 2.6). A concern with quinone-

like quenchers is the reversibility of the photoluminescence quenching process, 

because quinones have been shown to be competent oxidizing agents for silicon and 

will attack bare or hydrogen-terminated Si surfaces irreversibly.134 We hypothesized 

that the surface oxide generated in the preparation used in the present work would 

form a protective shell that would be sufficiently thick to protect the silicon 

nanocrystallites from chemical attack by the quinone, but be sufficiently thin to allow 

 interfacial photoinduced electron transfer, as has been seen in other Si nanoparticle 

core-shell systems.49, 135 In order to evaluate the reversibility of the process, we 

fabricated the luminescent Si ensemble following the same etching and activation 

process as used for the particles described above, but we omitted the 

electropolishing/ultrasonic fracture steps that remove the porous Si layer from the 

bulk silicon substrate. This generated a photoluminescent porous layer that was still 
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physically anchored to the silicon substrate, such that the ensemble could be readily 

added to and removed from the quinone solutions for characterization. The porous Si 

chip was then mounted in a flow cell and emission spectra were recorded as the chip 

was cycled between pure deionized water and aqueous AMC (Figure 2.7). The 

experiment showed that the irreversible chemistry was indeed suppressed with the 

core-shell preparation; both the photoluminescence intensity and the wavelength of 

the emission maximum could be recovered upon removal of the quencher. However, 

there was a gradual decrease in both the peak emission wavelength and the total 

photoluminescence intensity upon additional cycling between AMC and pure solvent. 

This finding suggests that the quenching behavior was primarily caused by a 

reversible interaction of the electron acceptor with the emitter ensemble, although 

some loss in signal due to irreversible degradation of the interface also occurred. 

Next we evaluated the quenching of the steady-state photoluminescence from 

pSiNPs dispersed in water by AMC. Exposure to AMC generated a strong quenching 

of the steady-state photoluminescence from the pSiNPs, and it followed the steady-

state Stern-Volmer relationship: 

                                       = 𝐾 [𝑄] + 1  (2.1) 

Where I0 represents the intensity of photoluminescence measured in the 

absence of quencher, I is the intensity of photoluminescence measured in the 

presence of a quencher of concentration [Q], and KSV is the Stern-Volmer constant, 

which can also be represented as KD or KS for dynamic or static quenching events,  
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Figure 2.7 Change in relative steady-state photoluminescence emission intensity (top panel) and 
wavelength of maximum emission (peak position, bottom panel) for porous Si excited with λex = 375 
nm light and cycled between a solution of the AMC quencher (25 µM, solid notches) and pure solvent 
(open notches). The pure solvent and the solvent containing the quencher were both composed of 
deionized water containing 10% by volume ethanol to ensure complete infiltration of the pores. The 
luminescent Si sample was prepared following the same etching and activation process as used for 
the porous Si nano- and micro-particles described in the main text, but the electropolishing/ultrasonic 
fracture steps were omitted such that the photoluminescent porous layer was still mechanically 
anchored to the silicon substrate, for experimental convenience. The porous Si chip was mounted in a 
flow cell and photoluminescence spectra were recorded as the chip was cycled between the two liquid 
media 
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respectively. The values of the Stern-Volmer constant measured for AMC quenching 

ranged from 105 to 106 M-1, depending on the emission wavelength at which the 

Stern-Volmer constant was measured (Fig. 2.4).  This quenching efficiency, as 

measured by the Stern-Volmer constant, increased with increasing pSiNP emission 

wavelength, such that the family of emission spectra taken at various concentrations 

of AMC appeared to blue shift with increasing quencher concentration. Two other 

quinone-based electron acceptors, adrenochrome (ADC) and anthraquinone-2-

sulfonate (AQS), were tested and they displayed similar behavior (Figure 2.8). In 

small molecule fluorophores, this type of energy dependence has been attributed to 

the activation of a new emissive pathway.136-137 However, in the case of pSiNP 

systems, we found that the observed results can be interpreted as arising from the 

ensemble nature of the emissive centers. The steady-state Stern-Volmer constant, 

KD, for quenching of photoluminescence from pSiNPs by AMC was quantified as a 

function of emission wavelength from the pSiNPs (Fig. 2.9).  The data of Fig. 2.9 are 

presented as a function of emission lifetime for the pSiNPs measured in the absence 

of quencher, which corresponds to the specific emission wavelengths indicated (Fig 

2.5). As can be seen in this data, the efficiency of quenching increased with 

increasing emission lifetime; the longer lived portion of the ensemble (corresponding 

to the longer wavelengths of emission and the larger nanoparticles in the ensemble) 

was more efficiently quenched relative to the shorter lived portion.  The measured KD 

values ranged from 5.5 x 105 M-1 at 700 nm to 3.1 x 106 M-1 at 850 nm.  
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Figure 2.8 Photoluminescence quenching behavior of selected quinones. Steady-state 
photoluminescence spectra (left panel), Stern-Volmer intensity plots (middle panel) and Stern-Volmer 
lifetime plots (right panel) of (top row) adrenochrome (ADC, shown in the inset) and (bottom row) 
anthraquinone-2-sulfonate (AQS, shown in the inset) titrated into aqueous dispersions of pSiNPs.  λex 
= 375 nm.  Error bars represent 3 replicate measurements. 
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Figure 2.9 Steady-state Stern-Volmer dynamic quenching constant (KD) as a function of 
(unquenched) excited state lifetime measured at the wavelengths indicated. Points represent 
average of n=3 trials and error bars represent one standard deviation. 
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Time-resolved measurements indicated that the quenching mechanism for 

AMC follows a dynamic, or collisional quenching model with pSiNPs.36, 119, 138 

Effective emission lifetime measurements on the pSiNPs (τ, as described above) 

made while titrating AMC into a pSiNP solution showed a general decrease in τ with 

increasing [AMC] (Fig. 2.10), and the steady-state (Io/I, Fig. 2.4) and lifetime-based 

(τ0/τ, Fig. 2.10) Stern-Volmer plots were similar. Steady-state and time-resolved 

quenching constants of the two related quinones, adrenochrome (ADC) and 

anthraquinone-2-sulfonate (AQS), were measured under the same conditions and 

found to be similar to AMC (see Fig. 2.8 and Table 2.1). These results are consistent 

with prior photoluminescence quenching studies performed by Ceroni and coworkers 

using luminescent silicon nanoparticles that were prepared by a different, bottom-up 

type of synthesis. Those prior studies were performed in toluene solvent rather than 

water, but they also observed a dynamic quenching mechanism for a range of 

quinone molecules.49 

Both static and dynamic photoluminescence quenching mechanisms require 

molecular proximity between the emissive species and the quencher36. In the case of 

dynamic quenching, often referred to as collisional quenching, the quencher must 

diffuse to the emitter during the lifetime of the excited state. Static quenching usually 

involves binding of the luminescent species to its quencher prior to excitation, 

resulting in a dark, non-luminescent state. The two mechanisms are discriminated by 

luminescence lifetime measurements as a function of quencher concentration: static 

quenching displays a constant luminescence lifetime (corresponding to the lifetime of  
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Figure 2.10 Stern-Volmer lifetime plots for pSiNPs exposed to increasing concentrations of 
aminochrome (top) and benzyl viologen (bottom), measured at the indicated emission wavelengths. 
Data are presented as τ0/τ, where τ0 is the effective luminescence lifetime measured in the absence of 
quencher.  Points represent the average value of three trials, with error bars representing one standard 
deviation. 
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Table 2.1 Quenchers and their corresponding Stern-Volmer quenching constants (KSV)a 

 KSV (750 nm)  
(M-1- x 105) 

KSV (800 nm)  
(M-1- x 105) 

KSV (850 nm)  
(M-1- x 105) 

Mechanism (KD 
or KS) 

AMC 1.16   2.02  4.04  Dynamic 

ADC 1.33  1.78  2.60  Dynamic 

AQS 0.0359  0.0601  0.0921  Dynamic 

BV 26.8  27.8  28.7 Static 

MV 193  234 278 Static 

EV 905 971 1040 Static 

 

acalculated at 3 unique luminescent pSiNP emission wavelengths The proposed 

mechanism of quenching in the case of relatively low quencher concentrations (I0/I 

values between 1 and 2) is given. All KSV are reported in units of M-1 and represent 

average values from n=3 trials. All linear Stern-Volmer fits (Eq. 2.1) have R2 values > 

0.99. 
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the remaining unquenched luminescent species) whereas with dynamic quenching 

the lifetime is inversely proportional to the quencher concentration. This 

proportionality arises from the diffusional component of the quenching process. In the 

present case, the observation that AMC, ADC, and AQS decreased the emission 

lifetime of the pSiNPs at all wavelengths measured is consistent with a collisional 

quenching mechanism. As in Ceroni's studies of quenching of luminescent silicon 

nanoparticles by quinones, we interpret the quenching of pSiNPs by AMC, ADC, and 

AQS to proceed via an electron transfer pathway.49  

We next tested the quenching behavior of benzyl viologen (BV) toward 

pSiNPs. BV is readily reduced at silicon electrodes,139-140 and BV and AMC have 

similar reduction potentials (AMC = -350 mV vs NHE, BV = -359 mV vs NHE).141-142 

Thus we assume that BV also undergoes an electron transfer quenching pathway 

with pSiNPs. Both BV and AMC do not display significant overlap between their 

absorption spectra and the emission spectrum of pSiNPs (Fig 2.11) and so energy 

transfer is not a likely pathway for either of these molecules. The measured steady-

state KS value at 800 nm emission for BV was 2.78 ± 0.56 x 106 M-1 (Fig. 2.12), 

somewhat larger than the corresponding values for AMC, indicating that BV is a more 

efficient quencher of photoluminescence from pSiNPs.  

In contrast to the behavior of AMC, the benzylviologen (BV) molecule 

exhibited no wavelength dependence in its quenching of photoluminescence from 

pSiNPs, at least for Io/I values of between 1 and 2 (Fig. 2.12). 
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Figure 2.11 Optical absorbance spectra of the quencher molecules used in this study in 1-cm 
pathlength cuvettes. All quencher molecules absorbance spectra are recorded at the highest 
concentration used within this work. All quencher molecules, aside from AQS, had any detectable 
absorbance at the concentrations tested. 
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Figure 2.12 Quenching of photoluminescence from pSiNPs by benzyl viologen (BV). (a) Steady 
state photoluminescence spectra of an aqueous dispersion of pSiNPs upon sequential addition 
of small aliquots of BV (molecular structure is shown in the inset). (b) Stern-Volmer plots of the 
data from (a), plotted as intensity ratio Io/I vs [BV], measured at the indicated emission 
wavelengths. The steady-state Stern-Volmer quenching constant (KS) is 2.78 ± 0.56 x 106 M-1 at 
800 nm. Points represent the average of three trials; error bars represent one standard 
deviation. 
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Consequently there was no observed change in the emission lifetime of 

pSiNPs upon exposure to this range of quencher concentrations (Fig. 2.10). Similar 

behavior was seen for the related molecules methylviologen and ethylviologen (Fig 

2.13), and this is consistent with a static Stern-Volmer quenching mechanism. At 

higher concentrations of BV, however, a blue shift was observed, consistent with 

combined static and dynamic quenching (Figure 2.14a). The measured Stern-Volmer 

quenching constant thus increased substantially at higher BV concentrations, and 

this increase was strongly dependent on pSiNP emission wavelength (Fig. 2.14b). By 

contrast, at lower BV concentrations the emission spectrum displayed a decrease in 

intensity that was independent of the emission wavelength. The optical absorbance 

of BV, measured at  = 375 nm, was undetectable at the highest concentration used 

in this work (690 nM). Thus spectral absorbance of the quencher is not a 

complicating factor in the analysis. We conclude that the quenching mechanism for 

BV transitions from primarily static at low BV concentrations to primarily dynamic at 

higher BV concentrations.  

The observed mechanistic differences in Stern-Volmer quenching behavior 

between the viologens and the quinones can be attributed to differences in their 

adsorption affinity for the pSiNP surface.  The viologens in this work are cationic 

species, whereas AMC and the other quinones are neutral or negatively charged 

molecules in the pH neutral aqueous solutions used in this investigation. The pSiNP 

preparation consisted of a silicon/silicon oxide core/shell structure, and the oxide of 

this shell displayed a negative surface charge in water, with a measured zeta 

potential of  
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Figure 2.13 Photoluminescence quenching behavior of selected viologens. Steady-state 
photoluminescence spectra (left panel), Stern-Volmer intensity plots (middle panel) and Stern-Volmer 
lifetime plots (right panel) of (top row) methyl viologen (MV, shown in the inset) and (bottom row) ethyl 
viologen (EV, shown in the inset) titrated into aqueous dispersions of pSiNPs.  ex = 375 nm.  Error 
bars represent 3 replicate measurements. 
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Figure 2.14 Quenching of photoluminescence from pSiNPs by benzyl viologen (BV), measured 
over a larger concentration range than in Fig. 2.12. (a) Steady state photoluminescence spectra of 
an aqueous dispersion of pSiNPs upon sequential addition of aliquots of BV (molecular structure 
shown in the inset). (b) Stern-Volmer plots of the data from (a), plotted as intensity ratio Io/I vs [BV], 
measured at the indicated emission wavelengths. Points represent the average of three trials; error 
bars represent one standard deviation. Dashed lines represent functions generated by Equation 
2.3, using parameters outlined in Table 2.2. 
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approximately -21 mV.  Because of their positive charge, the viologens are expected 

to strongly adsorb to the pSiNP surface via electrostatic interactions. Interestingly, 

Ceroni et al. recently investigated the electron transfer between quinones and 

luminescent silicon nanocrystals (SiNCs) and did not observe a blue shift upon 

quenching49. This is in agreement with the work of Veinot et al., where a blue shift 

was not seen during the dynamic quenching of SiNC via high energy materials46. We 

attribute this to differences between the two nanoparticle types--in the work of Ceroni 

and Veinot, isolated SiNC with hydrophobic capping species were used. In the 

present case, the pSiNPs contained a negatively charged surface oxide, an 

ensemble of emitters in a single nanoparticle, and nanoscale voids on the order of 

the molecular dimensions of the quencher molecules.  

A static adsorption process is expected to follow the Stern-Volmer relationship 

of eq. 1, where KSV can be considered to be equal to KS, the static quenching 

constant (or association constant) of the quencher with the nanoparticle surface. 

Similarly, for a dynamic quenching process, KSV can be considered to be equal to KD, 

the dynamic quenching constant. These two expressions have been combined to 

account for a system where both static and dynamic photoluminescence quenching 

mechanisms operate in parallel and independent of each other, leading to a 

quadratic dependence on quencher concentration36:  

    = (𝐾 [𝑄] + 1)(𝐾 [𝑄] + 1)             (2.2)  

When applied to the pSiNP quenching data, this model yielded imaginary values for 

both KS and KD, indicating that this is an inaccurate representation of the system. Lee 

et al143 encountered a similar problem with photoluminescence quenching in porous 
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metal-organic frameworks (MOFs), and these researchers developed a mathematical 

model based on the binding of multiple copies of a quencher to a single porous 

particle: 143 

    
( [ ] )( [ ])

( ) [ ]
               (2.3)  

Where n represents adsorption strength of the various lumophore sites within 

the porous nanoparticle and f represents the fraction of lumophores available for 

quenching. Using this model, self-consistent KS and KD values could be obtained for 

the present BV-based quenching systems; they are summarized in Table 2.2. All 

parameters were fit using a least squares model employing a trust-region algorithm, 

and all coefficient values were obtained using 95% confidence bounds. 

The fits to the BV titration data using the above model revealed a few 

interesting features. First, all f values were found to be 1, indicating there was no 

population of lumophores that was inaccessible to the BV quencher. Second, the KS 

values determined for BV in the concentration regime where moderate quenching 

was observed (I0/I values less than 2) are in good agreement with the linear Stern-

Volmer model (Table 2.1). Additionally, meaningful KD values were only observed for 

BV concentrations greater than ~250 nM. These results can be interpreted in terms 

of a model in which the surface first becomes increasingly occupied with tightly 

bound BV (corresponding to a static quenching regime), and then collisional 

(dynamic) quenching occurs on this modified surface. This is further supported by the 

decrease in reported KS values at increasing BV concentrations despite constant 

temperature.  
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Table 2.2 Summary of Stern-Volmer constants and fitting parameters for benzyl viologen titrations on 
pSiNPs 

Conditions Ks (M
-1)      

x 105 
KD (M

-1)     
x 105 

f n R2 

BV, I0/I < 2 
(22°C)a 

λem
 = 750 nm 

λem
 = 800 nm 

λem
 = 850 nm 

 

 

18.3 

22.0 

19.4 

 

 

0.000987 

0.000994 

0.00100 

 

 

1 

1 

1 

 

 

0.9757 

0.9859 

0.9764 

 

 

0.996 

0.996 

0.994 

BV, I0/I  > 2 
(22°C)a 

λem
 = 750 nm 

λem
 = 800 nm 

λem
 = 850 nm 

 

 

2.81 

4.21 

6.39 

 

 

7.30 

11.3 

17.2 

 

 

1 

1 

1 

 

 

0.9577 

o.9516 

0.9516 

 

 

0.9274 

0.9377 

0.9422 

BV, I0/I > 2 (4°C)a 

λem
 = 750 nm 

λem
 = 800 nm 

λem
 = 850 nm 

 

 

60.5 

60.9 
131 

 

 

0.974 

4.84 
9.89 

 

 

1 

1 
1 

 

 

1.087 

1.072 
1.105 

 

 

0.9766 

0.9704 
0.9723 

BV, I0/I > 2 
(50°C)a 

λem
 = 750 nm 

λem
 = 800 nm 

λem
 = 850 nm 

 

 

0.00080 

0.00044 

0.00011 

 

 

8.99 

11.2 

13.8 

 

 

1 

1 

1 

 

 

0.7171 

0.7507 

0.722 

 

 

0.969 

0.9407 

0.9268 

BV, Io/I > 2 

(in 1X PBS, 
22°C)b 

λem
 = 750 nm 

λem
 = 800 nm 

λem
 = 850 nm 

 

 

 

7.34 

9.47 

12.0 

 

 

 

- 

- 

- 

 

 

 

- 

- 

- 

 

 

 

- 

- 

- 

 

 

 

0.999 

0.999 

0.999 
aFit using Equation 2.3. Notations Io/I < 2 or Io/I > 2 indicate regions of the Stern-Volmer curve that 
were used in the fits. Titrations performed in deionized H2O 
bFit using Equation 2.1. Titrations performed in the presence of high concentration of phosphate-
buffered saline solution. 
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It should be noted that traditional Stern-Volmer analysis assumes a constant KS and 

KD, which may explain the origin of decreasing KS from the fitted curve. 

To further validate this finding, BV titrations were performed at various 

temperatures. As previously established in other emission quenching systems,144-145 

it is expected that at low temperatures (4 °C), surface interactions are more strongly 

favored, creating a bias toward the static quenching mechanism. Conversely, 

collisional events are more favored at elevated temperatures (50 °C), thus biasing 

the system toward dynamic quenching. The present work is consistent with this 

behavior; a decrease in efficiency of static quenching (KS and n, the two parameters 

which relate to quencher binding) and an increase in efficiency of dynamic quenching 

(KD) was observed when transitioning from 4°C to room temperature (Table 2.2, Fig. 

2.15 and Fig. 2.16). On the other hand, at the higher temperature, in which BV is 

expected to become more dissociated from the surface, there was a dramatic 

decrease in static quenching efficiency and a distinct wavelength dependence of 

quenching was observed for all quencher concentrations tested (Figure 2.15). It 

should be noted that while the model of Eq. 3 yielded a closer fit than Eq. 2.2, it is still 

an incomplete model, as the fit lines underestimated the curvature of the Stern-

Volmer plots for high [BV] values (Figure 2.14). 

Experiments were performed to investigate the effect of ionic strength on the 

quenching process. Increasing ionic strength tends to suppress dynamic quenching 

rate constants due to the screening effect of the inert ions separating the emitter-

quencher pair in the solvent medium.146 We performed analogous Stern-Volmer  
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Figure 2.15 Stern-Volmer plots recorded at (a) T = 4 °C and (b) T = 50 °C, plotted as intensity 
ratio Io/I vs [BV], measured at the indicated emission wavelengths. Points represent the average 
of three trials; error bars represent one standard deviation. Dashed lines represent fit lines from 
Equation 2.3, using parameters outlined in Table 2.2. 
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Figure 2.16 Stern-Volmer plots at (top) 750 nm, (middle) 800 nm and (bottom) 850 nm emission 
wavelengths, plotted as intensity ratio Io/I vs [BV], measured at the indicated temperatures. Points 
represent the average of three trials; error bars represent one standard deviation. Dashed lines 
represent fit lines from Equation 2.3, using parameters outlined in Table 2.2. 
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quenching experiments with BV, but in a solution of phosphate buffered saline (PBS, 

pH = 7.4) rather than pure deionized water.  We found that the presence of the buffer 

ions changed the behavior of the Stern-Volmer quenching response such that BV 

showed static quenching behavior over the entire concentration range studied; very 

little shift in the wavelength maximum of emission was observed, even for high 

concentrations of BV (Fig 2.17). Thus the presence of spectator ions in the solution 

retained the static quenching modality while suppressing dynamic quenching in the 

system.  

The wavelength dependence of steady-state photoluminescence quenching of 

pSiNPs presents the possibility for these nanoparticle ensembles to be used in a 

unique type of ratiometric sensing strategy-to differentiate static from dynamic 

quenchers for a set of related molecules of analytical interest. The separation of 

static and dynamic luminescence quenching mechanisms have important practical 

applications in the fields of DNA147-149 and protein analysis.150-152 

Ratiometric strategies153-154 are often deployed to overcome some of the 

inherent shortcomings of fluorescence imaging and sensing associated with angle, 

coherence, or scattering environment.155-156 A ratiometric approach typically involves 

sampling two or more discrete emission wavelengths, and dividing one by the other. 

This strategy can remove instrumentation-based factors while providing useful 

information on the local chemical environment being sampled by the fluorescent 

probe.157  One drawback of the ratiometric approach is that it requires the probe to 

possess two or more spectral emission features that interact differently with their 

chemical environment. This is commonly achieved by covalently linking two small 
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Figure 2.17 Photoluminescence quenching behavior of benzylviologen in 1X phosphate buffered 
saline (pH = 7.4). Left: steady-state photoluminescence spectra of pSiNP in the presence of increasing 
[BV]. Right: Stern-Volmer plots of I0/I values as a function of [BV]. Points represent the average of n=3 
trials and error bars represent 1 standard deviation. Dashed line represents the function derived in 
Equation 2.1 with parameters from Table 2.2. Under these conditions, the KS values were found to be 
7.34 x 105 M-1, 9.47 x 105 M-1 and 1.20 x 106 M-1, for 750 nm, 800 nm and 850 nm emissions 
respectively. 
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molecule organic dyes.158-159 Nanoparticle-based systems have also been used for 

ratiometric sensing following similar strategies, as many types of nanoparticles are 

readily modified to incorporate elements of a ratiometric emission scheme.160 A 

typical application involves conjugation of an organic dye molecule to an emissive 

semiconductor quantum dot.161 The two distinct emissions are influenced separately 

by the analyte, enabling the ratiometric measurement. Researchers have shown that 

a heterogeneous mixture of quantum dots of different sizes (and hence different 

spectral characteristics) can be used for ratiometric sensing,162-163 although for many 

applications the non-uniform size distribution substantially complicates the 

interpretation of such data. Of particular interest to this work is the detection of 

dopamine oxidation using two colors of quantum dots performed by Su et al.164 

Quantum dot systems based on toxic heavy metals such as cadmium or lead pose 

challenges for translation of ratiometric sensing systems.28, 165 The use of non-toxic166 

silicon nanostructures as part of a ratiometric sensing probe has recently been 

demonstrated, in which emission from quantum-confined silicon and a fluorescent 

molecule were used; the emission ratio was mediated by energy transfer between the 

two.6, 167 Here we capitalized on the insights gained from the present ensemble 

quenching experiments to design and demonstrate a ratiometric nanoparticle-based 

sensor for redox-active molecules that discriminates static from dynamic quenchers 

as a class, using a simple steady-state fluorescence microscope. 

To better resolve single particles, we prepared luminescent porous Si in the 

form of larger microparticles (pSiMPs). The particles were suspended in a petri dish 

in pure water and imaged in the 750 nm and the 850 nm channels of the 
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fluorescence microscope, using a fixed excitation wavelength of 360 nm. Under 

unquenched conditions, the relative emission from pSiMPs in these two channels 

was approximately equal. Thus when the image obtained in the 750 nm channel was 

divided by the image from the 850 nm channel, the pixel value across the image was 

approximately unity, matching the background signal (Figure 2.18, "blank"). When the 

dynamic quencher aminochrome was added to the solution, the emission in the 850 

nm channel was significantly quenched relative to the 750 nm channel, and high 

contrast was observed in the ratiometric image (Figure 2.18). As discussed above, 

benzyl viologen behaves as static quencher at low concentrations, and when this 

quencher was added it resulted in minimal contrast in the ratiometric image. A 

threshold ratio of 1.2 was selected to minimize background signal stemming from the 

slight variation in filter bandwidths and transmission rates. An important result from 

this experiment is that it shows a convenient means to distinguish static from 

dynamic quenchers using a single porous silicon particle.  

In conclusion, this work identified a key feature of porous silicon nano-and 

micro-particles that can be used to discriminate static from dynamic 

photoluminescence quenching processes. Due to the array of emissive centers in a 

single luminescent porous Si particle, each with a wavelength dependent excited 

state lifetime, the steady-state spectrum from a single porous Si particle probe can 

identify the quenching process. Photoluminescence quenching follows a model in 

which static adsorption events dominate until the surface becomes increasingly 

cationic, at which point collisional quenching occurs. The hallmark of a dynamic 

(collisional) quencher is a pronounced blue shift in the steady state 
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Figure 2.18 Fluorescence micrographs of luminescent porous Si microparticles in the presence 
of pure water (top, control), 0.22 µM benzyl viologen (middle) and 4 µM aminochrome (bottom). 
Scale bar represents 50 µm. Fluorescence images were collected using 360 nm excitation with 
bandpass filters (THORLabs FB750-40 and FB850-40) to observe emission at 750 nm and 850 
nm. Final column represents the signal from the 750 nm channel divided by the 850 nm channel, 
with a calibration bar ranging from a pixel value of 1.3 (black) to 1.8 (white). 
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spectrum, whereas a static quencher yields a uniform decrease in intensity of 

photoluminescence that is independent of the emission wavelength. We found this 

blue shift sufficient to generate contrast using simple steady-state fluorescence 

microscopy, which allowed the discrimination of benzylviologen from aminochrome, 

two molecules with very similar reduction potentials but different affinities for the 

silicon oxide surface due to their different charge states. For analytes that quench pSi 

photoluminescence via a static quenching mechanism, it was shown that contrast is 

only generated once the surface occupancy increases and collisional behavior is 

introduced.  

Using the above insights, we demonstrated a single-particle, single component 

ratiometric sensor using luminescent porous silicon. Although the static quenching 

mechanism was activated in the present case via electrostatic interactions between 

the porous Si surface and the positively charged quencher, the concept should also 

apply for systems where a specific capture probe is introduced at the silicon surface.   

Chapter 2, in full, has been submitted for publication of the material as it may 

appear in the Journal of Physical Chemistry C, 2019, Hollett, Geoffrey; Roberts, 

David; Sewell, Mollie; Wensley, Emma; Wagner, Julia; Murray, William; Krotz, Alex; 

Toth, Bryan; Vijayakumar, Vibha; Sailor, Michael. The dissertation author was the 

primary investigator and author for this work. 
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CHAPTER THREE: BENCHMARKING PROPERTIES OF TOP-DOWN AND 
BOTTOM-UP LUMINESCENT SILICON NANOCRYSTALS 
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3.1 ABSTRACT 
 

The discovery of luminescent silicon nanocrystals (SiNC) has led to a surge of 

interest as a potential replacement for highly toxic II-VI semiconductor quantum dots. 

Owing to the indirect bandgap nature of silicon, a variety of interesting properties 

have been observed including large Stokes shifts and exceptionally long excited 

state lifetimes. While traditionally SiNCs have been made by top-down synthetic 

technqiues (electrochemical etching, laser ablation), bottom-up synthesis of 

luminescent SiNCs has rapidly matured over the last two decades. As such, we 

evaluated the properties of luminescent SiNC prepared either via top-down or 

bottom-up approaches for a variety of properties including quantum yield, 

photostability, chemical sensitivity and the ability to be used for gated lumiscence 

imaging of Si nanoparticles (GLISIN), a technique used to dramatically enhance the 

signal-to-noise ratio of SiNC for biomedical applications. 

3.2 INTRODUCTION 
 

Since the co-discovery in the early 1990s of luminescence in quantum 

confined silicon by Canham and Gösele, there has been a surge of interest in this 

unique material3-4. Relative to the more common lead- and cadmium-containing 

semiconductor quantum dots, luminescent silicon nanocrystals (SiNCs) are relatively 

non-toxic, degrading into water-soluble orthosilicic acid and cleared by the renal 

system6, 28. There have been many other unique properties associated with SiNC that 

have been reported in the literature such as exceptionally long excited state 
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lifetimes101, good photostability168, tuneable emission169 and more. However for all 

reported properties of SiNC, it is unclear whether or not these properties appear to be 

intrinsic to all quantum-confined silicon or extrinsic properties controlled by their 

preparation technique. Of particular interest is the state of the SiNC surface and its 

stability, as it serves as the interface for electron transfer and most non-radiative 

recombination effects170-172. In this work, we aim to compare and contrast the 

properties of three different and well-characterized SiNC systems with varied 

fabrication, dopants and surfaces to help elucidate which properties are expected to 

be universal for SiNC systems and which are sensitive to fabrication techniques. The 

three systems chosen to evaluate in this work represent both top-down and bottom-

up synthesis approaches and two types of surfaces: oxide-terminated porous silicon 

(“porous”), co-doped oxide-terminated SiNC (“co-doped”) and polymer-capped SiNC 

(“alkyl-PEG”).     

 Porous silicon, fabricated by the electrochemical etching of electronics grade 

silicon wafers, was the first observed case of luminescent Si, reported concurrently in 

1990 by Canham and Gösele3-4. The top-down fabrication of crystalline Si results in a 

porous layer attached to the bulk Si wafer which can be later removed via a 

secondary electro-polishing step. The resulting free-standing film can then be 

fractured into particles of desired size (ranging from 10s to 1000s of nm in diameter) 

typically via ultrasonication or ball-milling12, 173. Pore wall thickness is typically too 

large to achieve quantum confinement immediately post-etching, thus it often 

requires an additional step to thin the Si crystallite to activate luminescence. This is 
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most often achieved by growing an oxide layer into the pore wall either via aqueous 

aging6, 174, chemical oxidation50 or thermal oxidation175.  

 Bottom-up techniques for developing luminescent SiNCs were first reported 

shortly after the discovery of luminescence in porous silicon from techniques such as 

thin film sputtering176, high temperature silane decomposition177 and precursor 

reduction178. While there have been many techniques presented in the literature for 

developing stable, bright SiNCs via bottom-up techniques, this work focuses on one 

general strategy -- growth of SiNC within a glass matrix. SiNC growth was achieved 

in two distinct ways: co-sputtering with dopants to generate borophosphosilicate 

glass (BPSG), and thermal treatment of hydrogen silsequixoane (HSQ). Once 

processed at high temperatures, both BPSG and HSQ disproportionate into glass 

matrices with embedded SiNC that can be liberated via chemical etching179-180. 

Compared to top-down techniques,  these techniques gives more direct access to the 

Si core, allowing for direct modification to the SiNC itself, rather than the larger, 

surrounding matrix. Co-doped SiNC, grown in BPSG develop a native, dopant-rich 

oxide on the surface that imparts aqueous stability without further modification180. 

Alkyl-PEG SiNC, grown from HSQ, however, were co-hydrosilylated with two ligands 

(methyl 10-undecanoate and polyethylene glycol) to achieve stability in both polar 

and non-polar solvents181.   

All SiNC formulations tested within this work were dispersed in water and 

exhibited orange-red luminescence under UV excitation (Figure 1). 
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Figure 3.1 Photographs of three SiNC formulations used in this study in deionized water. Each sample 
was prepared to a concentration yielding an OD = 0.1 at 365 nm. Top: white light. Bottom: 365 nm 
illumination, with corresponding quantum yields. 
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3.3 EXPERIMENTAL 
 

Porous nanoparticles were prepared by the electrochemical etching of highly 

boron-doped (ρ ≈ 1 mΩ-cm) electronics grade <100> silicon wafers (Virginia 

Semiconductors). Wafers were mounted in a teflon etch cell using a piece of thick 

aluminium foil as an electrical contact. The polished face of the wafer was then 

exposed to a solution containing 3:1 HF:ethanol (CAUTION: hydrofluoric acid is 

extremely toxic and proper safety precautions should be used when handling to 

prevent exposure to the skin, eyes and lungs). Wafers were anodized in a two-

electrode configuration with a platinum counter-electrode with a current density of 50 

mA/cm2 for 0.6 seconds followed by a 400 mA/cm2 pulse for 0.363 seconds, 

repeated 500 times. Porous films were liberated from the bulk silicon wafer by an 

electropolishing etch using a 1:13 HF:ethanol solution and a current density of 10 

mA/cm2 for 180 seconds. This process was repeated until a total of 4 films 

(approximately 120 mg) were collected. Porous films were simultaneously fractured 

into nanoparticles and activated for luminescence by ultrasonicating (50T ultrasonic 

bath, VWR International) the free-standing films in 12 mL of deionized water for 48 

hours. Larger (>100 nm) porous NP were removed by centrifugation (15,000 rpm for 

15 minutes) and only free-floating porous NP retained in the supernatant were used. 

Co-doped SiNCs were prepared by co-doping of boron (B) and phosphorous 

(P) to Si-NCs by a co-sputtering method discussed elsewhere180, 182. Briefly, Si-rich 

borophosphosilicate glass films were deposited on a thin stainless steel plate by 

simultaneously sputtering Si, SiO2, B2P3 and P2O5. After co-sputtering process, the 
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films were peeled off from the steel plate and annealed under N2 gas atmosphere at 

1100 ℃ for 30 min to grow SiNC in a glass matrix. During this growth process, parts 

of B and P atoms are reduced by excess Si and form an oxide shell rich in dopants. 

SiNCs were extracted from the resulting glass matrix by HF etching and then 

dispersed in water. 

 Alkyl-PEG SiNC were prepared by thermal methods described in the 

literature181. Briefly, uncapped SiNC were formed within a SiO2 matrix via the thermal 

reduction of HSQ at 1100°C. H-terminated SiNC were liberated from SiO2 using 

ethanolic HF and then extracted into dry toluene. To cap the SiNC with a polymeric 

ligand, H-terminated SiNC were mixed with 8 mL of methyl 10-undecanoate and 4 g 

(2.3 mmol) of allyloxy (polytheylene glycol) (MW = ~1.5 kDa) under inert Ar 

atmosphere. The reaction was held at 150°C for 24 hours before cooling. The mixed-

ligand alkyl-PEG SiNC were then purified and precipitated in the presence of hexane, 

and the resulting precipitate was dispersed in water.  

Unless otherwise specified, all characterization was performed using solutions 

of SiNCs in deionized water with an optical density of 0.1 at a wavelength of 375 nm 

over a 5 mm path length. 

High resolution TEM images were obtained by using JEM-2100F (JEOL) 

operating at 200 kV. SiNC were placed on an atomically-thin graphene oxide support 

film as a supporting film on top of a lacey carbon-coated copper grid (Oken Shoji 

Co.). The graphene oxide support film was prepared by drop coating process from a 

methanol solution of graphene oxide produced by Hummer's method183. 
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The emissive quantum yield was determined by a comparative method36. The 

quantum yield of a sample was calculated using: 

𝑄 = 𝑄
(𝐼 𝐴 𝑛 )

(𝐼 𝐴 𝑛 )
 

where Q represents the quantum yield, I represents the integrated PL intensity, A is 

the absorbance at excitation wavelength and n is the refractive index. The subscript 

S and R are the sample and the reference solutions, respectively. Rhodamine 6G in 

methanol with a quantum yield of 95 % was used as a reference184. 

Excited state lifetimes were evaluated using a cooled, intensified charge 

coupled device detector (iCCD, iSTAR 334T, Andor Technology Ltd) fitted to a 0.275 

m focal length monochromator. Samples were excited using a 375 nm light source 

(Horiba DeltaDiode) pulsed via a function generator (Keithley 3390) to excite for 500 

µs every 100 ms (0.5% duty cycle). All emissions were filtered through a 535 nm long 

pass optical filter prior to measurement. To perform time-gated images, the same set-

up was used however the iCCD was instead fitted to a traditional camera lens (Nikon 

Micro-Nikkor 105 mm). Further discussion of the set-up used for time gated imaging 

can be found in the literature185. 

Photostability and quenching titration measurements were performed using a 

TE-cooled CCD spectrometer (OceanOptics QE65 Pro). Polyvinyl alcohol (PVA, 

Polysciences, 98% hydrolysed, molecular weight = 25,000 g/mol) films were 

prepared by first dissolving PVA to 200 mg/mL in 90°C water for 2 hours, then mixing 

200 µL of the PVA solution with 200 µL of the desired SiNC solution and then dried 

under vacuum for 24 hours.  
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3.4 RESULTS & DISCUSSION 
 

Table 3.1 represents a summary of the three SiNC used in this work. The first 

striking similarity between the three SiNC is the characteristic broad emission (Figure 

3.2). Such emission is seen in virtually all forms of luminescent silicon reported, even 

in instances where the size of the crystallite core is tightly controlled49, 186-190. There is 

no appreciable difference in the absorption spectra for the three SiNCs tested, but a 

significant difference in their relative quantum yields, which can be attributed to the 

stability of their surfaces and thus the number of non-radiative recombination 

pathways available for each particle type. For porous NP, the infrared spectra (Fig. 

3.3) reveals the presence of Si-H bonds, characteristic of an incomplete, patchy 

oxide coverage on the surface which would suggest surface defects or areas in which 

the emission could easily be quenched by the solvent191. Transmission electron 

microscopy evaluation of SiNCs (Figure 3.4 and 3.5) also reveals that porous NP 

predictably has the largest average Si crystallite size with the broadest distribution, 

as would be expected from a top-down approach and the redder emission. It is also 

seen that there are several Si crystallites that are too large to induce quantum 

confinement121, which would represent a population of non-radiative absorbers to 

further reduce the quantum yield. Further, quantum yield from porous NP has also 

been shown to suffer due to internal electron transfer processes from the possibility 

of several SiNC being contained within a pore wall or nanoparticle192. 

 Relative to porous NP, the two bottom-up approaches do not appear to have 

any Si crystals outside of the quantum confinement regime nor are they expected to 

participate in any significant levels of internal electron transfer events, and as such 
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Table 3.1 Summary of key design and emissive properties for three varieties of luminescent SiNCs. All 
values reported were generated through this work. Values in brackets represent one standard 
deviation from the mean. 

 

Porous NP Co-doped SiNC Alkyl-PEG SiNC 
Silicon Source Electronics Grade 

Wafer 
Borophosphosilicate 

Glass 
Hydrogen 

Silsequioxane 
Dopant B B and P None 

Top-Down vs. 
Bottom-Up 

Top-Down Bottom-Up Bottom-Up 

Synthesis 
Technique 

Electrochemical 
Etching + Oxidation 

Sputtering + 
Annealing 

Annealing + 
Functionalization 

Surface Chemistry Oxide Oxide Mixed; methyl 10-
undecanoate and 

PEG-OH (1.5 kDa) 
Si Crystallite 

Diameter (nm) 
7.01 (±1.87) 4.21 (±1.08) 3.58 (±0.58) 

Peak Emission 
Wavelength (nm) 

818 776 754 

Emission FWHM 
(nm) 

96 97 74 

Quantum Yield 6.4% (±0.2%) 11.2% (±0.5%) 33.1% (±0.6%) 
τ775 nm (µs) 120 49 144 
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Figure 3.2 Absorbance (left. dashed) and emission (right, solid) spectra for three forms of SiNC. 
Emission spectra were collected using 375 nm excitation. 
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Figure 3.3 Fourier-transform infrared spectra for SiNC with the associated bonds labeled. 
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Figure 3.4 Transmission electron micrographs of (a) porous NP, (b) co-doped SiNC and (c) alkyl-PEG 
SiNC. All scale bars 100 nm. Graphical representation of measured crystallite core sizes represented 
in inset. 
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Figure 3.5 Representative transmission electron micrographs for silicon crystal lattices for (a) porous, 
(b) co-doped and (c) alkyl-PEG. Dashed circles highlight the lattice fringes for Si(111) (spacing = 
0.313 nm) used for the lattice size measurements. 
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their quantum yields are appreciably higher. What is striking, however, is the 

dramatic difference in radiative recombination between the two surface 

functionalities. Stabilizing semiconductor quantum dots surfaces with things such as 

ZnS193 or organic ligands194 is a well-known technique, but the effectiveness of the 

polymer relative to the native Si oxide is three-fold. Previous analysis of SiNC 

prepared in a similar fashion to co-doped SiNC tested within this work showed that 

the calculated oxide thickness was less than that of a pure monolayer195, which when 

taken in combination with the presence of Si-H bonds suggests a similarly patchy, 

incomplete oxide coating to that of porous NP. Interestingly, the much smaller and 

tighter distribution of Si crystallites does not have as strong of an effect on emission 

wavelength and broadness as would be expected from a traditional II-VI quantum dot 

system196-197. In fact, the presence of dopant atoms (B and P) in co-doped SiNC 

appears to blue-shift the emission spectra relative to alkyl-PEG SiNC, despite having 

a slightly larger average crystallite size. 

To further evaluate the stability of SiNC and their surfaces, emission was 

monitored over a period of 6 hours of constant illumination and compared to 

Rhodamine B (RhoB), a photostable small molecule198 (Figure 3.6). Compared to the 

RhoB control, all three SiNC populations showed a sharp loss of intensity over the 

first 30 minutes of illumination followed by a stable decline more closely matching the 

behaviour of RhoB. The samples were then allowed to recover in the dark for 30 

minutes before recording a final emission spectrum for comparison. Both bottom-up 

techniques showed very similar behaviour, with a nearly 60% decrease in initial 

integrated intensity over a 6 hour illumination period followed by a 20% recovery in 
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Figure 3.6 Top: Relative integrated intensities over constant 375 nm excitation in water. Bottom: 
relative intensity before, immediately after and post a 30 minute recovery period in the dark. Error bars 
represent one standard deviation from the mean (n=3). * represents a significant difference (p<0.05) 
between groups using a one-way ANOVA with Tukey’s HSD post hoc test (p-value = 0.0000038, 
F(7,23) = 16.08). No significance represented by “n.s.”. Dashed line represents the normalized initial 
intensity value. 
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signal after a 30 minute resting period, however the recovery was deemed 

statistically insignificant. Porous NP samples, however, had lower immediate loss of 

integrated intensity and a full recovery of signal after a 30 minute rest. This suggests 

that the loss of Si signal is unlikely to be caused by a permanent photobleaching 

event, but perhaps due to local heating of the sample under constant illumination. It 

should also be noted that the porous NP signal fluctuated noticeably more over the 6 

hour duration, which we attribute to the lower quantum yield and thus lower signal-to-

noise ratio of porous NP signals, but also the heterogeneous nature of porous NP 

samples and the distribution of emissive Si crystallites being non-uniform between 

particles. A common cause of signal loss in Si-based systems is the uncontrolled 

growth of an oxide shell into the Si crystallite, but this was not deemed to be the case 

for photostability measurements as there was no appreciable blue shift in emission 

spectra for SiNCs before and after illumination50 (Figure 3.7). 

A more remarkable behaviour was observed when the same experiment was 

performed inside a rigid matrix of polyvinyl alcohol (PVA, Figure 3.8). Compared to 

the aqueous photostability, SiNCs were more stable in PVA and performed similarly 

to RhoB in all cases except for alkyl-PEG SiNC. While all samples showed the same 

sharp loss of signal over the first 30 minutes as seen in aqueous measurements, 

alkyl-PEG SiNC then proceeded to steadily gain intensity over the remaining 5.5 

hours, exceeding the initial intensity. We interpret this to represent the rearrangement 

of alkyl-PEG SiNC’s polymeric ligands in the PVA matrix to a more preferable 

conformation, further highlighting the importance of the SiNC surface stability. As 

stated previously, oxide growth into the SiNC can affect emission, but it was not 
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Figure 3.7 Emission spectra before, immediately after 6 hours of constant illumination and post-30 
minute rest for porous (top), co-doped (middle) and alkyl-PEG (bottom). 
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Figure 3.8 Photostability over 6 hours of constant 375 nm illumination in PVA matrices.   
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believed to be at play in this situation as the relative emission slightly red shifted, as 

seen by the ratio of emission at 700 nm and 800 nm, which suggests a stabilization 

of lower energy emitters (Figure 3.9). It should also be noted that in the case of a 

rigid PVA matrix, porous NP signal does not fluctuate over time compared to 

aqueous measurements where diffusion highlights the heterogeneity seen from the 

top-down fabrication of the sample. 

Due to the indirect bandgap of Si, luminescent forms of silicon often report 

unusually long excited state lifetimes, typically on the order of 10s of 

microseconds199-200. In comparison, traditional II-VI semiconductors and small 

molecule fluorescent dyes report lifetimes 3-4 orders of magnitude lower201-202. The 

vibrational component required for a recombination event in Si thus leads to a 

wavelength dependent lifetime, seen in all SiNC samples tested in this work (Figures 

3.10 and 3.11).  Due to the non-exponential decay of Si emissions, lifetimes were 

instead fit to a stretched exponential function in equation 3.1: 

= 𝑒( )                                                  (3.1) 

Where I and I0 represent intensity and initial intensity, t represents time, τ represents 

the excited state lifetime and β is a unitless value between 0 and 1. All SiNC 

examined in this report demonstrate a correlation between emission wavelength and 

excited state lifetime (Table 3.2). Interestingly, there does not appear to be a 

relationship between quantum yield and lifetime, as alkyl-PEG SiNC consistently had 

the highest recorded lifetimes of the samples tested, and co-doped SiNC the lowest. 

In fact, the magnitudes and slope of the wavelength dependence for porous NP was 

very similar to alkyl-PEG SiNC but not co-doped SiNC, which suggests non-intuitively  
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Figure 3.9 Ratio of emission at 700 nm and 800 nm for alkyl-PEG during constant 375 nm illumination 
in PVA films. 

  

0 2 4 6
1.9

2.0

2.1

2.2
E

m
is

si
ve

 R
a

tio
 (

7
0

0
 n

m
 / 

8
0

0
 n

m
)

Time (hours)



84 
 

 

 

Figure 3.10 Excited state lifetimes (τ ) for SiNC calculated by fit to Equation 3.1. Dashed lines 
represent a linear fit with the equations displayed. Excitation source used was a pulsed 375 nm diode. 
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Figure 3.11 Lifetime measurements for a range of wavelengths tested within this work for porous 
(top), co-doped (middle) and alkyl-PEG (bottom). Dashed lines represent the fit to equation 3.1. 
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Table 3.2 Summary of parameters used to fit data from Figure 3.9 using Equation 3.1. 

λem τ (µs) Β R2 
nm porous co-

doped 
alkyl-
PEG 

porous co-
doped 

alkyl-
PEG 

porous co-
doped 

alkyl-
PEG 

700 65.7 33.3 81.3 0.85 0.719 0.852 0.974 0.995 0.995 
725 68.1 38.1 95.8 0.761 0.743 0.806 0.991 0.974 0.986 
750 92.1 35.2 125.1 0.81 0.697 0.896 0.995 0.963 0.994 
775 120.7 49.2 144.6 0.848 0.755 0.865 0.993 0.988 0.991 
800 139 53.6 168.6 0.848 0.781 0.864 0.992 0.980 0.991 
825 154.8 46 201.4 0.783 0.618 0.963 0.991 0.964 0.990 
850 200.4 54.66 211.4 0.955 0.784 0.962 0.993 0.931 0.980 
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that the relative rate of recombination is not predicted by surface stability and does 

not follow a similar trend to aqueous photostability. This finding is direct 

disagreement with the work of English and Korgel, in which they found that the 

increase in quantum yield from capping SiNC with organic ligands was correlated 

with a sharp decrease in emissive state lifetime back down to the nanosecond 

range203. These nanosecond lifetime SiNC were fabricated via a bottom-up process 

of arrested precipitation of organosilanes heated and pressurized above their critical 

points. This result suggests that there is additional complexity behind the long 

lifetimes of SiNC beyond surface stability. 

 An important manifestation of these unusually long excited state lifetimes is 

the ability to be used for gated luminescence imaging of Si nanoparticles (GLISIN). 

Since the lifetime is several orders of magnitude larger than that of the common 

fluorophores present in biological tissues, opening of the camera shutter can be 

delayed by a microsecond after the excitation source pulse. Gating the shutter allows 

for the background tissue signal to decay rapidly, leaving only a strong SiNC 

signal185. To validate that all SiNC were capable of being used in GLISIN, a proof-of-

concept system was made using dehydrated skin from commercially available 

chicken wings which displayed strong autofluorescence under steady-state 

conditions (Figure 3.12). Signal-to-noise ratio (SNR) was calculated using the 

following equation 3.2: 

𝑆𝑁𝑅 =
µ

𝜎
                                                               (3.2) 
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Figure 3.12 Continuous wave (top) and GLISIN (bottom) images of a 20 µL droplet of aqueous SiNC 
on top of dehydrated chicken skin using a pulsed 375 nm diode. Signal-to-noise ratio values, 
calculated from Equation 3.2, are also presented. Error bars represent one standard deviation from the 
mean (n=3). * represents a significant difference (p<0.01) between groups using a one-way ANOVA 
with Tukey’s HSD post hoc test (p-value = 0.000026, F(5,12) = 18.87). No significance represented by 
“n.s.”. 
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Where µ represents the mean pixel intensity of SiNC droplets and σ represents the 

standard deviation of the pixel value for a region of dehydrated skin. 

 Under continuous wave mode, there was no significant difference between the 

SNRs of the SiNCs detected. However it should be noted that using these dilute 

solutions (OD = 0.1 at 375 nm), only alkyl-PEG SiNC had a mean SNR above the 

Rose criterion (SNR > 5) for easily discernable images204. When using GLISIN there 

was a significant improvement in SNR with all SiNC surpassing the Rose criterion. 

Porous NP demonstrated the largest improvement, with an 18-fold increase of the 

mean SNR from 2.95 to 55.3. Interestingly, there was no significant difference 

between the SNR of porous NP and alkyl-PEG SiNC using GLISIN despite the 

difference in their quantum yields. In this application, the longer excited state lifetimes 

relative to that of co-doped SiNC resulted in a higher SNR moreso than the 

differences in quantum yield. Under these conditions, all preparations of SiNC used 

in this study would be acceptable for biomedical GLISIN applications.  

 Finally, we investigated the SiNCs for their ability to be used as a sensor for 

electron-accepting species (Figure 3.13). Adrenochrome (ADC), the oxidized form of 

epinephrine was chosen as a model compound. ADC was chosen as it is neutrally 

charged under biological conditions, does not contain a counter-ion and with a 

reduction potential of -253 mV (vs. normal hydrogen electrode)205 it is a competent 

electron acceptor for SiNC206.  

We have previously shown that due to the difference in excited state lifetimes, 

dynamic or collisional quenching type events show strong wavelength dependence 

on the quenching efficacy207. Also, this wavelength contrast could be induced in  
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Figure 3.13 Stern-Volmer titrations of aqueous adrenochrome (inset) for (a) porous NP, (b) co-doped 
SiNC, (c) alkyl-PEG SiNC using 375 nm excitation at 750, 800 and 850 nm emission. (d) represents a 
comparison between the 3 groups fixed at 800 nm emission. Error bars represent the standard 
deviation from the mean (n=3). Dashed lines represent fitting by Equation 3.3 (alkyl-PEG SiNC) or 
Equation 3.4 (porous NP and co-doped SiNC) 
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static, surface-bound quenching events by increasing the concentration above what 

is perceived to be the level of surface saturation in a fashion not predicted by classic 

Stern-Volmer models. This is in direct conflict with recent findings from Arrigo and 

Ceroni, wherein they found that dodecyl-stabilized SiNC showed no wavelength-

dependence in quenching efficacy by quinones despite a reported dynamic 

quenching mechanism. 

It was found that alkyl-PEG SiNC followed classic Stern-Volmer behaviour36 

(Equation 3.3) with no wavelength dependence, whereas porous NP and co-doped 

SiNC showed varying levels of wavelength dependence and were better fit by a 

modified Stern-Volmer relationship containing both static and dynamic quenching 

events and a varied binding efficacy (Equation 3.4)143: 

𝐼

𝐼
= 𝐾 [𝑄] + 1                                                                     (3.3) 

𝐼

𝐼
=

(1 + 𝐾 [𝑄] )(1 + 𝐾 [𝑄])

1 + (1 − 𝑓)𝐾 [𝑄]
                                                     (3.4) 

Where KS and KD are the quenching constants for static and dynamic quenching 

respectively, [Q] is the concentration of the quencher, n represents the average 

binding affinity (n>1 representing a positive cooperativity) and f describes the fraction 

of binding sites accessible by the quencher. All parameters used to generate fit for 

Equation 3.3 and 3.4 are found in Table 3.3. 

 As expected, the less stable oxide surfaces of porous NP and co-doped SiNC 

resulted in a SiNC that was more sensitive to electron transfer events, although only 

porous NP showed strong wavelength contrast, suggesting that the porous structure 

of the particle itself may be a key element in this phenomenon, whether through  
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Table 3.3 Summary of quenching coefficients generated by fitting to either equation 3.3 or equation 
3.4 for SiNCs titrated with adrenochrome. 

Sample Equation 
Fit 

KS (x 104) 
M-1 

KD (x 104) 
M-1 

n F R2 

porous (750 nm) 
porous (800 nm) 
porous (850 nm) 

4 1.46 
1.20 
1.45 

10.6 
18.7 
29.5 

0.915 
0.852 
0.823 

1 
1 
1 

0.955 
0.986 
0.998 

co-doped (750 nm) 
co-doped (800 nm) 
co-doped (850 nm) 

4 12.3 
13.8 
14.9 

6.36 
7.25 
7.96 

1.067 
1.066 
1.065 

1 
1 
1 

0.976 
0.983 
0.988 

alkyl-PEG (750 nm) 
alkyl-PEG (800 nm) 
alkyl-PEG (850 nm) 

3 5.99 
5.98 
5.76 

- - - 0.999 
0.999 
0.999 
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internal core-to-core electron transfer events, or caused by a single quencher 

interacting with several Si emissive centres in close proximity to one another once 

captured within the pore. These results are especially interesting when contrasted 

with the relative magnitudes of the excited state lifetimes previously discussed. For 

example, the high quantum yield and low quenching constant would suggest that 

alkyl-PEG SiNC are highly insulated from their surrounding environment. However, 

the defective surface or non-radiative pathways that allows porous NP to be an 

effective sensor for redox-active molecules does affect the excited state lifetime like it 

does for co-doped SiNC. 

 In conclusion, three types of luminescent SiNC were prepared and evaluated 

for a variety of properties to probe the effect of top-down vs. bottom-up fabrication 

and the various chemistries used to stabilize them. It was found that a strategy such 

as ligand termination, which produces a near-fully insulated SiNC, thus increasing the 

radiative quantum yield and stabilizing it against quenching via electron transfer. 

Thinner, more defective coatings, such as native oxide growth on porous NP and co-

doped SiNC resulted in lower quantum yields and SiNC that were more accessible 

for electron transfer events. However not all properties tested could be predicted 

based on the relative insulation or quantum yields of the SiNC – insulated alkyl-PEG 

SiNC behaved very similarly to porous NP in terms of excited state lifetimes, but 

more like co-doped SiNC in terms of aqueous photostability. While all SiNC tested 

proved to be effective for GLISIN-type biomedical imaging, the origin of the dramatic 

differences in excited state lifetime behaviour between the three groups remains 

unclear.  
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Chapter 3, in full, is currently being prepared for submission for publication of 

the material. Hollett, Geoffrey; Inoue, Asuka; Islam, Mohammed; Roberts, David; 

Sugimoto, Hiroshi; Murray, William; Veinot, Jonathan; Fujii, Minoru; Sailor, Michael. 

The dissertation author was the primary investigator and author for this work. 
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CHAPTER FOUR: LONGER ACTING INJECTABLES – CONTINUOUS, LINEAR 
RELEASE OF A CRYSTALLINE CONTRACEPTIVE FROM A POROUS SILICON 

HOST 
  



96 
 

4.1 ABSTRACT 
 

Injectable contraceptives are a convenient, long-acting birth control method 

critical for reducing maternal mortality rates in the developing world. However there 

has been a lack of improvement in the field since the development of depot 

medroxyprogesterone acetate (DMPA). While effect, DMPA struggles with a relatively 

short duration of action (3 months) and side effects directly linked to its 

pharmacokinetic profile. In this work, porous silicon (PSi) microparticles are loaded 

with segesterone acetate (SEG), a mild progestin and evaluated for sustained 

release with a sharp tail in their pharmacokinetic profile. It was found that maintaining 

crystallinity of SEG was a critical factor in maintaining sustained release, and that 

recrystallization within the pores of PSi produces a preferred orientation. The leading 

candidates for sustained SEG release were then evaluated for compatibility over 25 

weeks in 20-week old female Sprague-Dawley rats and no signs of toxicity were 

observed in any group tested. 

4.2 INTRODUCTION 
 

Access to safe and effective hormonal contraceptives has widely been seen 

as one of the greatest successes of modern medicine. Allowing women to 

thoughtfully plan their pregnancies with their partners has had a profound effect on 

women’s agency over their lives57-60. Currently, birth control pills are the most 

common form of birth control in the United States; however the increase in popularity 
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of intrauterine devices (IUDs) in the last decade highlights a growing interest in 

longer-acting contraceptives that do not require daily attention208-210. 

Injectable contraceptives, administered intramuscularly or subcutaneously, are 

a relatively unexplored class of contraceptives. While injectables are lightly used in 

the United States (0.1% usage rate), they are a critically important contraceptive for 

lowering maternal mortality rates in the developing world73. Particularly in areas like 

sub-Saharan Africa where their popularity (10.7% usage rate) exceeds even that of 

the daily pill (5.1% usage rate) due to a variety of cultural and social factors67.   

Currently, there is only one federally approved injectable contraceptive 

available in the United States: depot medroxyprogesterone acetate (DMPA, Depo-

Provera®). However, there are significant side effects associated with DMPA 

injections linked to its pharmacokinetic profile, as they are often not observed in oral 

MPA pills211-212. This is most obvious in the Food and Drug Administration’s “black 

box” warning label against irreversible bone mineral density loss which is present on 

DMPA, but absent for oral medroxyprogesterone acetate (MPA). DMPA follows a 

classic “burst and tail” model, in which the high initial surface area of drug results in a 

burst of serum MPA followed by a long, tapering tail as the surface area decreases 

as drug crystals dissolve over time213. In a report published by Fortherby et al., this 

resulted in serum MPA concentrations that spanned almost two orders of magnitude 

across a 90-day period following an intramuscular injection76. Due to their high 

potency, extended release contraceptive formulations are particularly sensitive to the 

tail portion of the pharmacokinetic profile, in which even picomolar levels of residual 

hormone can induce contraception214. Evidence of this trend was observed in a study 
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of Thai women halting contraception to have a planned pregnancy. In this study, the 

median return to fertility time for women using DMPA was 5.5 months, almost double 

the 3 month median time for oral MPA users215. 

Silicon- and silica-based materials have gained attention recently as drug 

delivery vehicles due to their low toxicity profiles216-217. Under biological conditions, 

the primary degradation product of silica is orthosilicic acid, a non-toxic, water soluble 

compound found in human tissues and is easily cleared through the renal system15, 

218. The preparation used within this work involves the electrochemical etching of 

electronics grade silicon wafers followed by a thermal oxidation to convert the 

structure into porous silica (PSi). Due to the highly aligned nature of the pores, it is 

hypothesized that these structures would dissolve anisotropically, resulting in a 

smoother pharmacokinetic profile compared to free drug (Figure 4.1). In contrast with 

traditional polymer microspheres, silica-based materials may hold some benefits for 

use in the developing world, such as thermal stability reducing the reliance on a cold 

chain for delivery99, 219. Combined with the innate tunability of the particle properties, 

electrochemically etched porous silicon is an attractive platform for the development 

of new, long acting drug delivery platforms220-221. 

4.2 EXPERIMENTAL 
 

All progestins used in this work were of pharmaceutical grade, graciously 

provided by FHI 360. Cholesterol (Sigma-Aldrich, >92.5% purity from goat’s wool) 

was mixed thoroughly as dry powders prior to analysis. Simultaneous 

thermogravimetric and differential thermal analysis were performed using a Perkin- 
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Figure 4.1 Schematic representation of (A) isotropic dissolution of unprotected, free drug crystals and, 
(B) loading and anisotropic dissolution of drug loaded into porous host particles. 
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Elmer STA 6000. Samples were heated to 800°C with a ramp rate of 10°C/min under 

constant flowing O2 in an open ceramic holder. Degradation temperature was 

recorded as the temperature at which the mass of the sample reached 99.5% of its 

initial mass. 

Porous silicon microparticles were prepared by the electrochemical etching of 

highly doped, electronics grade p-type <100> silicon wafers (Virginia 

Semiconductors, ρ<1.5 mΩ-cm). Wafers were mounted into a teflon etch cell with 

heavy duty aluminum foil backing as an electrical contact. Wafers were then exposed 

to a HF:EtOH solution and anodized in a two-electrode setup with a platinum wire 

counter-electrode for 20 minutes. Three forms of porous silicon were prepared for 

this work: 75% porosity particles were prepared using a 1:1 HF:EtOH solution (v:v) 

with a current density of 90 mA/cm2, 55% porosity particles were prepared using a 

1:1 HF:EtOH solution with a current density of 40 mA/cm2 and 35% porosity particles 

were prepared using a 3:1 HF:EtOH solution with a current density of 40 mA/cm2. 

Overall porosity of each layer was determined by the spectroscopic liquid infiltration 

method described elsewhere10. The porous layer was then liberated from the bulk 

silicon using a second etch in the electropolishing regime using 1:13 HF:EtOH and a 

current density of 5 mA/cm2 for 3 minutes. The resulting free-standing PSi film was 

then collected and dried under vacuum overnight. Films were then suspended in 

ethanol at a concentration of 5 mg/mL and placed in an ultrasonic cleaning bath to 

fracture into microparticles. Due to the varying robustness of the films, ultrasonication 

times changed from 30 minutes for 75% porosity films to 60 minutes for 55% porosity 

and 120 minutes for 35% porosity films. Particles were then collected, dried under 
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vacuum and oxidized in air at 800°C for 4 hours in a box furnace with a ramp rate of 

10°C/min. 

All melt casting procedures reported in this work utilized a 2:1 mass ratio of 

drug:particle. Particles and progestin were mixed as a dry powder in a glass vial, 

purged with N2 for 15 minutes and then held under positive N2 pressure. Samples 

were then placed directly in a hot oil bath (T = 185°C for segesterone acetate, T = 

235°C for levonorgestrel/cholesterol mixes). After 5 minutes, samples were removed 

from the oil and allowed to cool to room temperature in air. Once cool, powders were 

recovered and any instances of fused particles were broken using a mortar and 

pestle.  

Powder x-ray diffractograms were collected at room temperature from 2θ = 15-

40° using Cu Kα (1.54Å) radiation at 40 kV and 40 mA, a step size of 0.026° and a 

scan time of 1s per step on a Bruker D8 Advance. In vitro release kinetics of SEG-

loaded PSi was performed in 3.5 mL of 1X phosphate buffered saline (pH 7.4, 

Gibco). All samples began with 1.4 mg of SEG and were held at 37°C under constant 

50 rpm shaking. Every 24 hours, 3 mL of release solution was removed and replaced 

with fresh saline. SEG concentration was evaluated by high pressure liquid 

chromatography (HPLC) using a ThermoScientific Dionex UltiMate with a UV 

detector set to detect at 254 nm. Prior to injection, all samples were diluted 1:1 with 

HPLC grade methanol (Fisher Scientific). 40 µL of each release sample was injected 

into a 150 mm long Acclaim 120 C18 column (ThermoScientific) with 5 µm particle 

size and 2.1 mm diameter. A gradient mobile phase was used with a flow rate of 0.2 

mL/min, beginning as 80% water with 20% acetonitrile (Sigma Aldrich, HPLC grade) 
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containing 0.1% acetic acid and increasing to 95% acetonitrile over 8 minutes. It was 

held at 95% acetonitrile for 4 minutes and then returned to 20% acetonitrile in 1 

minute before holding at 20% acetonitrile for 7 more minutes. This resulted in a SEG 

elution time of approximately 13.5 minutes, and a linear range from 0.15 µg/mL to 

100 µg/mL. 

The single crystal X-ray diffraction studies were carried out on a Bruker D8 

diffractometer equipped with a Dectris Eiger R 1M HPAD detector and Cu Kα 

radiation (λ = 1.5478).  A 0.153 x 0.117 x 0.065 mm piece of a colorless rod was 

mounted on a Cryoloop with Paratone oil.  Data were collected in a nitrogen gas 

stream at 100(2) K using ϕ and ϖ scans.  Crystal-to-detector distance was 40 mm 

and exposure time was 5 seconds per frame using a scan width of 2.0°.  Data 

collection was 100% complete to 68.00° in θ.  A total of 45129 reflections were 

collected covering the indices, -8<=h<=8, -14<=k<=14, -29<=l<=29.  4057 reflections 

were found to be symmetry independent, with a Rint of 0.0384.  Indexing and unit cell 

refinement indicated a primitive, orthorhombic lattice.  The space group was found to 

be P212121.  The data were integrated using the Bruker SAINT software program and 

scaled using the SADABS software program.  Solution by direct methods (SHELXT) 

produced a complete phasing model consistent with the proposed structure.   

All nonhydrogen atoms were refined anisotropically by full-matrix least-

squares (SHELXL-2014).  All hydrogen atoms were placed using a riding model.  

Their positions were constrained relative to their parent atom using the appropriate 

HFIX command in SHELXL-2014. The absolute stereochemistry of the molecule was 
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established by anomalous dispersion using the Parson’s method with a Flack 

parameter of -0.030(63). 

All animal studies performed in this work were in compliance with the 

University of San Diego California’s Institutional Animal Care and Use Committee’s 

guidelines. 20-week old female Sprague-Dawley rats (ENvigo) were selected as the 

therapeutic is applicable to fertile female populations. Rats weighing approximately 

300 g were administered a 50 mg/kg dose of SEG and/or 15 mg/kg PSi into the 

subcutaneous space on the scruff of the neck using a 23 gauge needle and 1X 

phosphate buffered saline as the injection media. Animals were assessed and 

weighed every 7 days for 25 weeks. Upon completion of the study, animals were 

sacrificed by CO2 asphyxiation followed by cervical dislocation. The brain, heart, 

lungs, kidney, liver, spleen fallopian tubes, ovaries and uterus of animals were 

collected, fixed in a solution of 4% paraformaldehyde in phosphate buffered saline 

(Santa Cruz Biotechnology) before being embedded in paraffin wax, sectioned and 

stained for hematoxylin and eosin (H&E). Histopathological analysis was performed 

by a veterinary pathologist, Dr. Kent Osborn (D.V.M, Ph.D), in a blind manner. 

4.3 RESULTS & DISCUSSION 
 

To incorporate the contraceptive into the open porous particles, a technique 

referred to as melt casting was employed. Melt casting refers to a process in which 

dry particles and powder drug were mixed together and heated under inert 

atmosphere to the melting point of the drug. Once molten, the drug was allowed to 

wick into the open pores of the particles and then cooled to room temperature, 
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resulting in solid drug within the pores. This technique has previously been shown to 

be effective with small molecule drugs such as Triclosan222. Melt casting was chosen 

to maximize crystallinity of the drug once within the pores, as solvent-based 

processing has traditionally been used to create amorphous pharmaceutics which 

tend to have higher bioavailabilities and thus shorter durations of action. As this 

requires the drug to not degrade before melting (Figure 4.2), a series of five 

contraceptive drugs were screened for their suitability for melt casting: 

medroxyprogesterone acetate, etonogestrel, levonorgestrel, levonorgestrel butanoate 

and segesterone acetate (SEG, also known as Nestorone®).  

Three of the five hormones tested were found to be stable for melt casting 

(Table 4.1), with segesterone acetate chosen to be the leading candidate due to its 

widest stable melt casting window, mild side effect profile and poor oral availability. 

HPLC-UV analysis did not reveal any degradation products formed during the melt 

casting process (Figure 4.3). Electron microscopy of melt casted particles revealed a 

smooth coating of SEG on all visible surfaces, including pore openings and exterior 

surfaces (Figure 4.4). 

However, even if the screened drugs yielded unsuitable thermal behavior, melt 

casting was often still possible if the melting point was suppressed by the 

incorporation of an intentional contaminant223-224. For example, under tested 

conditions, levonorgestrel was a stable liquid for only a 2°C window which was  



105 
 

 

Figure 4.2 Simultaneous thermal analysis of pure SEG under O2 atmosphere at a constant ramp rate 
of 10°C/min. Dashed line represents relative heat flow (endothermic up) with (*) representing the 
approximate temperature at which melting begins. Solid line represents thermogravimetric behavior, 
with (^) representing the approximate temperature at which thermal degradation begins. 
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Table 4.1 Summary of thermal properties of five progestins screened. Drugs were evaluated from 30-
500°C with a ramp rate of 10°C/min under constant flowing oxygen. Tdegrade was defined as the 
temperature at which the drug reached 99.5% of its initial mass. 

Drug Name Tmelt (°C) Tdegrade (°C) Melt Casting 
Window 

(Tdegrade-Tmelt) 
(°C) 

Viable for 
Melt 

Casting? 

Segesterone Acetate 186 219 33 Yes 
Etonogestrel 197 200 3 No 

Levonorgestrel 245 247 2 No 
Levonorgestrel 

Butanoate 
214 240 26 Yes 

Medroxyprogesterone 
Acetate 

217 239 22 Yes 
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Figure 4.3 Comparison of HPLC-UV chromatographs of SEG before (bottom) and after (top) melt-
casting. Absorption was measured at 254 nm under the previously described elution protocol using an 
Acclaim 120 C18 column (5 µm particle size, 2.1 mm diameter, 50 mm length).   
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Figure 4.4 Scanning electron micrographs of (a) whole particles, and (b) pore openings of porous 
silicon particles loaded with SEG via melt casting. Scale bars represent 1 micron. 
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deemed too narrow for conventional processing. When mixed with 20 wt% of a 

similarly structured molecule, however, the stable window could be suppressed by up 

to 15°C by disrupting intermolecular bonds (Figure 4.5). Contaminant molecules 

tested included both active ingredients (SEG) and inactive ingredients (cholesterol).  

To maintain long-term release in an open porous particle, controlling the rate 

of dissolution of the drug is critical. A common technique used to retard the kinetics of 

dissolution for small molecule drugs is the use of crystalline material rather than 

amorphous. In contrast, SEG was also loaded into PSi particles via solvent 

evaporation from chloroform (SOLV-SEG), a technique commonly used within the 

pharmaceutical industry to induce amorphous domains and increase bioavailability of 

poorly soluble drugs225-227. PSi particles loaded with SEG from solvent evaporation 

still possessed some level of crystalline SEG, but differential thermal analysis 

revealed a strong suppression of the melting point which is typical for poorly 

crystalline, highly amorphous materials (Figure 4.6). While it is typical for organic 

compounds to experience melting point depression when confined within a porous 

solid, the SOLV-SEG suppression was more pronounced than that of MC-SEG228. 

The crystal structure of SEG was found from the x-ray diffraction of single SEG 

crystals performed at 100K. Under these conditions, SEG was found to have a 

primitive, orthorhombic crystal lattice with the space group of P212121. Full 

crystallographic information is summarized in Table 4.2. Compared to the single 

crystal and calculated patterns, non-micronized SEG powder used for this work was 

found to possess several additional low-angle diffractions, indicating a low level of 

polymorphism or an unknown contaminant (Figure 4.7). After melt casting, SEG was 
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Figure 4.5 Differential thermal analysis of pure levonorgestrel (top), levonorgestrel with 20 wt% 
cholesterol (middle) and levonorgestrel with 20 wt% segesterone acetate (bottom). Dashed line 
represents Tmelt of neat levonorgestrel. Samples were examined from 30-800°C under flowing oxygen 
with a ramp rate of 10°C/min. 
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Figure 4.6 Differential thermal analysis of SEG before and after load via solvent evaporation (SOLV-
SEG) or melt casting (MC-SEG). Samples were examined from 30-800°C under flowing oxygen with a 
ramp rate of 10°C/min. 
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Table 4.2 Summary of crystallographic data collected at T = 100 K for segesterone acetate single 
crystal grown from pentane vapors. 

Molecular formula 
C42 H59 B N2 O9 

Formula weight 746.72 
Temperature 100 K 
Wavelength 1.54178 Å 

Crystal System Orthorhombic 
Space Group P212121 

Unit cell dimensions a = 7.2593(3) Å              α= 90°. 
b = 13.7343(6) Å β= 90°. 
c = 39.6303(19) Å γ = 90°. 

Volume 3951.2(3) Å3 
Z 4 

Density (calculated) 1.255 Mg/m3 
Absorption coefficient 0.702 mm-1 

F(000) 1608 
Crystal size 0.473 x 0.035 x 0.031 mm3 

Crystal color, habit Colorless Needle 
Theta range for data collection 2.230 to 68.501° 

Index ranges -8<=h<=8, -16<=k<=16, -47<=l<=37 
Reflections collected 59234 

Independent reflections 7157 [R(int) = 0.0968, R(sigma) = 0.0578] 
Completeness to theta = 68.000° 99.0% 

Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.3201 and 0.2131 

Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7157 / 0 / 499 

Goodness-of-fit on F2 1.019 
Final R indices [I>2sigma(I)] R1 = 0.0400, wR2 = 0.0828 

R indices (all data) R1 = 0.0580, wR2 = 0.0872 
Absolute structure parameters 0.18(11) 

Extinction coefficient 0.00055(9) 
Largest diff. peak and hole 0.261 and -0.179 e.Å-3 
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Figure 4.7 X-ray diffraction patterns for SEG before and after loading into PSi host particles via either 
melt casting (MC) or solvent evaporation (SOLV). Asterisks (*) denote diffraction peaks attributed to 
polymorphs that appear in the pure SEG samples but not in the calculated pattern for the single 
crystal. Daggers (†) represent diffraction peaks attributed to a polymorph that arise post melt casting. 
Peak indices are provided for the calculated SEG using a primitive orthorhombic lattice with a space 
group P212121. Diffractograms were collected from 2θ = 5-25° using Cu kα (1.54Å) radiation, a step 
size of 0.026° and a scan time of 1s per step. 
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found to retain its crystal structure, with polymorph diffractions suppressed and peaks 

matching the single crystal structure were more prominent after recrystallizing within 

the porous particle. In addition, the relative intensities of several characteristic SEG 

peaks were altered during the melt casting process. This is most apparent in the 

suppression of the (012) and (014) planes and activation of the (102) plane after melt 

casting. These results suggest a preferred orientation of the SEG crystal when 

reformed within the pore of the PSi particles. Preferred orientation behavior after 

recrystallization within the pores was also observed in other progestin systems 

evaluated, such as levonorgestrel mixed with 20 wt% of cholesterol to suppress the 

melting point (Figure 4.8).  

To further evaluate crystallinity, analysis of the full width half max (FWHM) 

was performed, which is inversely proportional to crystallite size229. The FWHM was 

evaluated for solvent evaporation (SOLV-SEG) and melt casted SEG formulations 

against pure SEG (Figure 4.9). Both SOLV-SEG and MC-SEG formulations had 

similar crystallite size distributions, which differed greatly from the pure SEG 

samples. Again, this suggests full recrystallization within the pores of PSi. 

Interestingly, SOLV-SEG particles had crystallite sizes consistently larger than MC-

SEG, but at an overall much lower level of crystallinity.  

This discrepancy in crystallinity was obvious when observing the dissolution 

and release kinetics of the various formulations (Figure 4.10). Melt casted particles 

(MC-SEG) maintained a long, linear dissolution profile over a period of 4 months with 

a rapid decline below the lower limit of quantification ([SEG] = 0.15 ug/mL) within a 

span of 8 days. Particles loaded via solvent evaporation (SOLV-SEG), however, 
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Figure 4.8 X-ray diffraction patterns for pure levonorgestrel (bottom), pure cholesterol (middle) and a 
mixture of 80 wt% levonorgestrel with 20 wt% cholesterol melt casted into 75% porosity particles. 
Asterisk (*) represents a clear instance of peak suppression from LNG post melt-casting. 
Diffractograms were collected from 2θ = 15-40° using Cu kα (1.54Å) radiation, a step size of 0.026° 
and a scan time of 1s per step. 
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Figure 4.9 Full width half max analysis of X-ray diffraction patterns presented in Figure 4.7. Topas 5 
software was used to fit background-subtracted scans with a pseudo-Voigt peak fitting to calculate 
FWHM values. 
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Figure 4.10 In vitro release kinetics of unprocessed, non-micronized segesterone acetate (SEG), melt 
casted PSi particles (MC-SEG) and solvent-evaporation loaded PSi (SOLV-SEG) in pH 7.4 phosphate 
buffered saline at 37°C (n=3). All samples started with 1.4 mg of SEG. 85% of total buffer volume (3.5 
mL) was removed and replaced every 24 hours. Error bars represent one standard deviation from the 
mean. All concentrations validated by HPLC-UV. 
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behaved similar to the unprocessed powder SEG with a slow, tapering dissolution 

over the span of 1 month. The prolonged, consistent release seen from MC-SEG is 

similar to previously reported porous silicon systems230-232. It is believed that this is 

caused by the anisotropic nature of porous silicon dissolution. Due to pore alignment 

all being in the [100] or Z-direction of the silicon crystal, the exposed surface area of 

MC-SEG particles is heavily weighted to the X-Y faces of the particle, resulting in a 

more anisotropic dissolution and thus a release profile approaching zero order 

kinetics.  

To better understand the role of the porous silicon host in protecting and 

prolonging the release of SEG, porous silicon particles of varied porosity and pore 

size were prepared (Figure 4.11). It was found that decreasing pore size and overall 

porosity of particle negatively affected the in vitro release kinetics of SEG. In the 

smallest pore size case, with 35% overall porosity, it appears that the pore volume 

was too low and perhaps the surface tension of the pore openings was too high to 

accommodate any meaningful amount of SEG during the melt casting process, 

resulting in a kinetic profile similar to that of the SEG control. In the median case, with 

55% overall porosity, there was a clear sustaining of SEG release, but there was no 

sharp tail behavior as exhibited in the 75% porosity particle. We interpret this as an 

incomplete or uneven filling of the pores. 

Finally, melt casted formulations were assessed for their in vivo tolerability. 

Adult, female Sprague-Dawley rats were separated into four groups and received a 

depot injection into the subcutaneous space on the neck scruff containing empty PSi 

particles (75% porosity), pure SEG or SEG melt casted into 75% (MC-SEG-75P) and 
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Figure 4.11 Top: Scanning electron micrographs of three porous silicon substrates prepared using 
different etching conditions (insets). Scale bars represent 200 nm. Bottom: In vitro release kinetics of 
melt casted SEG in PSi host particles of varying overall porosity in pH 7.4 phosphate buffered saline at 
37°C (n=3). All particles were prepared via melt casting using a 2:1 SEG:PSi ratio. All samples started 
with 1.4 mg of SEG. 85% of total buffer volume (3.5 mL) was removed and replaced every 24 hours. 
Error bars represent one standard deviation from the mean. All concentrations validated by HPLC-UV. 
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55% (MC-SEG-55P) porosity particles. All groups contained n=5 animals except MC-

SEG-75P which contained n=10. All animals received a dose of 50 mg/kg SEG 

and/or 15 mg/kg PSi. Body weight was monitored for all animals over 25 weeks 

before sacrifice, after which a battery of organs were collected and analyzed by a 

veterinary histopathologist in a blind manner (Figure 4.12). Organs evaluated in this 

work were the brain, heart, lungs, kidney, liver, spleen and uterus. No signs of toxicity 

were observed in any of the organs screened. There were two animals which 

developed mammary tumors over the course of the experiment, one in the pure SEG 

group (week 10) and another in the empty PSi particle group (week 22). Both tumors 

were found to be benign mammary fibroadenomas (Figure 4.13) which are known to 

spontaneously occur in adult female rats used in scientific studies233-235. At this time it 

is not believed that the tumor was caused by either SEG or the PSi particles. Upon 

discovery of a tumor, animals were separated from the remaining animals and 

monitored for any changes in behavior, but none were observed. Due to concerns 

over the size of the tumor, the rat from the pure SEG group was sacrificed on Week 

16. Organs were recovered and screened from this animal in a similar manner and 

again, no signs of toxicity were observed. 

The relative change in the body weights of the animals is represented in 

Figure 4.14. All animals showed a healthy increase in body weight with no apparent 

signs of toxicity. Both pure SEG and MC-SEG-75P groups showed an increase in 

average body weight for the initial 8 weeks, which is a common side effect for 

hormonal birth control. Interestingly the same increase was not observed in the MC-

SEG-55P despite receiving the same overall SEG dose. While this weight gain is a 
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Figure 4.12  Representative H&E stained (a) kidney, (b) liver and (c) spleen used to evaluate toxicity 
from an adult female Sprague-Dawley rat dosed with MC-SEG-75P (SEG dose = 50 mg/kg). Scale bar 
represents 10 µm. 
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Figure 4.13 Representative image of an H&E stained mammary adenoma from an animal dosed with 
empty PSi particles in the subcutaneous space of the neck scruff. Tumor was harvest 25 weeks after 
injection. Scale bar represents 100 µm. 
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Figure 4.14 Relative change in body weight of adult female Sprague-Dawley rats over a 25 week 
period. All injections were performed in the subcutaneous space on the scruff of the neck. Points 
represent the average of the whole group, with error bars representing one standard deviation. Open 
markers for Pure SEG group represent weeks after which one animal was removed due to the 
spontaneous growth of a benign mammary fibroadenoma.  
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side effect that could likely be minimized by improving the burst release profile of MC-

SEG-75P (via washing or improved manufacturing protocols), it does still suggest 

that SEG retains activity after melt casting and does not generate toxic byproducts in 

any hazardous quantity. 

In conclusion, sustained release of a hormonal progestin was obtained by melt 

casting SEG into the open pores of a porous silicon host particle. SEG was chosen 

as the lead candidate as it had high thermal stability, relatively mild side effect profile 

and poor oral bioavailability. Owing to the open pore structure of this particle, it was 

found that maintaining SEG crystallinity was critical to retarding SEG release over a 

4-month period. SEG loaded into PSi via solvent evaporation, which results in a more 

amorphous SEG, was found to have undesirable in vitro dissolution kinetics. Finally, 

the leading candidates of melt casted SEG formulations were evaluated for toxicity in 

vivo using adult female Sprague-Dawley rats. It was found that no animal exhibited 

any obvious signs of toxicity over a 25 week period post-injection in the 

subcutaneous space.  

Chapter 4, in full, is currently being prepared for submission for publication of 

the material. Hollett, Geoffrey; Kumeria, Tushar; Leonard, Heidi; Kim, Byungji; Martin, 

Taylor; Ipekci, Irmak; Palomba, Joseph; Wang, Joanna; Chan, Nicole; Pierron, 

Amber; Ayres, Jennifer; Sailor, Michael. The dissertation author was the primary 

investigator and author for this work. 
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CHAPTER FIVE: MELTING POINT SUPPRESSION TO ENABLE MELT CASTING 
OF THERMALLY UNSTABLE COMPOUNDS 
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5.1 INTRODUCTION 
 

 There is rarely one single drug that is useful for all patients, and this is 

especially true for patients seeking contraception. Not only do side effects vary from 

patient to patient, but a patient’s perception of those side effects also changes. For 

example, many women experience amenorrhea when taking hormonal 

contraceptives. For some, the lack of a consistent period is a positive side effect, but 

for others a consistent period may be a relieving sign that they are not pregnant236-

237. There is then a third category, where amenorrhea would be wholly intolerable due 

to interfering with religious customs, which is of particular concern for international 

market penetration238. As such, many successful forms of birth control are modified 

with different hormones to generate new products. Jadelle®, a contraceptive implant 

consists of silicone rubber tubing loaded with levonorgestrel (LNG), whereas 

Nexplanon® is a similar system that contains etonogestrel. In the field of intrauterine 

devices, there are currently five options approved by the Food and Drug 

Administration (FDA): Paragard®, a non-hormonal copper-based IUD, and four 

hormonal options: Mirena®, Kyleena®, Liletta® and Skyla®. While all four hormonal 

IUDs contain LNG, they vary in the dose and duration of action: Mirena delivers 

approximately 20 micrograms of LNG per day over a 6 year period, whereas Skyla 

delivers approximately 14 micrograms per day for 3 years, with the other two options 

ranging in-between239-240. 

 However the development of multiple, overlapping products has not held true 

for the class of injectable contraceptives. These products, administered as a 

subcutaneous or intramuscular depot serve as an important class of contraceptive 
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products as they are the most popular form of birth control in the developing world241. 

Despite their popularity and a marketplace with the highest maternal mortality rates, 

there is currently only one injectable contraceptive available, depot 

medroxyprogesterone acetate (DMPA) sold under the trade name DepoProvera®242-

243. DMPA has been available for decades and is associated with many problematic 

side effects, such as irreversible bone mineral density loss and weight gain211, 244. 

These side effects can be traced directly to the pharmacokinetic profile of DMPA 

injections, which have been shown to deliver hormonal contraceptives at much higher 

doses than required to achieve contraception, especially in the stages immediately 

after injection76, 213. This is due to the lack of control in hormone crystal dissolution – 

at the time of injection, crystal surface area is high and thus dissolves rapidly, but as 

the crystal size erodes over time, the surface area decreases and the kinetics slows. 

 Porous silicon host particles have previously been shown to flatten and extend 

the release kinetics of a hormonal contraceptive, segesterone acetate (Chapter 4 of 

this work). Due to the highly aligned pores, the surface area of the host material is 

concentrated onto the top and bottom faces of the particle, thus favoring anisotropic 

dissolution and a more ideal dissolution profile. However, this was only possible 

when the hormone was loaded into the particle via a procedure known as melt 

casting, in which the drug and porous particles were mixed together as a dry powder 

and then heated above the melting point of the drug in question. The molten drug 

was then allowed to wick into the porous material, cool and recrystallize and be 

templated for anisotropic dissolution. There is a whole class of small molecule 

pharmaceutics, however, that this technique would exclude: those which are 
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thermally unstable, and degrade or burn before they melt. Many hormonal 

contraceptives, including levonorgestrel, fall into this category (see Chapter 4 of this 

work). 

 To induce melting into thermally unstable compounds and therefore expand 

the library of potential injectable contraceptive products, intentional contaminants 

were introduced into the melt casting mixture, often referred to as a mixed melting 

point245-246. Melting point suppression occurs when intermolecular bonds in the 

crystalline compound are broken, and one simple way of inducing this is by 

introducing a compound of similar, but different chemical structure. This allows the 

second, “contaminant” molecule to insert itself within the repeating structure of the 

crystal, breaking intermolecular bonds and weakening the adhesion of the drug 

molecules to each other, thus lowering the temperature at which those bonds fully 

break and form a molten liquid. 

5.2 EXPERIMENTAL 
 

 Porous silicon was prepared by the electrochemical etching of electronics 

grade, boron-doped <100> silicon wafers (Virgina Semiconductors, ρ < 1.5 mΩ-cm). 

Wafers are cut and mounted into Teflon etch cells with an exposed area of 8 cm2
 and 

electrochemically etched with a 1:1 (v/v) HF:EtOH solution and a current density of 

50 mA/cm2. Electrical contact was made using heavy duty aluminum foil on the 

backside of the silicon wafer and the circuit was completed using a platinum counter-

electrode. For experiments using porous silicon chips (supported on the bulk silicon 

substrate), the chip was etched for 360 seconds. For applications using porous 
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silicon microparticles, particles were etched for 360 seconds and then pulsed with a 

125 mA/cm2 current density pulse for 2 seconds, producing a high porosity 

perforation approximately once every 10 microns of silicon etched12. This waveform 

was repeated 4 times and then liberated from the silicon substrate using a second, 

electropolishing etch with a dilute 1:13 (v/v) HF:EtOH electrolyte and a current 

density of 5 mA/cm2. The free-floating porous silicon film was then suspended in 

ethanol to a concentration of 5 mg/mL and placed in an ultrasonic bath for 30 

minutes to produce porous silicon microparticles. Particles were then collected, dried 

and oxidized for 4 hours at 800°C in air to fully oxidize the particles from Si to SiO2. 

 Thermal characteristics of compounds tested within this work were performed 

using a Perkin-Elmer STA 6000 Simultaneous Thermal Analyzer. All samples were 

heated using a ramp rate of 10°C/min under flowing oxygen.  

 Fraction filling experiments were performed using the Spectroscopic Liquid 

Infiltration Method (SLIM) described elsewhere10. For solvent evaporation 

techniques, a 10 mg/mL solution of cholesterol in chloroform was used and allowed 

to evaporate at room temperature before administering an additional drop. Melting 

was performed at 160°C on a hot plate. 

 Melt casting was performed under positive argon pressure using an Ar-filled 

balloon. The flask containing levonorgestrel, cholesterol and porous silicon particles 

(with a weight ratio of 2:1 organic:silicon) were purged with argon for 30 minutes 

before heating to approximately 235°C on a hot plate under rapid stirring. Particles 

were heated until visible melting was observed and then held at temperature for 5 

minutes before cooling. Melt-casted particles were recovered and lightly ground using 
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a mortar and pestle to break up any particles that had adhered to each other during 

the melt casting process. 

 Nitrogen adsorption experiments were performed under liquid nitrogen using a 

Micromeritics ASAP 2020 and analyzed using Barrett-Joyner-Halenda models. 

 Powder x-ray diffractograms were collected at room temperature from 2θ = 10-

40° using Cu Kα (1.54Å) radiation at 40 kV and 40 mA, a step size of 0.026° and a 

scan time of 1s per step on a Bruker D8 Advance. 

 In vitro release was performed using 6 mg of levonorgestrel (or 

equivalent mass of porous silicon formulations to contain 6 mg of levonorgestrel) 

loaded into the top of a 15 mL conical tube containing a dialysis insert consisting of a 

20,000 molecular weight cutoff dialysis membrane (Slide-a-Lyzer MINI, 20k MWCO, 

0.5 mL unit). Tubes were filled with 15 mL of a solution containing 25% HPLC-grade 

acetonitrile and 75% pH 7.4 aqueous phosphate buffered saline (1X). Every 24 

hours, 14 mL of this solution was collected and replaced with fresh solution. The 

collected solutions were then analyzed by HPLC using  a ThermoScientific Dionex 

UltiMate with a UV detector set to detect at 237 nm. 20 µL of each release sample 

was injected into a 150 mm long Acclaim 120 C18 column (ThermoScientific) with 5 

µm particle size and 2.1 mm diameter. A mobile phase of 1:1 water:acetonitrile 

(containing 0.1% trifluoroacetic acid) was used for 10 minutes.  This resulted in a 

LNG elution time of approximately 3.5 minutes, a lower limit of detection of 0.5 

µg/mL, a lower limit of quantification of 1.7 µg/mL and a linear range up to 25 µg/mL. 

5.3 RESULTS & DISCUSSION 
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 The process used in this study generated porous silicon microparticles of 

approximately 7 thick with a highly aligned, highly porous face of approximately 75% 

overall porosity (Figure 5.1). The alignment of the pores has been shown to be critical 

to induce anisotropic dissolution previously with segesterone acetate (see Chapter 

4). However, for the small molecule to drug to benefit from the templating of surface 

area and protection, it required high temperatures which is unsuitable for many drugs 

of interest, such as levonorgestrel (LNG). LNG was found to begin melting at 245°C 

and began to release gaseous pyrolysis products at 247°C, making it unsuitable for 

melt casting (see Chapter 4).  

To depress the melting point of LNG below the degradation temperature, a 

strategy of adding controlled impurities was employed. By introducing other 

molecules, the intermolecular bonds in the LNG lattice can be weakened, leading to 

reduced energy required to induce melting247. Cholesterol was chosen as a model 

impurity to test due to its low melting point of approximately 140°C and its chemical 

similarity to contraceptive hormones (Figure 5.2). LNG and CHOL belong to the 

broad steroid family of molecules and share similar structural motifs, including three 

cyclohexane rings fused with a cyclopentane ring.  

As expected, the introduction of CHOL caused the melting point of LNG to 

become broad and overall suppressed, with the onset of melting occurring at 

approximately 220°C for a mixture containing 20% cholesterol by weight (Figure 5.3). 

This strategy was also briefly tested in other, dramatically different small molecule 

drugs, such as rifamycin family molecules used for antibiotics. Similar to LNG,  
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Figure 5.1 Scanning electron microscopy of porous silicon microparticles. Left: side view of a porous 
silicon particle, scale bar 10 microns. Right: plan-view of porous face, scale bar 200 nanometers. 
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Figure 5.2 Chemical structure of CHOL, SEG and LNG. 
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Figure 5.3 Differential thermal analysis of pure CHOL (top), pure LNG (bottom) and mixtures of the 
two. Increases in heat flow represent endothermic behavior, such as melting. Samples were all 
measured in a flowing oxygen atmosphere under a heating ramp rate of 10°C/min. 
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rifampin (RFP) was deemed thermally unstable with a melting point of 178°C and 

thermal degradation occurring at 184°C. However, with the inclusion of 20% of a 

similarly structured molecule, rapamycin, the melting point of RFP could be 

suppressed by approximately 20°C, making it useable for melt casting (Figure 5.4). 

In our previous work we discussed the importance of crystallinity for 

prolonging dissolution rates, which found that loading contraceptives via a solvent 

evaporation technique led to poor pharmacokinetic features. It should be noted, 

however, that melt casting has an additional, significant advantage over loading 

techniques that involve the dissolution of progestins (or progestin—like molecules) in 

solvents, and that is the extent at which progestins are able to penetrate and load 

into the porous structure itself. CHOL and contraceptive progestins have poor 

solubility in most common solvents. CHOL, for example, has a reported solubility of 

17 mg/mL in room temperature ethanol but only 0.30 mg/mL in 37°C ethylene 

glycol248. While there are some solvents with better CHOL solubility, they tend to only 

be on the order of 10s of mg/mL and in solvents with exceptionally high boiling points 

such as 1-decanol. As such, we investigated the ability of CHOL to infiltrate the pores 

of porous silicon using a solvent evaporation technique (Figure 5.5). As expected, the 

lack of solubility concerns allowed CHOL melt casted into PSi to achieve near 100% 

pore filling by the spectroscopic liquid infiltration method. On the other hand, CHOL 

loaded via solvent evaporation had exceptionally low loading due to the poor 

solubility of CHOL in chloroform (approximately 10 mg/mL). Due to solvents 

evaporating out of pores last, the low saturation level of CHOL prevents more CHOL  
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Figure 5.4 Top: Chemical structure of rifampin (RFP) and rapamycin (RAPA). Bottom: differential 
thermal analysis of pure RFP and a mixture of 4:1 (w/w) RFP:RAPA. Increases in heat flow represent 
endothermic behavior, such as melting. Samples were all measured in a flowing oxygen atmosphere 
under a heating ramp rate of 10°C/min. 
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Figure 5.5 Fraction filling by of CHOL into porous silicon by solvent evaporation (10 mg/mL in 
chloroform) or melt casting. Fraction filling obtained from the spectroscopic liquid infiltration method 
described elsewhere10. 
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from entering the pores even after several cycles of evaporating the solvent on the 

porous surface. Instead, the CHOL precipitates as obvious solid CHOL deposits on 

the surface of the pores and even along the edges of the chip along the non-porous 

surface (Figure 5.6). When combined with the lack of crystallinity observed in solvent 

evaporated progestins in PSi, the need for expanded catalogs of drugs suitable for 

melt casting is highlighted. 

 For the ease of discussion, when referring to LNG melt casted into PSi, it will 

be assumed unless otherwise noted that the LNG contained 20% cholesterol by 

weight. To further evaluate the extent of penetration and loading into the pores of 

LNG by melt casting, nitrogen adsorption experiments were performed. Using 

Barrett-Joyner-Halenda (BJH) fitting, it was found that the overall pore volume of PSi 

decreased uniformly across the whole size distribution (Figure 5.7). This would 

suggest that LNG infiltrates PSi like a front, filling the pore entirely and not leaving 

behind any voids, which is sometimes seen when filling the pores with a more 

viscous liquid249. We are struck, however, by the relatively large fraction of pore 

volume still available despite a seemingly uniform filling. We attribute this to two 

possible factors: the incomplete wetting of dry particles by molten LNG during the 

mixing of the slurry, or 5 minutes being an insufficient time to allow for full pore 

penetration. Both areas can be improved in future iterations, however in the case of 

the latter, improved experimental setup to prevent ambient oxygen would be 

required, as prolonged high heat exposure will induce oxidation and degradation 

despite the suppressed melting point of LNG when mixed with CHOL. Scanning 

electron microscopy of PSi after melt casting LNG reveals a clear association of LNG  
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Figure 5.6 Optical photograph of porous silicon chips loaded with cholesterol after (left) chloroform 
evaporation and (right) melt casting. The porous layer is the red circle and is 1.2 cm in diameter. The 
shiny, silver surface is unetched, flat silicon wafer. 
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Figure 5.7 Pore volume as a function of pore diameter in porous silicon before and after melt casting 
LNG with 20% cholesterol. Pore volume and diameter were estimated using the BJH model. Post-melt 
pore volumes were normalized as a function of mass of porous silicon particle used. 
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Figure 5.8 Scanning electron micrograph of porous silicon microparticles after melt casting LNG with 
20% cholesterol. Scale bar represents 5 microns. 
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crystals with the PSi surface, which supports the idea that pore infiltration from a 

slurry mix of particles could be improved in future iterations. 

 As with SEG, LNG loading was then evaluated for crystallinity (Figures 5.9 and 

5.10), which was a critical feature for sustained release. This is of enhanced 

importance for techniques which utilize an intentional contaminant to suppress the 

melting point, where the melting point is suppressed due to disrupted intermolecular 

bonds which may prevent crystallization within the pores. However, XRD and DTA 

both revealed that LNG loaded into porous silicon with 20% cholesterol still retained 

its crystallinity. Interestingly, it also demonstrated the same behavior as SEG loaded 

into PSi in that some crystal reflections appear to be preferentially preferred when 

recrystallizing within the pores relative to others, albeit not to the same extent as 

seen with SEG. It should also be noted that despite the fact that the material 

contained 20% CHOL, the melting point of LNG after loading was still quite sharp and 

now higher than it was upon the initial melt casting. Not only does this represent a 

lack of CHOL disrupting intermolecular bonds, this also is in disagreement with other 

groups that have found that capillary forces depress melting points of organic 

solids228. In combination with the lack of characteristic CHOL reflections in the 

diffraction patterns, it appears that the LNG within the pores may be of higher purity 

than the starting LNG-CHOL mixture. 

 Once it was confirmed that LNG was loaded into PSi by melt casting, in vitro 

release kinetics were evaluated (Figure 5.11). Due to the extremely low solubility of 

LNG in water, dissolution kinetics were evaluated in a 37°C mixture containing 3:1 

PBS:acetonitrile (v/v), which the pure LNG control still saturated for several weeks.  



143 
 

 

Figure 5.9 X-ray diffraction patterns of pure LNG, pure CHOL, PSi melt casted with an 80:20 (w/w) 
mixture of LNG-CHOL (MC-LNG-CHOL) and a melted and recrystallized control of 80:20 (w/w) LNG-
CHOL without PSi.  
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Figure 5.10 Differential thermal analysis of an 80:20 (w/w) mixture of LNG:CHOL before (bottom) and 
after (top) melt casting into porous silicon particles. Increases in heat flow represent endothermic 
behavior, such as melting. Samples were all measured in a flowing oxygen atmosphere under a 
heating ramp rate of 10°C/min. 
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Figure 5.11 In vitro release kinetics of LNG as a free powder or melt casted into PSi using 20% (w/w) 
cholesterol as a contaminant. Release was performed in a 3:1 (v/v) mixture of pH 7.4 PBS:acetonitrile. 
Concentrations of LNG were determined by HPLC. Saturation concentration of LNG was measured to 
be 10.5 ug/mL with a lower limit of detection of 0.5 ug/mL and a lower limit of quantification of 1.6 
ug/mL.  
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Briefly, 6 mg of LNG (or the equivalent mass of PSi particles containing 6 mg of LNG) 

were placed inside of a 20,000 molecular weight cutoff dialysis membrane in a total 

volume of 15 mL. Every 24 hours, 14 mL of the total solution was exchanged with 

fresh solution and the removed fraction was analyzed by HPLC for LNG content. 

 As expected, pure LNG in the absence of PSi host particles behaved similar to 

the pharmacokinetic profile observed in clinical studies of DepoProvera. That is, the 

concentration begins high and drops off rapidly as the particle size of LNG decreases 

over time. It should be noted that these experimental conditions suppress this 

behavior due to pure LNG control saturating the system at a concentration of 10.5 

ug/mL for the first 14 days of testing, and that given a larger reservoir (or more 

soluble solvent system), the curvature of the LNG control would be expected to be 

even steeper than observed in this system. By contrast, despite the same mass of 

LNG present in the system, there were no recorded instances of MC-LNG-CHOL 

reaching the saturation limit of LNG. To verify that this was not caused by decreased 

LNG solubility due to CHOL or some PSi degradation product, supernatant from day 

10 of the release study was taken and used to soak additional LNG, and it was found 

that the LNG concentration after 24 hours at 37°C increased to a saturation 

concentration of 10.5 ug/mL, confirming that MC-LNG-CHOL was not in saturation 

due to decreased dissolution kinetics, which we hypothesize is due to the high 

crystallinity and decreased fraction of available LNG surface area. As was seen with 

SEG, MC-LNG-CHOL maintained a linear concentration profile of LNG over an 

extended period of time, which would represent a dramatic improvement in 
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performance over current injectable contraceptives not only in duration of action but 

in the theoretical side effect profile that is caused by sub-optimal pharmacokinetics. 

 To confirm that LNG was chemically stable during melt casting with CHOL 

under argon, the purity of the chromatograms obtained from the in vitro release 

kinetics were compared to that of pure LNG (Figure 5.12). As a negative control, LNG 

was melt casted with CHOL in air. When melt casted in air, even with the addition of 

CHOL, the temperatures were high enough to induce visible browning of LNG, a 

clear sign of thermal degradation. By comparison, MC-LNG-CHOL particles prepared 

under positive argon pressure retained their original white color.  As such, several 

obvious degradation peaks were observed for samples melted in the presence of air 

that were not present in MC-LNG-CHOL melt casted in argon, suggesting a much 

higher stability but one that still requires careful handling. 

 In conclusion, the introduction of intentional contaminants were able to 

suppress the melting point of thermally unstable compounds such as LNG and RFP, 

making them thermally stable enough for melt casting into porous silicon host 

particles. LNG was further characterized to show that despite weakened 

intermolecular bonds, it retained high crystallinity when infiltrated into the porous host 

by melt casting with CHOL as a melting point suppressor. As was seen with previous, 

more thermally stable systems, the use of the porous particle was able to extend and 

flatten the in vitro release profile of the progestin, which would address the two major 

issues facing injectable contraceptives, particularly in the developing world. 
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Figure 5.12 Chromatograms of LNG before and after varied melt casting conditions. 
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Chapter 5 was co-authored with Fan, Ruhan, Ree, Jinkyue and Sailor, 

Michael. The dissertation author was the primary investigator and author for this 

work.  
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CHAPTER SIX: CONCLUSIONS & FUTURE PERSPECTIVES 
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 In conclusion, this dissertation has provided the foundational basis to describe 

strategies for both selective sensing and sustained release of small molecule 

hydrophobic drugs.  

In chapters 2 and 3, the theory and principles behind developing sensors and 

imaging agents using quantum confined silicon particles were explored. It was found 

that porous silicon could be used as a ratiometric sensor for small molecule electron 

acceptors only when dynamic (or collisional) electron transfer events occurred. 

Strategies for inducing dynamic events were explored to diversify the kinds of 

sensors and measurements that could be made. Techniques for improving the 

sensitivity and signal-to-noise of image based sensing, such as GLISiN, were also 

explored.  

In chapters 4 and 5, porous silicon microparticles were utilized as a porous 

host material to template the surface area and sustain release of hydrophobic 

progestins with the ultimate goal of improving injectable contraceptive products. This 

work was aimed at reducing maternal mortality rates worldwide, with a special 

emphasis on the health of women in the developing world. It was found that the 

incorporation of progestins into porous silicon hosts by melt casting dramatically 

improved the in vitro release kinetics and the subsequent materials were found to be 

well tolerated in adult female Sprague-Dawley rats. Strategies for expanding the 

catalogue of potential progestin candidates were also explored by introducing 

intentional contaminants to suppress the melting point of thermally unstable 

molecules prior to melt casting. 
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While this work represents exciting and promising directions for both sensing 

and sustained release platforms using porous silicon, there remain unanswered 

questions that should serve as the starting point for future research: 

For sensing applications 

 Can the mathematical model be refined to describe a sequential static-

then-dynamic model rather than the simultaneous model used in this 

work? 

 Why is wavelength dependent quenching not observed in non-porous, 

freestanding SiNC platforms? 

 Is wavelength dependent quenching observed in other top-down 

fabricated luminescent silicon systems? Of particular interest to this 

work would be the examination of luminescent diatom frustules, a 

naturally occurring structure with an analogous structure to porous 

silicon. 

 Can surface chemistries be tailored to induce light-on type sensors (ex: 

using a nucleotide based hairpin structure)? 

 

For sustained release applications 

 Does the in vitro performance of PSi based systems translate to in vivo 

performance? 

 How universal is the melt casting protocol, and can it be applied to non-

progestin based systems with similar success? 
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 Can additional properties of silicon (specifically luminescence) be 

harnessed to improve the performance and functionality of sustained 

release platforms? 

 Can sustained release strategies be expanded to include relatively 

hydrophilic molecules, or is it limited to molecules that dissolve at 

approximately the same rate as the SiO2 matrix? 

 Can the melt casting protocol be optimized to maximize pore 

penetration and suppress burst release? 
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