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By leveraging its structural, chemical and photonic properties, porous silicon materials
were employed to develop platform drug delivery, theranostic and sensing systems. For drug
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delivery applications, oxidative and magnesium/calcium trapping strategies were investigated to
physically immobilize small molecule and protein payloads within the silicon skeleton. The
trapping chemistry utilized the pore volume of porous silicon for hosting payload so that high
loading efficiency and near 0-order release kinetics was achieved. This strategy also alters the
mechanism of payload release from diffusion to particle degradation and substantially minimizes
or eliminates burst release. The intrinsic luminescence of silicon was employed as a self-reporting
tool for real-time monitoring of payload release from the skeleton and activated by either thermal
oxidation or aqueous aging. Correlations between pharmacokinetics and luminescence decay were
demonstrated in both in vivo and in vitro studies for intraocular delivery applications.
Polymer-silicon composite photonic crystals were investigated for sensing applications by
utilizing the change in structural color as a signal output. The molecular weight dependence on
polymer melt infiltration into porous silicon templates enabled fabrication of free-standing
polymer photonic crystals with different porosities and optical signatures. Porous silicon films
were embedded into polymer catheter devices as sterilization sensors using simple manufacturing
methods. Bacteria testing revealed that by wiping the tip of the catheter hub with an alcohol swab
and upon observing a complete color change from green to red (and back to green) the catheter

device was sterile and confirmed the sensing ability of the porous silicon film.
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CHAPTER ONE

Introduction



1.1 Using Materials to Improve Therapies

Complex formulations that combines materials science, chemistry and physics has created
a new paradigm to traditional molecular medicine in improving therapeutic and diagnostic systems.
The first example began with iron oxide nanoparticles for managing anemia in the 40-50s.* Iron
was administered parenterally to humans in the 30-40s in the form of a salt in attempts to elevate
hemoglobin levels in the blood and caused severe acute toxicity.? To mitigate flocculation of iron
in the blood, the first complex formulation was fabricated by simply encapsulating the iron salt in
carbohydrate.*® The carbohydrate coating reduced aggregation of colloidal iron and in turn
significantly improved its safety profile and increased the maximum tolerated dose. This
formulation made a lasting significance as its improved forms are still used in the clinic today?:
and introduced the concept that, instead of finding an alternative therapy or performing molecular
modifications, existing therapeutics can be combined with materials to have significantly better
biological properties. Now, materials are employed to “deliver” therapeutics and improve
properties including pharmacokinetics/dynamics, biocompatibility, bioavailability, biodistribution
and this concept has also been applied to other types of clinical applications such as imaging and
diagnostics.”®
1.2 Porous Silicon as a Drug Delivery and Imaging Material

Many different classes of materials are employed as carriers for drug delivery applications
including polymers,®*! dendrimers,'>* porous systems (silica,*>!" silicon®® and other
inorganics?®-2), carbon nanotubes,?>2® liposomes?-?/membranes?’ and viral vectors?®-?® and each
system has its unique strength and limitations. This thesis focuses on leveraging the chemical,
structural and photonic properties of porous silicon materials for long-term drug delivery,

theranostic and sensing applications. Porous silicon has been employed in many biological



applications due its biodegradability*® and biocompatibility®3? and has an excellent safety
profile®® which is partially owed to the fact that is the 15th most abundant element in the body and
accounts for 0.001% of a person’s mass.***® In biological environments, silicon oxidizes and
dissolves into silicic acid,®3" which can then be excreted from the body.

The high surface area structure of silicon has enabled it to act as a sponge for concentrating
and hosting therapeutic cargo.'® Additionally, its fabrication process allows it to take different
forms and size such as films, ribbons,® micro-particles and nanoparticles. During the 2-electron
electrochemical etching process in ethanolic HF (Equation 1.1), silicon selectively dissolves in the

<100> direction and generates pores that perpendicular to the wafer face.3%*!

Si + 6F + 2H* + 2h* — SiF6® + H» (1.1)

The instantaneous porosity and pore size that is formed during the etch is determined by the applied
current so that complex structures could be formed. The silicon film can be removed by
electropolishing in the using the 4-electron oxidation reaction (Equation 1.2) where the bulk-to-

porous silicon interface is dissolved in its entirety and without forming pores.

Si + 6F + 4h* — SiFe? (1.1)

These films can be employed as implants or broken up into micro/nanoparticles for injectable
delivery vehicles for depot or targeted delivery.
Compared to other systems, porous silicon has unique and versatile chemistries that enables

it to carry many classes of payloads and at high loading effieicneis.’® 4> Additionally, these



chemistries play a significant role in defining the pharmacokinetics for the formulation. The most
basic method of loading is adsorption loading, where molecules adhere to the surface of the
skeleton due to electrostatic interactions. Because most of the area resides on the interior of the
particle or film, the payload is protected from the harsh environment of its surroundings. While
silicon is hydrophobic immediately after functionalization, it readily oxidizes in air or buffer to
become hydrophilic. Additionally, it is relatively unstable and degrades quickly, which is not
desirable for long-term applications. For adsorption loading purposes, the silicon surface is
typically modified by thermal oxidation, carbonization,*® hydrosilylation and silane chemistries*
to convert the surface of the silicon surface to hydrophobic or charged surfaces* and improve
payload adhesion and particle stability (for sustained release applications). In Chapter 4, alkoxy
silane functionalization was employed for the loading a hydrophobic small molecule drug,
triamcinolone acetonide, for ophthalmic therapeutics. A particular highlight in the field is
functionalization with heterocyclic silanes.*® These molecules react with hydroxylate surface
groups on the silicon surface by an ring-opening click reaction without the production of any
byproduct. Additionally, these simple reactions occur under mild conditions, short times (1-2hrs)
and common organic solvents (e.g. dichloromethane) and achieve high yield. These grafting
chemistries also cover the surface with functional groups (e.g. primary amines) that can undergo
further modifications to graft targeting peptides or PEG groups for long circulation of
nanoparticles. In Appendix A, primary amines were grafted to silicon using alkoxy silanes and
was further modified using EDC/NHS and DIC/DMAP chemistries to covalently graft two drugs,
daunorubicin and dexamethasone onto porous silicon for combination therapy. Due to the strong

bond to the particles, sustained release of therapeutic concentrations of each drug was achieved.



Recently, new forms of drug loading have been developed to achieve near 0-order release
profile of drug. This is especially ideal for sustained release because it allows therapeutic
concentrations to be delivered at long time-scales while preventing burst release, which may cause
side effects, and the long “tail” where drug concentration is still detected but is below the
therapeutic limit. Trapping chemistries, discussed in Chapter 2, allows therapeutics to be
physically immobilized within the particles by pore swelling during oxidation of the silicon
skeleton*’ or formation of an inorganic precipitate.*®*® These chemistries allow high loading
efficiency of payloads including small molecules, protein, and oligonucleotides. Because the
payloads are physically trapped, they are immobilized until degradation of the silicon skeleton.
The presumed degradation mechanism of porous silicon particles is by thinning of the disk so that
the exposed surface area remains relatively constant over time and, by using trapping chemistries,
enables the release profile to more closely resemble 0-order pharmacokinetics.

Trapping mechanism is especially advantageous when loading proteins. Protein based
molecules such as enzymes or antibodies have posed a delivery challenge for many systems
because they denature in organic solvents and cannot be easily formulated. In the case of silicon,
proteins are excellent payloads because they are made up of amino acids and rich in amine groups,
which are known to facilitate the degradation silicon and reprecipitation of silicic acid into silica.
As a result, proteins tend naturally “self-trap” and have high loading efficiencies in silicon and
sustained release profile. The inorganic nature of silicon also protects the protein so that it
maintains activity even when soaked in harsh environments (e.g. organic solvents).>°

Lastly, melt-infiltration has enabled high loading efficiencies of small molecule
hydrophobic drugs and long-term sustained release.® Like the trapping mechanism, melt loading

utilizes the pore volume in its entirety rather than only its surface and, due to the anisotropic



degradation mechanism of the pSi particles, maintain therapeutic concentrations of drug for long
times.
1.3 Theranostic Systems

Theranostic models combine both therapeutic and imaging modalities into a single system
enabling patients to undergo fewer procedures while maximizing the benefits and patient disease
information.>?>3 While theranostic systems are exciting, like many multiplex or multimodality
systems, it is important to consider the benefits carefully. For certain systems the optimal dosage
and conditions for each modality is different and combining them may inevitably compromise the
effectiveness of one or both modes and limiting its benefits. Additionally, for many diagnostic
systems, the constraints for toxicity are much more stringent and rigid. Taking all these
considerations into account, theranostic systems may be the more beneficial in cases where the
patient has already been diagnosed with a disease and where the imaging element informs on the
treatment progress or patient response. Lastly, a platform system that can combine an imaging
system with the desired therapeutic is desirable for treating different types of diseases.

Porous silicon is an excellent material for designing theranostic systems because the
skeleton itself can display luminescence in the visible-NIR range. Its luminescence property does
not alter the biodegradability of the particles or require any additional additives or complex
processing.®* The luminescence of silicon comes from quantum confinement of the skeleton®® after
thinning the silicon walls by oxidation or matrix dissolution.’®®® By tuning the particle
luminescence to the red-NIR range, silicon can overcome a major limitation of many fluorescent
probes and be easily detected within optical window in vivo, which has minimal absorption.5*
Additionally, as the particles degrade, emitting centers are dissolved and the silicon walls becomes

narrower so that the luminescence spectra blue shifts and decreases in intensity.® 6265 Using this



property, the luminescence of the particles can conveniently “self-report” or provide feedback
signal that informs its degradation by fluorescence imaging.>* A major thrust of this thesis (Chapter
3-4) utilizes the change in luminescence signature to indirectly monitor the release of a payload in
vitro and in vivo. These self-reporting formulations allow physicians to probe the real-time
pharmacokinetics of the therapeutic so that they can customize treatment plans to individual
patients.

The indirect bandgap of silicon allows it to have a long radiative lifetime on the order of
1-100us.%? This property allows silicon to have a unique imaging advantage because it can blank
out tissue autofluorescence and most background signals under time-resolved conditions, where
fluorescence signal is collected nano-microseconds after a pulsed excitation light is turned off.%%
67 Using time-gated imaging, a signal to noise ratio of >100 fold has been reported, making silicon
an excellent fluorescence contrast agent. The lifetime of silicon is dependent on the wavelength of
the emission where higher energy emitters have shorter lifetimes. Consequently, the overall
luminescent lifetime decreases as the particles degrades so that the fate of particles could be
tracked in vivo.%®
1.4 Composites

Composites consisting of porous silicon and polymers has enabled applications requiring
more complex, flexible or robust structures.5®-"° For example, porous silicon particles have been
encapsulated in oriented polymer fiber scaffolds for directed neural growth and repair.® The
particles were able to protect sensitive growth factors from denaturing during the scaffold
formulation process in organic solvent and delivering the proteins to neurons. While composites
provide improved stability and functionality to porous silicon systems, the parameters governing

composite material synthesis is not well studied. In Chapter 5 of this thesis, properties of polymer



flow into porous silicon was investigated as a function of molecular weight and monitored using
the photonic properties of silicon films. In chapter 6, porous silicon photonic crystals were
incorporated into polymer catheter hubs as simple color change sterilization sensors.
1.5 Looking to the Future

There are many more exciting advances within the drug delivery, theranostic and sensing
field to be investigated using porous silicon. Based on the work of this thesis, the author lists a few
potential directions. Self-reporting has primary been investigated in intraocular therapeutics but
can still be explored for other tissues delivery systems including subcutaneous, intramuscular and
intestinal (using a probe), The luminescence of silicon can be further exploited for more uses other
than self-reporting such as triggering the release of a payload, BRET by blue luciferase trapping,

in vivo diagnostic, cell tracking studies.
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CHAPTER TWO

Chemistries for Payload Loading in
Porous Silicon Microparticles
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2.1 Introduction

Sustained release system has provided a new way of delivering therapeutics in for a wide
range of clinical applications® such as cardiovascular conditions,? asthma,® eye disease* and birth
control.>® For most of these applications, the drug concentration within the patient needs to be
maintained within a “therapeutic window” to continuous provide the benefits of the therapeutic
over long time scales.”® If the concentration exceeds the “maximum tolerated dose”, the patient
may experience severe toxicity and side effects. Below the “therapeutic limit” the drug does not
provide therapeutic benefit to the patient. To maintain therapeutic concentrations, many complex
formulations have been developed including hydrophobic small molecule crystals, polymer-drug
composites, etc. to enable long-term drug delivery to the desired tissue.

Due to its versatile surface chemistry and pore morphology, porous silicon particles have
been employed as a platform sustained delivery system®!! to host many different types of payloads
including small molecule, oligo nucleotide,'?** proteins and peptides. For most of these payloads,
the dominate mechanism of loading is by adsorption following diffusion into the pores.!
Consequently, like mesoporous silica, a major limitation of the porous silicon delivery system is
high burst release in initial time points. To encourage adsorption and increase electrostatic
interaction, many surface chemistries!>'® have been employed to convert the pore surface to the
desired charge or hydrophobicity. While these chemistries improve the pharmacokinetics, the
mechanism of payload adsorption and diffusion remains the same and, as a result, the release
profile typically still includes a strong burst followed by steady state release.

Instead of improving electrostatic interactions, a major thrust of this work seeks to change
the paradigm of the loading chemistry so that the mechanism of payload release is no longer based

on diffusion but particle degradation. Because porous silicon particles are in the shape of a disc,
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the degradation is presumably anisotropic so that the particle becomes thinner overtime while the
planer dimensions remains the same. As a result, the exposed surface area is relatively consistent
overtime and enables a near 0-order pharmacokinetics. This provides substantial pharmacokinetic
advantage because the drug concentration can be tuned by the dosage and maintained within the
therapeutic window for long time scales. At the end of the release, the anisotropic degradation
profile causes the entire particle to disintegrate quickly and minimizes the “tail”, where drug is
still being released from the formulation, but the concentration falls below the therapeutic limit.
As a result, this delivery system can prevent side effects from residue drug concentrations or
toxicity from high drug concentrations following another therapeutic dosage.

Two major types of loading chemistries explored in this work include trapping and covalent
grafting. Trapping chemistries involve immobilizing the particles within the pores by inducing
pore shrinkage after the payload is loaded.'’*® These chemistries are mainly performed in aqueous
environments and employed to load most classes of payloads besides for hydrophobic small
molecule drugs. In the second method (see Appendix A), covalent grafting was explored to load
multiple types of small molecule therapeutics within the same particle for combination therapy.
2.2 Oxidative Trapping using Agueous Buffers
2.2.1 Background

Porous silicon readily oxidizes in aqueous environments to form a hydrated oxide shell.
Unlike thermal oxidation, the hydrated oxide, which occurs due to a combination of oxygen
diffusion into the skeleton and reprecipitation of SiO2, causes the silicon walls to swell and the
pores to shrink substantially. Previous work has leveraged oxidative trapping using nitride to
physically trap rhodamine B and cobinamide, a small molecule derived from vitamin B 12, into

microporous silicon.!” By doing so, more sustained release was observed. While this method works
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well for small molecules that are not sensitive to nitrite, the solvent conditions may cause
denaturation for more sensitive and larger molecules such as proteins.

In this work, we explored changes in pore size following soaking in buffered solution. We
then tested whether this would allow encapsulation of enzymes that can turn over substrate to
produce bioluminescence. We use bioluminescence and this trapping method as a means for
probing protein activity within the silicon skeleton and potential for imaging and cell assay
applications.

2.2.2 Porous Silicon Synthesis

Porous silicon was synthesized from electrochemical etching of single crystalline silicon
wafers (Virginia Semiconductors, polished on the (100) face, boron-doped (p-type), resistivity <
1.5 mQecm). The etch was performed under ethanolic HF (3:1 HF to ethanol) under a constant
current supply of 70 mA/cm? for 600 s. Porous silicon films were removed from the bulk Si wafer
by an electropolishing step with 3.33% HF (diluted in ethanol) under a constant current supply of
8 mA/cm? for 300 s. The porous silicon films were sonicated in ethanol for 10 minutes to yield
particles of between 10-100 pm.

2.2.3 Skeleton Wall Swelling by Oxidation and Silica Reprecipitation in Buffers

To test if there is a significant reduction in pore size for payload trapping, porous silicon
chips and particles were soaked in Tris buffered saline for 24 hrs and washed 3 times with ethanol.
The chips before and after oxidation were imaged under a scanning electron microscope (SEM)
after sputtering with iridium (Denton Desk IV Sputter Coater) for 4s. The pore size, surface area,
and volume were quantified for pSi particles before and after oxidation with nitrogen absorption

(5 point analysis, Micromeritics ASAP2020).

17



The imaging results with SEM shows significant pore shrinkage and appears to have
reprecipitation of SiO> (Figure 2.2.1). The pore shrinkage is validated with nitrogen absorption
measurements, which revealed that the pore size and volume shrank by ~50% and thus shows the
potential of trapping (Figure 2.2.2, Table 2.2.1). It’s important to note that the particles were
oxidized in tris buffer, which is composed of amine-based molecules and known to accelerate the
degradation and reprecipitation of SiO,. While oxidative trapping has been previously
demonstrated with nitride, trapping by using biocompatible and biologically friendly solutions
such as TBS is advantageous because it enables the stabilization of sensitive payloads such as
enzymes and antibodies. Additionally, due to the non-toxic nature of buffers, an optimized process
with high loading efficiency will eliminate the need for wash steps to ensure removal of organic

solvents commonly employed for small molecule loading.
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Figure 2.2.1. The scanning electron images of porous silicon chips (a) before and (b) after soaking
in Tris buffered saline for 24 hrs. After soaking, obvious pore shrinkage and skeleton wall swelling
is be observed.
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Figure 2.2.2. The pore volume versus pore diameter plot following the BJH approximation of the
nitrogen adsorption isotherms. After oxidizing in Tris buffer, significant decrease in pore volume
and diameter is observed.
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Table 2.2.1. The summary of surface area, pore diameter and volume of porous silicon particles

characterized by nitrogen adsorption.

Pore VVolume

Pristine TBS Oxidation
3BET Surface Area 526 m?/g 399 m?/g
BET Pore Width 11.9 nm 6.23 nm
"BJH Cumulative 1.54 cm®/g 0.72 cm/g

aBrunnauer-Emmett-Teller (BET) analysis of the adsorption isotherms from nitrogen adsorption

isotherms.

b Barrett, Joyner, and Halenda (BJH) analysis of the adsorption isotherms from nitrogen

adsorption isotherms.
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2.2.4 Immobilization of Bioluminescent Enzymes in Porous Silicon Particles

While the trapping mechanism was demonstrated for long-term for drug delivery
applications, we tested this for potential imaging and diagnostic applications by loading the
particles with bioluminescent enzymes NanoLuc and NanoLuc-GFP.'*% When active, these
enzymes emit a photon when turning over substrate and enables real-time visualization and
tracking of enzymatic activity when immobilized within the particles. Porous silicon particles were
synthesized by electrochemical etching of Siltronix wafers (polished on the (100) face, boron-
doped (p-type), resistivity <1.1 mQ-cm) with ethanolic HF (1:1 ethanol:HF) and under a perforated
etch with an oscillating square wave of 25 mA/cm? for 45s, 150 mA/cm? for 2s and 45 repeats.
Porous silicon films were removed from the bulk Si wafer by an electropolishing step with 3.33%
HF (diluted in ethanol) under a constant current supply of 2.67 mA/cm? for 300 s. The films were
subjected to a series of ultrasonication and settling times to obtain particles between 1-10 pm
(diameter) and ~1 um thick. The particle size was confirmed by SEM imaging (Zeiss) (Figure
2.2.3).

Following sonication, particles were stored in ethanol to prevent extensive oxidation. Prior
to loading, the particles were washed three times in water followed by water oxidation (1 mg/mL)
for 24 hrs while agitated on a spinning wheel to passivate the surface with a uniform and thin oxide.
The water was removed following centrifugation of the particles. Particles were then soaked in the
NanoLuc, BSA and PBS solution for 24 hrs and agitated on a rotating wheel. Three different
loading solutions (NanoLuc 0.5 pg/mL BSA 99.5 pg/mL; NanoLuc 1 pg/mL BSA 99 nug/mL;
NanoLuc 2 pg/mL BSA 98 pg/mL) were tested and the total protein added corresponded to 10
wt% of the particles. NanoLuc only accounted for a small fraction of loading because of its high

cost and difficulty in quantification in high concentrations due to rapid turnover rate of substrate
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and short bioluminescence signals (few seconds) (dilution will cause low particle concentration
and silicon dissolution). As a result, BSA was added to encourage pore shrinkage, which in turn
prevents leakage, and help stabilize the NanoLuc. Following loading, particles were washed three
times (1 mg/mL) with 0.1% PBS-BSA.

Successful loading was demonstrated by measuring the NanoLuc concentration in the
supernatant of the loading solution and of particles (100 pg) dispersed in PBS buffer (100 pL)
(Figure 2.2.4). Bioluminescence was collected after adding substrate (100 uL of NanoGlow -
diluted 1000X from stock, Promega) and measured in a fluorescence plate reader and at 460 nm.
The intensity readings of the particles (Figure 2.2.4a) suggests that NanoLuc was loaded. The
supernatant of the loading solution had low intensity signal and minimal change (Figure 2.2.4b),
which is comparable to background noise (not shown), and indicates that nearly all of the added
enzyme was encapsulated. To test the amount of enzyme leakage, particles were soaked in PBS
pH 7.4 buffer for 24hr (1 mg/mL) and, following centrifugation, the supernatant was collected for
bioluminescence analysis. The intensity plots of the leakage test solution are comparable to
background and reveals that NanoLuc was tightly trapped within the silicon skeleton (Figure
2.2.5a). The sensitivity of bioluminescence measurement is greater than 0.5 nM as shown in Figure
2.2.5b. The bioluminescence intensity decay trend appears to be different between free (Figure
2.2.5b) and loaded NanoLuc. For free NanoLuc, the intensity decays exponentially at initial time
points which is represented by the near linear trend on the exponential scale in Figure 2.2.5b. The
loaded NanoLuc displays a plateau or slight increase in intensity before decaying in a non-linear
trend. This may be attributed to diffusion of the substrate into the pores that suppresses the turnover

rate of substrate by the NanoLuc.
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While bioluminescence was observed, the relative intensity counts and decay trend
suggests that less than ~10% of loaded NanoLuc was turning over substrate (by comparing with
pure NanoLuc solution). This may be attributed to suppression of intensity signal due to absorption
of the silicon particles. However, it is also possible that a large amount of the loaded protein was
inactive when trapped within the particles because immobilization within the skeleton may restrict
space that the proteins requires to orient and turnover substrate. As enzymes are rich in amine
groups, which is known to facilitate degradation of Si into silicic acid and reprecipitation back to
silica, it is possible that these biological macromolecules are more tightly immobilized to the
scaffold. Lastly, proteins have specific folding structure to optimize its transport, binding, and
activity for its function. Regions that are rich in cationic amino acid sequences (e.qg. lysine, arginine
or histidine) may preferentially orient towards the silicon and cause the active site to be inactive.

To test the activity of the enzyme in the particles after trapping, a droplet of NanoLuc-
GFP-pSi was placed between a glass slide and coverslip and imaged under an Andor camera
connected to a homemade microscope setup (iCCD, cooled to -30°C) (Figure 2.2.4). No features
and minimal signal were acquired to ensure that there was minimal background and no scatting
from the particles (Figure 2.2.4a). The microscope setup was then connected to a 450 nm LED to
excite the GFP. The strong contrast between the particles and background indicates successful
loading of the protein and minimal leakage into the surrounding medium (Figure 2.2.4b). Camera
exposure time was shortened prevent saturation of the CCD. Immediately after, the LED was
switched off and a 1 uL droplet of concentrated substrate was added and the camera was allowed
to collect the image under the same settings as the background control (Figure 2.2.4c). While the
signal is much weaker than fluorescence, clear bioluminescence was clearly visualized from the

particles demonstrating successful diffusion of the substrate into the particles and enzymatic
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activity of the NanoLuc. Since the camera was focused in the same sample and location, the
particle bioluminescence was validated by comparing to the fluorescent images (Figure 2.2.4b and

c). Since the particles were not fixed onto the slide, slight movement was observed.
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Figure 2.2.3. Scanning electron microscope of empty particles that were employed for enzyme
loading studies. Particles ranged from ~1-10 pm.
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Figure 2.2.4. The bioluminescence Kinetics following the addition of NanoGlow substrate in (a)
0.5, 1 and 2 wt% NanoLuc loaded porous silicon microparticles and (b) the supernatant of the
loading solution after loading. The particles displayed obvious bioluminescence and both the
higher intensity and faster decay reflects the stronger presence of NanoLuc at higher wt% loading.
The low intensity and minimal change in intensity in (b) is comparable to background signal and
suggests that nearly 100% of the added NanoLuc was loaded into the particles. Intensity
measurements were performed on a 96 well plate and in a fluorescence plate reader at 460 nm.
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Figure 2.2.5. The bioluminescence kinetics following the introduction of NanoGlow substrate in
(a) the leakage test solution of 0.5, 1 and 2 wt% NanoLuc loaded porous silicon microparticles and
(b) the pure NanoLuc with 0.5, 2 and 8 nM concentrations. Intensity measurements were
performed on a 96 well plate and in a fluorescence plate reader at 460 nm.
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Figure 2.2.6. False color intensity images from an Andor camera of (a) NanoLucGFP loaded pSi
(no light), (b) illuminated with a 365 nm LED (Ocean Optics) excitation source and (c) following
the addition of NanoGlow substrate (no excitation light).

29



2.3 Calcium and Magnesium Loading
2.3.1 Background

In aqueous environment and biological conditions, porous silicon readily oxidize and
dissolve into solution in the form of silicic acid.?! However, in the presence calcium and phosphate
ion containing solutions, dissolution of pSi is inhibited due to the mineralization and precipitation
of calcium phosphate formation on the surface of the pSi.?? In this work, we demonstrate the
formation of silicates on the surface of pSi during its dissolution by introducing high
concentrations of group two alkaline metals, calcium and magnesium. The silicate shell improves
the stability of the particle and immobilizes payloads within the silicon skeleton. In particular,
calcium silicate is insoluble and well known for its stability in cement chemistry and fabrication.??
We compare the loading efficiency and pharmacokinetic profile of anionic and cationic molecules
using these trapping chemistries with porous silicon microparticles.?
2.3.2 Materials

Highly boron-doped p-type Si wafers (1 mQecm resistivity, <100> orientation, 525 + 25
um thick) were obtained from Virginia Semiconductor. Aqueous 48% hydrofluoric acid,
potassium hydroxide, Tris buffer saline pH7.4, and ethanol were purchased from Fisher Scientific.
Tris(2,2-bipyridine)ruthenium(ll) hexafluorophosphate (Ru(bpy)), rhodamine B (RhB) and bovine
serum albumin tagged with fluorescein isothiocyanate was purchased from Sigma Aldrich.
Phosphate buffered saline was purchased from life technologies.
2.3.3 Experimental Methods
2.3.3.1 Fabrication of pSi Films and Microparticles.

For optical testing and microparticle, porous silicon was synthesized by electrochemical

etching in a Teflon etch cell (8.6 cm?) and with 12 mL of 3:1 48%-HF: EtOH solution. For the
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optical characterization studies, a constant current supply of 70 mA/cm? for 600s was applied. For
microparticle fabrication, the current was modulated between 200 to 800 mA and at a period of 4
sec and 2.7 sec per cycle (i.e. current cycling from 200 to 800 mA) to form a composite sinusoidal
structure with stop bands at approximately 450 and 560 nm. The porosity and thickness of the
porous silicon layer was approximately 57% and 20 um, respectively. This porous silicon film was
removed from bulk silicon by an electropolishing step using 3.33 v/v % of 48%-HF in ethanol and
etching at 150 mA for 150 sec. These films were then ultrasonicated in ethanol for approximately
5 — 7 min to get particles of desired size (i.e. 20 x 60 x 60 um). After sonication the suspension
was centrifuged for 5 min at 14000 rpm. Then the supernatant was discarded and the pallet at the
bottom was transferred to a silica boat (ceramic). The oxidation of the pSi particles was carried
out at 800 °C for 1 h in muffle furnace to fully convert the skeleton to silicon dioxide.
2.3.3.2 Preparation of Magnesium and Calcium Ion Loading Solution and Particle
Treatment

Magnesium or calcium chloride was dissolved in deionized water to obtain a 4M ion
solution. Minimal volumes of hydrochloric acid or aqueous potassium hydroxide was added to the
solution so that the pH was adjusted to 8.5-9. For characterization and pore shrinking studies,
particles (10 mg) were soaked in 3 mL of either the magnesium/calcium solution or borate buffer
(pH 9) and sonicated for 16 hrs. The particles were washed three times in milliQ water (1 mg/mL)
and dried in a vacuum desiccator.
2.3.3.3 XRD Characterization

Powder X-ray diffraction spectra were collected at ambient temperature on a Bruker D8
Advance diffractometer using Cu Ko, (A=1.5418 A) radiation (40 kV, 40 mA), using a step size of

0.02° in 20O, and a 20O range of 10-90°.
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2.3.3.4 Loading and Release of Rhodamine B (RhB) and Ruthenium Bipyridine (Ru-bpy)

Porous silicon particles (10 mg) were ultrasonicated for 24 hours after adding 3 mL of
either pH 9 borate buffer (Sigma-Aldrich), 4M magnesium chloride hexahydrate, or 4 M calcium
chloride and 750 pL of dye solution (11 mg/mL, Rhodamine B (RhB) or ruthenium bipyridine
(Ru(bpy))). Each solution was adjusted with low volumes of hydrochloric acid or potassium
hydroxide to pH 8.5-9 in order to promote higher reactivity of the pSi surface and alkaline-silicate
core-shell formation. After loading, the particles were centrifuged and washed 3-5 times in water
(10 mL).

Dried RhB and Ru-bpy loaded particles were split into three different samples (~3
mg/sample). Release studies were performed in 1 mL of Tris buffer (pH 7.4) and incubated at
37°C. Every 24 hours, 1 mL of buffer was sampled and replaced. The supernatant of each time
point was characterized by UV-Vis plate reader (RhB — 553 nm, Ru-bpy — 291 nm). After the
release for 9 days, particles were soaked in 0.5M KOH to fully dissolve the particles and quantify
unreleased dye.

2.3.4 Magnesium and Calcium Induced Trapping
Oxidized silicon readily degrades into silicic acid in aqueous solutions (eq 2.1).

Si02 + 2H>0 — Si(OH)4 (2.1)
Concentrated magnesium or calcium salt enabled fast reaction with the silicic acid to form Mg/Ca
silicate (eq 2,3).

Si(OH)4 + 2Mg?" + 40H" — Mg,SiO4 + 4H,0 (2.2)

Si(OH)4 + 2Ca*" + 40H" — Ca,SiO4 + 4H,0 (2.3)
To test the formation of silicate precipitation and pore shrinkage, the reflectance spectrum of pSi

chips was monitored using a tungsten white light (Ocean Optics) and spectrometer (USB4000).
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PSi chips were first fully oxidized at 800°C for 1 hr to eliminate any signal from oxidative pore
swelling. Baseline optical characterization of the chips were collected in water. Prior to spectral
collection, water was removed and the chips were immediately subjected to 5 mL of 4M
MgCl,/CaCl; adjusted to pH 9 with KOH or HCI and pH 9 borate buffer as a control. High pH was
selected to encourage dissolution of the silicon matrix for silicic acid formation. The optical
reflectance spectrum of each chip was collected over eight hours (Figure 2.3.1). The shrinkage of
the pore volume was analyzed by taking the Fourier transform of these reflectance spectra to obtain
2nL (n — refractive index, L — layer thickness), or the effective optical thickness (EOT) of the pSi
film.?® By assuming minimal changes in the thickness, the 2nL values were used to probe how the

refractive index (n) of the matrix changes over time.
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Figure 2.3.1. The percent change in the effective optical thickness of fully oxidized porous silicon
films when soaked in pH 9 borate buffer, 4M magnesium chloride or 4M calcium chloride.
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As expected, the 2nL values continuously decreased over time when the chip was exposed
to pH 9 buffer. The dissolution of the matrix allows more aqueous buffer (n~1.3) to infiltrate the
pores and reduce the overall refractive index of the film [silicon oxide (n=1.54)]. However, in the
presence of magnesium, the effective optical thickness increases rapidly during initial time points
before becoming slower and more progressive. This is attributed to fast degradation of the silicon
dioxide skeleton during initial time points that allow rapid reprecipitation of silicic acid in the form
of magnesium silicate. As more and more magnesium silicate form, it presumably passivates the
surface and prevents the particles from degrading, which is attributed to the slow increase at later
time points. In the case of calcium treatment, the EOT remained relatively consistent over time.
Because the solution was elevated to pH 9, the solubility of silica is elevated and, as the pH 9
borate treatment showed, the SiO2 should degrade and decrease in EOT value. The consistent EOT
values suggests the formation of calcium silicate that prevented the particle from degrading.
Overall, the change in EOT was more significant for magnesium treatment and suggests a higher
pore shrinkage compared to calcium. This can be due to a thicker magnesium silicate shell
formation or more extensive particle degradation in the calcium treated particles.

2.3.5 Characterization of Porous Silicon’s Structure after Mg/Ca Treatment

To validate the optical experiments and test whether the calcium and magnesium treatment
enabled pore shrinkage, we performed nitrogen adsorption measurements on particles (prepared
and treated by the same conditions) and quantified by the BJH model (Figure 2.3.2). After
overnight (16 hr) sonication of fully oxidized pSi particles, the pore volume displayed a significant
reduction compared to the pristine and pH 9 buffer controls (Table 2.3.1). Because the particles
were fully oxidized, pore swelling due to oxidation of the silicon skeleton was eliminated and pore

reduction is attributed to silicate precipitation.
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Additional characterization of silicate formation was performed by X-Ray diffraction
(Figure 2.3.3) with pSi particles that were not oxidized and treated under the same conditions.
Oxidation was not performed so that silicon peaks could be visualized to understand particle
oxidation and degradation during the reaction. Silicon crystalline peaks were present in the
magnesium treated particles, indicating the preservation of the silicon skeleton. The X-ray pattern
of calcium treated particles revealed peaks of calcium carbonate and silicon peaks. The formation
of carbonate is attributed to diffusion of carbon dioxide into the calcium chloride powder or the
reaction solution. The silicon peaks are no longer present indicating oxidation of the skeleton. In
both magnesium and calcium treatment, no crystalline phase is observed in the silicate precipitate
indicating an amorphous phase. In the case of pH 9 buffer, no crystal pattern is observed suggesting

oxidation and degradation of the skeleton.
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Figure 2.3.2. (a) The nitrogen adsorption isotherms and the BJH approximation for (b) pore
volume and (c) pore surface area versus pore diameter.
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Table 2.3.1. The summary of the nitrogen adsorption experiments of pristine and pH 9 buffer, 4M

Mg and 4M Ca treatment.**
Pristine PHS Buffer Mg Treatment | Ca Treatment
Treatment
BET Surface | 5101 morg 211.8 m2lg 136.9 m?g 122.7 m¥g
Area
BJH
Adsorption 3 3 3 3
Cumulative 0.709 cm*/g 0.822 cm*/g 0.416 cm®/g 0.460 cm®/g
Pore Volume
BJH
Adsorption 15.9 nm 19.99 nm 13.8 nm 17.2 nm
Average Pore
Diameter
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2.3.6 Magnesium and Calcium Enhanced Trapping of Small Molecule Dyes

To test the effect of charge on loading, rhodamine B (RhB) and Ru-bpy, were selected as
the neutral and cationic model payloads. Rose bengal was initially tested as an anionic payload
but, due to severe precipitation of the dye in concentrated calcium and magnesium solution, RhB
was selected instead for comparison (neutral). Each dye was loaded in the presence of pH 9 borate
buffer or 4M magnesium or calcium chloride solutions adjusted to pH 9 and sonicated for 16 hrs.
After loading, the particles were washed 5 times with deionized water.

The RhB and Ru-bpy loaded particles were subject to release studies for 9 days in Tris
buffer at pH7.4. Tris buffer was selected to prevent calcium or magnesium phosphate formation
during the release. The release solution was sampled hourly for the first six hours and daily
thereafter to prevent saturation at initial time points. The particles remaining at the end of the
release study was treated with 0.5M KOH to fully dissolve the particles and extract the remaining
payload. The loading efficiency was calculated by summing the amount of dye remaining in the
particles and released during the dissolution study.

The loading of RhB was significantly higher in magnesium and calcium than the pH 9
buffer treated formulation due to stronger electrostatic interaction with a positively charged surface
(Table 2.3.2). At high pH, RhB is zwitterionic and has limited electrostatic attraction with the pSi
as seen in the pH 9 loaded formulation. When comparing the pharmacokinetics, the Mg/Ca treated
samples displayed much longer sustained release presumably because the silicate crust physically
immobilized the dye molecules within the skeleton structure (Figure 2.3.4a). These results are
consistent with prior findings'® where oligonucleotides (siRNA), well known to have a negative
charge due to the outer phosphate groups, achieved higher loading efficiency in the presence of

concentrated calcium solution.
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On the other hand, Ru-bpy had the highest loading efficiency in porous silicon when
dissolved in pH9 buffer. Because Ru-bpy is a positively charged molecule, the calcium and
magnesium may displace the dye to prevent efficient accumulation within the pores. However,
when loaded in the presence of Mg/Ca, longer sustained release of Ru-bpy was observed and
suggests that formation of the silicate can still immobilize cationic payloads (Figure 2.3.4b).
Additionally, the extended pharmacokinetics (by release percentage) may also be an artifact of
poor loading.

2.3.7 Conclusion

While trapping with anionic molecules has already been shown in porous silicon systems,'®
this work compares the loading efficiency and release kinetics of calcium and magnesium treated
silicon particles. Due to the trapping mechanism and positively charged surface of the silicate
precipitate, calcium and magnesium treatment enabled high loading efficiency of neutral
molecules and caused low loading of cationic payloads. However, the trapping chemistry enabled
more sustained release for both payloads. Additionally, by using fully oxidized particles, we
confirm that the pore shrinkage and trapping mechanism is a consequence of oxidation in high
ionic strength solution but due to silicate/silica formation. We expect that this type of trapping
strategy may also occur with other cationic metals such as copper, iron, zinc, and manganese. In

addition to drug delivery, formation of silicate with certain metals may also enable other

applications such as imaging and self-reporting systems.
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Table 2.3.2. The mass loading efficiencies of RhB and Ru(bpy) in pH 9 borate buffer, 4M Mg, or
4M Ca solution. The mass loading was calculated by dividing the mass of the dye by the total mass
of the loaded particles (particle + dye).>*

pH 9 Buffer Mg Treatment Ca Treatment
RhB 6.9% 22% 13%
Ru-pby 6.2% 1.2% 3.2%
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Figure 2.3.4. The cumulative release of (a) RhB and (b) Ru(bpy) from oxidized porous silicon
particles treated with pH 9 borate buffer, 4M Mg and 4M Ca.?*
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CHAPTER THREE

Self-Reporting Porous Silicon Microparticles
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3.1 Abstract

A porous Si (pSi) microparticle-based delivery system is investigated, and the intrinsic
luminescence from the particles is employed as a probe to monitor the release of a model protein
payload, bovine serum albumin (BSA) (Figure 3.1). The microparticles consist of a core Si
skeleton surrounded by a SiO2 shell. Two types of pSi are tested, one with smaller (10 nm) pores
and the other with larger (20 nm) pores. The larger pore material yields a higher mass loading of
BSA (3 vs 20%). Two different methods are used to load BSA into these nanostructures: the first
involves loading by electrostatic physisorption, and the second involves trapping of BSA in the
pSi matrix by local precipitation of magnesium silicate. Protein release from the former system is
characterized by a burst release, whereas in the latter system, release is controlled by dissolution
of the pSi/magnesium silicate matrix. The protein release characteristics are studied under
accelerated (0.1 M aqueous KOH, 21 °C) and physiologically relevant (phosphate-buffered saline,
pH 7.4, 37 °C) conditions, and the near-infrared photoluminescence signal from the pSi skeleton
is monitored as a function of time and correlated with protein release and silicon dissolution. The
thickness of the Si core and the SiO» shell are systematically varied, and it is found that the
luminescence signature can be tuned to provide a signal that either scales with protein elution or
that changes rapidly near the end of useful life of the delivery system. Although payload release
and particle dissolution are not driven by the same mechanism, the correlations between
luminescence and payload elution for the various formulations can be used to define design rules

for this self-reporting delivery system.
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Figure 3.1. The photoluminescence of porous silicon acts as a self-reporting probe for the
release of a model protein payload, bovine serum albumin. Photoluminescence disappears as
the quantum-confined Si domains within the skeleton dissolve, and this correlates with protein
release.
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3.2 Introduction

Hollow, or porous nanomaterials are attractive as drug delivery vehicles because they can
provide the advantages of sustained release, lower systemic toxicity, and tissue-specific targeting
while protecting the drug payload from degradation.* Inorganic materials such as porous silicon
(pSi),>® nanoporous anodic alumina,” and mesoporous silica®® have been exploited as materials to
deliver drugs via many different administration routes; of interest in this study are intraocular,
intramuscular, and subcutaneous delivery, where larger, depot based formulations are typically
used.%%> Controlling the kinetics of drug release from such nanomaterials is crucial for optimal
treatment, and it poses a substantial challenge due to patient-to-patient variability and other
physiological characteristics that affect release Kinetics.'®" There is a particular need to monitor
drug burden in developmental stages and during clinical trials, and indirect methods of drug
quantification by sampling bodily fluids such as blood or urine are limited due to cost and
complexity. Theranostic systems that are self-reporting, such that they indicate the status of the
delivery vehicle in terms of local drug concentration or residual drug capacity,'®?* is a poorly
developed area that could provide substantial benefits in personalized medicine.?®2°

Compared to other systems, a unique dimension of pSi is that it contains intrinsic
photoluminescent domains as part of the nanostructure. It is one of few semiconductor “quantum
dot” materials that is nontoxic and degrades to nontoxic byproducts.?’* For self-reporting drug-
delivery applications, advantages of pSi include: (1) the photoluminescence appears at tissue-
penetrating near-infrared wavelengths;*° (2) the measurement of light emission from pSi has little
to no angular dependence or directional light scattering (unlike photonic crystals, for example);®
31 and (3) the long-lived (micro seconds) excited state of pSi enables elimination of interfering

background fluorescence by time-gated imaging.®?** In this work, we explore the possibility of
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using this intrinsic luminescence from pSi particles to self-report carrier degradation and drug
delivery.

3.3 Materials and Experimental Methods

3.3.1 Materials

Silicon wafers, polished on the (100) face, boron-doped (p-type), resistivity <1.5 mQ-cm
were obtained from Virginia Semiconductor, Inc. or from Siltronix. Absolute ethanol (200 proof)
was obtained from Rossville Gold Shield Chemicals. Potassium hydroxide (ACS grade) and
sodium sulfite (ACS grade) were obtained from Fisher Scientific. Ammonium molybdate
tetrahydrate (crystal, ACS grade) was obtained from Spectrum Chemicals. Magnesium chloride
(6-hydrate, crystalline, ACS grade), concentrated sulfuric acid (ACS grade), and hydrofluoric acid
(48% aqueous, ACS grade) were obtained from Macron Chemicals. Micro BCA protein assay kit
(No. 23235) was obtained from Thermo-Fisher Scientific. Bovine serum albumin from porcine
gastric mucosa (lyophilized powder, 32004500 units/mg protein), 4-(methylamino)phenol
hemisulfate salt (ACS grade, 99%), and oxalic acid dehydrate (ACS grade, >99%) were obtained
from Sigma-Aldrich Chemicals.

3.3.2 Fabrication of Luminescent Porous Silicon (pSi) Microparticles.

Porous Si microparticles were prepared by electrochemical etch of highly boron-doped
single-crystalline Si wafers as previously described.3* A wafer was mounted in a sealed etching
cell that exposed a circular area of 60 cm?. The cell was fitted with a copper slab that served as a
back contact for the Si wafer. For the small (~10 nm) pore formulation, a 3:1 (v:v) 48% aqueous
HF:absolute ethanol electrolyte was used and the wafer was etched at a constant current density of
70 mA/cm? for 600 s. For the large (~20 nm) pore formulation, a 1:1 (v:v) 48% aqueous

HF:absolute ethanol electrolyte was used and the wafer was etched at a constant current density of
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30 mA/cm? for 720 s. These conditions generated a porous Si layer of thickness approximately 20
um and porosity approximately 60% or 70% for the small-pore or large-pore formulations,
respectively. The electrolyte was replaced with an electrolyte consisting of 1:20 (v:v) 48% aqueous
HF:absolute ethanol, and the porous Si film was removed from the wafer by an electropolishing
step consisting of a current density of 4.17 mA/cm? applied for 550 s. The freestanding porous Si
layer was rinsed with absolute ethanol three times, removed by gentle agitation, and the fragments
were placed in a sealed vial containing absolute ethanol (20 mL). The vial was suspended in an
ultrasonic bath (1.9 L Ultrasonic Cleaner, No. 97043, VWR, inc.) and the porous layer was
subjected to ultrasonic fragmentation for 20 min, resulting in a suspension of nano and
microparticles. The nanoparticles were removed from the suspension by removing the supernatant
after the microparticles were allowed to settle for 20 min in the vial. The microparticles were dried
under vacuum for 1 h and then placed in a ceramic boat and inserted into the hot zone of a preheated
tube furnace at 700 °C for 25, 35, or 45 min (for small-pore samples) or 15, 20, or 30 min (for
large-pore samples) to activate photoluminescence. After heating for the desired times, the boat
containing the particles was moved to the edge of the tube furnace to cool for 2 min, and it was
then removed to a ceramic surface and allowed to cool to room temperature.
3.3.3 Characterization of pSi Particles

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were collected
using a Thermo Scientific Nicolet 6700 FTIR instrument with a Smart iTR diamond ATR fixture.
Raman spectra were collected using a Renishaw inVia Raman microscope with a 100 mW 532 nm
laser excitation source. Nitrogen adsorption/desorption isotherms were recorded with a

Micromeritics ASAP2020.
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3.3.4 Adsorption Loading of Bovine Serum Albumin (BSA).

Porous silicon particles (5 mg) were placed in 5 mL Falcon tubes (Corning, inc.) and soaked in a
1.5 mL solution of BSA (8 mg/mL) in acetate buffer (pH 4) for 16 h while agitating on a spinning
wheel. The particles were washed 5 times with 1 mL of acetate buffer and dried under vacuum for
1h.

3.3.5 Loading by Silicate Trapping.

Bovine serum albumin was loaded into the pSi particles from aqueous solutions containing
a magnesium salt. The loading solution was adjusted to pH 9 with potassium hydroxide (KOH)
and consisted of 1.0 mL of 12 mg/mL BSA in Tris buffer and 0.5 mL of 4 M (for the small-pore
samples) or 600 mM (for the large-pore samples) MgClI2 in deionized water. The loading solution
(1.5 mL) was added to 5 mg of particles in a Falcon tube (5 mL). The mixture was agitated on a
spinning wheel for 16 h. After the particles were loaded, they were washed 5 times with 1 mL of
Tris buffer and dried under vacuum for 1 h.

3.3.6 BSA Release and Luminescence Decay Studies.

Loaded pSi particles (1-2 mg) were immersed in 0.1 M KOH (1.5 mL) in plastic cuvettes.
Luminescence spectra (Aex: 365 nm, 375 + 5 nm band-pass filter) were collected hourly with an
Ocean Optics QE-Pro TE cooled CCD spectrometer using a 515 nm long pass filter. The cuvettes
were stirred constantly (via magnetic stir bar) during spectral acquisition to disperse the particles.
The stirring was stopped after spectral acquisition, the particles were allowed to settle for 55 min,
the supernatant release medium (1 mL) was collected for Si and protein assays, and the cuvette
was then replenished with fresh 0.1 M aqueous KOH solution. The study was carried out until the
photoluminescence spectrum was no longer detectable. After the last time point for data collection,

the sample was left overnight to ensure complete dissolution of silicon prior to final assay.
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Concentration of protein was quantified using the commercial micro BCA assay kit following the
protocol described by the vendor. Dissolved Si was quantified using molybdenum blue assay (see
below). The total mass loading of BSA and mass of Si were quantified by summing the amounts
measured at each time point during the release assay and the final measurement, after all pSi
particles had been dissolved. The long-term (30 day) release studies were performed using the
same protocol but using aqueous PBS at pH 7.4 as the dissolution medium, maintaining the
temperature at 37 °C, and sampling/replacing 1.2 mL every 1-3 days.
3.3.7 Molybdenum Blue Assay

Dissolved silicon content was determined using the published molybdenum blue assay.49
Two solutions (A and B) were prepared for this assay. Solution A consisted of 16.2 mM
ammonium molybdate and 0.72 M HCI. Solution B consisted of 0.16 M oxalic acid, 7.7 mM of 4-
(methylamino)phenol hemisulfate, 6.3 mM of sodium sulfite, and 1.8 M of sulfuric acid. To
quantify the silicic acid concentration, 100 pL of Solution A was added to 400 pL of each sample
(prediluted by a factor of 100—1000) and allowed to react for 15 min. Then, 500 pL. of Solution B
was added to each sample and the mixture was allowed to react for 1 h. The optical absorbance at
810 nm of each sample was quantified with a UV—vis plate reader (Spectra Max Plus 384,
Molecular Devices). A standard curve was prepared from a serially diluted standard silicon
solution (Sigma-Aldrich Si Standard for ICP, TraceCERT, 1000 mg/mL), and the working range
was 0.5—20 ppm in water and 1-10 ppm in PBS at pH 7.4 (diluted from stock 10 times).

In Vitro Imaging Studies. Luminescent porous silicon particles (35 min oxidation) were
treated in 2 M KOH (2 mg pSi/200 uL. KOH) in a 96-well plate (UV-transparent). A higher
concentration of base was used in these accelerated aging experiments relative to the other

experiments described in this paper in order to reduce the time duration of the experiments.
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Luminescence images were collected as a function of time using a Point Gray IR camera fitted
with a 600 nm long pass filter and a 240 mm lens (Aex: 365 nm). The automatic exposure settings
on the camera were disabled to maintain constant image acquisition parameters during the
experiment. The images were processed with ImageJ software (NIH) to quantify the luminescence
intensity. Intensity of pixels was integrated within a selected square frame. The frame included the
image of the entire well.
3.4 Results and Discussion
3.4.1 Synthesis and Characterization of Luminescent Porous Silicon Microparticles
Microparticles of pSi were prepared by anodic electrochemical etch of highly p-doped
single-crystal silicon wafers in an electrolyte consisting of aqueous hydrofluoric acid (HF) and
ethanol. The porous film was removed from the silicon substrate by electrochemical lift-off and
subjected to ultrasonic fracture to form irregular microparticles of sizes ranging from 15 to 110
um (Figure 3.2a). The thickness and open porosity (obtained by spectroscopic liquid infiltration
method, or SLIM),*® of the porous silicon layers prior to particle formation were ~20 um and
~60—70%, respectively. Scanning electron microscope images revealed pores with diameters of
5-50 nm and wall thickness of~10 nm (Figure 3.2 b,c). In the present work, three types of
core—shell luminescent Si—SiO> structures were prepared by systematically varying the SiO- shell
thickness. This was achieved by controlling the duration of thermal oxidation (25, 35, or 45 min)
at 700 °C (Figure 3.3a), designated “thin shell”, “medium shell”, and “thick shell”.3® Because the
shell was formed by partial conversion of the crystalline Si walls to oxide, the longer oxidation
times resulted in a simultaneously thicker oxide shell and a thinner Si core for a given pore wall
thickness. This depletion of the Si core was evident in the visual appearance of the particles; the

optical density progressively decreased with increasing oxidation time, ranging from dark brown
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for the as-etched particles to a light ochre color for material treated at 700 °C for 45 min. Material
oxidized for 1 h at 800 °C had the pure white appearance of silica and showed no evidence of
crystalline silicon by Raman spectroscopy.

The growth of the oxide shell resulted in minimal changes in the overall pore size and
porosity, as determined by nitrogen adsorption/desorption measurements (Figure 3.4) and was
accompanied by a shift in the emission maximum of photoluminescence to the blue (Table 3.1).
The photoluminescence of porous Si originates from quantum confinement in the crystalline
silicon skeleton,®” and the SiO, shell serves to passivate the Si surface, increasing the
photoluminescence quantum yield of the material. ¢ 384! Consistent with extensive prior work with
porous Si, the blue shift in the photoluminescence spectrum is attributed to a reduction in size of
the quantum-confined Si features. The values of average thickness (d) of the emissive crystalline
Si features in the skeleton were estimated from photoluminescence and Raman measurements. The
photoluminescence data were fit to the inverse power law of Equation 3.1, taken from published

theoretical calculations on Si quantum dots: 4647

4139
where EpL and Eg (Eg of Si = 1.12 eV) are the energies (in eV) of the emission maximum and of
the silicon bandgap, respectively. The values of d are depicted in Figure 3.3a and listed in Table
3.1. The reported average sizes of the particles are consistent with Raman measurements, which
displayed a shift of the 520 cm™* band associated with the lattice optical phonon mode of crystalline
Si to lower energy by between 5 and 20 cm™ (Figure 3.4), suggesting average Si feature sizes of

5 nm or smaller.*®*® Characteristic of nanophase silicon, this band was broadened on the low
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energy side relative to the porous Si starting material, indicative of some loss of crystallinity.*
Conversion of Si to silicon oxide was confirmed by Fourier-transform infrared (FTIR)
spectroscopy (Figure 3.4). After thermal treatment, the vibrational stretching modes from surface
bound Si—H species at ~2100 cm™* were no longer observable, and an intense band associated
with Si—O stretching modes was observed at ~1100 cm™ indicating that all three particle

formulations displayed a similar oxide surface chemistry.
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Figure 3.2. Microscope and SEM imaging of pSi particles. Representative (a) optical
microscope images of oxidized (700°C for 45 min) pSi particles (5X); (b) SEM image of the pores,
obtained as a plan-view of the pSi film etched into a silicon wafer prior to microparticle formation
and subsequent oxidation, and (c) plan-view SEM image of pSi microparticles prepared at a higher
average current density than the sample in (b), resulting in larger pores.
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Figure 3.3. Thermal oxidation decreases the size of the Si skeletal core and increases the
thickness of the SiO2 shell. (a) Top: Photographs of thermally treated porous silicon
microparticles as a function of thermal oxidation time. The brownish color observed derives from
the crystalline Si core, which is completely oxidized when the material is treated at a temperature
of 800 °C for 1 h (“Full Oxidized”). Middle: The particles illuminated with UV (365 nm) light
display differing degrees of luminescence intensity. Only the partially oxidized particles displayed
detectable photoluminescence. Values of pSi indicate average size of the luminescent Si features,
estimated from Eq 3.1. Bottom: A schematic depicting the proposed nanostructural changes is
shown below the relevant images; the crystalline Si core decreases in diameter and the SiO2 shell
increases in thickness with increasing extent of oxidation. (b) Relative photoluminescence spectra
of the pictured samples (Aex = 365 nm, 500 nm long-pass filter). The photoluminescence spectra
exhibit a blue shift as the Si core oxidizes, corresponding to a reduction in average size of the
crystalline Si domains in the sample.
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Table 3.1. Characteristics of protein-loaded porous Si-SiO» core-shell particles (small pores).

Sample
thin shell medium shell thick shell
Oxidation Time? 25 min 35 min 45 min
Surface area (m?/g)® 265 + 30 267 + 30 246 + 30
Pore volume (cm®/g)° 0.71 +0.08 0.68 + 0.08 0.65 + 0.08
Pore diameter (nm)® 115+1 119+1 119+1
PhotolummescenceOI 795 748 794
[max (NM)
Si feature size (nm)° 4.6 4.0 3.8
0
% BSA loaded by 5.5+ 0.7 5.2+05 36+0.3
adsorption
[0)
% BSA loaded by Mg 25402 2541 27+08
silicate trapping?

¥Time that pSi samples (in microparticulate form) were oxidized in air at 700 °C to generate the
SiO2 shell. Preparation parameters for the particles prior to oxidation were the same for all sample
types.

bMeasured by nitrogen adsorption and determined using BET (Brunnauer-Emmett-Teller) analysis
of the adsorption isotherms.

¢ Measured by nitrogen adsorption and determined using BJH (Barrett, Joyner, and Halenda)
analysis of the adsorption/desorption isotherms.

dMeasured with dex = 365 nm.

*Average size of the luminescent Si features in the sample, estimated from PL spectrum using eq.
1 (Egsi=1.12eV).

"Mass percentage. BSA loaded from pH 4 acetate buffer by electrostatic adsorption. Each value
represents mean + standard deviation (n=3).

9Mass percentage. BSA loaded from pH 9 tris buffer in the presence of 1.3 M MgClz(aqg). Each
value represents mean + standard deviation (n=3).
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Figure 3.4. Characterization of porous silicon particles by nitrogen adsorption/desorption
isotherms. These particles were characterized prior to thermal oxidation, and represent the two
types of etching conditions used in this study: “small pores” (a-c) and "large pores” (d-f).
Adsorption-desprption isotherms shown in (a) and (d); Calculated BJH pore volume with respect
to pore diameter shown in (b) and (e); pore area with respect to pore diameter shown in (c) and (f).
The "small pores"” samples of (a), (b), and (c) were prepared by etching the Si wafers at a constant
current density of 70 mA/cm? for 600 s in 3:1 (v:v) 48% aqueous HF:absolute ethanol and their
properties are summarized in Table 3.1 of the main text. The "large pores™ samples of (d), (e), and
(f) were prepared by etching the Si wafers at a constant current density of 30 mA/cm? for 720 s in
1:1 (v:v) 48% aqueous HF:absolute ethanol and their properties are summarized in Table 3.2 of

the main text.
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Figure 3.5. Characterization of porous silicon particles before (**Pristine’") and after thermal
oxidation at 700°C for the indicated times. (a) Attenuated total reflectance Fourier-transform
infrared (ATR-FTIR) spectra reveal the removal of surface Si-H groups and conversion to Si-O-
Si after oxidation. (b) Raman spectra obtained after oxidation shows the Si lattice mode associated
with the crystalline silicon skeleton.



3.4.2 Luminescence Correlation and Comparison of BSA Release and by Trapping or
Absorption Loading Methods

Next the luminescent core—shell nanomaterials were loaded with bovine serum albumin
(BSA) as a surrogate for a biologic therapeutic. Two methods of loading the model drug payload
within the pores were compared: the first was based on simple electrostatic adsorption, and the
second was based on physical trapping of the protein (Figure 3.6). Adsorption loading was
employed to represent a common release model, wherein the elution kinetics display an initial
burst followed by a slower steady-state release. To promote strong electrostatic adsorption of BSA
to the silicon oxide surface during loading, the solution pH was adjusted to 4, which is lower than
the isoelectric point of BSA (pl = 4.8).>! These conditions have been shown to yield strong
adsorption of BSA onto oxidized porous Si surfaces.>? In the second loading method, the loaded
protein was trapped in the pores using localized deposition of magnesium silicate. This chemistry
follows a previously reported approach involving the ability of added calcium ion to form a silicate
precipitate that traps the drug payload within the pores.>® In the present case, we found that the
alkaline earth metal magnesium behaved similarly to calcium in the ability of its dictation to form
an insoluble silicate salt. In this mechanism, the formation of magnesium silicate results from
reaction of a relatively high concentration (1.3 M) of Mg?* ion with silicic acid that is locally
generated by dissolution of the SiO> shell (at pH = 9) of the porous Si—SiO2 core—shell particles
(Figure 3.6b).5%%° The presence of magnesium in the nanomaterials was confirmed in the scanning
electron microscope images using energy dispersive spectroscopy EDS-SEM (not shown).

We tested both methods of protein loading (electrostatic adsorption and magnesium silicate
trapping) on two different types of pSi microparticles, one in which the average pore diameter was

~10 nm (small pores) and another in which the average pore diameter was ~20 nm (large pores).
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It was found that the “small pore” (Table 3.1) samples loaded substantially less BSA than the
“large pore” samples (Table 3.2) with either loading method. For pSi particles of a given pore size,
the mass loading of BSA showed no strong dependence on oxide shell thickness. Both loading
methods preserved the photoluminescence of the original core—shell nanomaterial, with little
change in the wavelength maximum or efficiency of photoluminescence. Next, the
photoluminescent BSA-loaded formulations were tested under aqueous dissolution conditions.
The mechanism of protein release can be split into two pathways, related to the method used to
load the protein into the nanomaterial. A schematic depicting hypothetical release processes for
the two classes of samples is given in Figure 3.7. For material that was loaded by the electrostatic
adsorption process of Figure 3.6a, release of BSA can be considered to proceed primarily via
desorption (Figure 3.7a). For material loaded by the trapping method, where the protein was
trapped in the pSi matrix by precipitation of magnesium silicate (Figure 3.6b), we consider that

BSA release is more closely tied to degradation of the carrier matrix (Figure 3.7b).
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Figure 3.6. Schematics depicting the two approaches used to load the test protein bovine
serum albumin (BSA). (a) Adsorption loading is performed at pH 4, which is lower than the
isoelectric point of BSA. The cationic charge on the protein displays a strong electrostatic
attraction to the negatively charged surface oxide of the particles. (b) Trapping of BSA is
accomplished by loading the protein in the presence of high concentration of magnesium ion at
pH 9. The orthosilicate product of SiO- dissolution reacts with magnesium ions to form a stable
silicate that immobilizes the protein within the pores.
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Figure 3.7. Schematics depicting the two proposed mechanisms for protein release from (a)
adsorption-loaded porous Si-SiO2 particles and (b) matrix-trapped porous Si-SiOz particles.
Images depict cross-sections of the mesopores with bovine serum albumin (BSA) protein depicted
with red spheres. (a) With adsorption-loaded porous Si-SiO2, the protein is weakly bound to the
matrix and it is released prior to degradation/dissolution of the photoluminescent Si core. A burst
release is observed, and photoluminescence from the Si skeleton degrades on a slower timescale.
(b) With matrix-trapped porous Si-SiO, the protein is embedded in a magnesium silicate matrix.
Because the protein is trapped in this insoluble magnesium silicate phase, the release of protein is
more closely tied to degradation of the carrier. A more controlled release is observed, and
photoluminescence from the Si skeleton degrades on a similar timescale.



Table 3.2. Characteristics of protein-loaded porous Si-SiO- core-shell particles (large pores).

Sample
thin shell medium shell thick shell
Oxidation Time? 15 min 20 min 30 min
Surface area (m?/g)® 239 + 16 206 + 30 237 £ 10
Pore volume (cm®/g)° 1.04 + 0.06 1.05+0.04 1.05 +0.08
Pore diameter (nm)® 21+1 22 +0.2 21+ 0.5
Photolum}inesc(:re:gc)ed 893 783 747
max
Si feature size (nm)°® 5.1 4.5 4.0
0,
o BSA; é‘;g‘:ggfgﬁ 19+1.7 17 1.1 16 1.0
% BSA loaded by Mg
sillcate trapping? 29+25 27+3.6 33+x21

¥Time that pSi samples (in microparticulate form) were oxidized in air at 700 °C to generate the
SiO2 shell. Preparation parameters for the particles prior to oxidation were the same for all sample
types.

bMeasured by nitrogen adsorption and determined using BET (Brunnauer-Emmett-Teller) analysis
of the adsorption isotherms.

¢ Measured by nitrogen adsorption and determined using BJH (Barret—Joyner—Halenda) analysis
of the adsorption/desorption isotherms.

dMeasured with hex = 365 nm.

*Average size of the luminescent Si features in the sample, estimated from PL spectrum using eq.
1 (Egsi=1.12eV).

"Mass percentage. BSA loaded from pH 4 acetate buffer by electrostatic adsorption. Each value
represents mean + standard deviation (n=3).

9Mass percentage. BSA loaded from pH 9 tris buffer in the presence of 200 mM MgClzg). Each
value represents mean + standard deviation (n=3).
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To experimentally probe and discriminate these two processes, we performed accelerated
dissolution experiments in 0.1 M aqueous KOH while monitoring the concentration of free protein
released into solution, the concentration of dissolved silicon in solution, and the
photoluminescence signal from the remaining particles as a function of time. Immediately after
acquisition of each photoluminescence spectrum, the release solution was sampled and assayed
for dissolved silicon/silicon dioxide (orthosilicate ion) and protein content using the molybdenum
blue®*” and bicinchoninic acid (BCA) assays, respectively. The adsorption-loaded, small-pore
particles (Figure 3.6a, 3.7a) all displayed an initial burst release of protein, and this was followed
by a more steady and slow release with respect to time (Figure 3.8a) and to fraction of silicon
dissolved (Figure 3.8b). This result is expected because at the high pH of the dissolution medium
both the SiO» surface and BSA are negatively charged, resulting in a strong electrostatic repulsion®>
%8 and a relatively rapid release of any surface-adsorbed protein. The rate of BSA release showed
no statistically significant difference as a function of thickness of the SiO> shell (Figure 3.8a),
consistent with the expectation that the protein is predominantly surface bound for the adsorption-
loaded material.

In contrast to the observed time dependence of BSA release, luminescence intensity
measured from the degrading particles showed a strong dependence on thickness of the SiO2 shell
(Figure 3.9). Photoluminescence from particle samples with the thinnest oxide shell decayed the
most rapidly, and those with the thickest shell decayed the most slowly. The wavelength maximum
of photoluminescence also tracked with extent of dissolution, with all samples displaying a
pronounced blue shift with time (Figure 3.9). This observed blue shift is consistent with the
quantum confinement model; as the silicon features become smaller, the emission energy of the

guantum-confined semiconductor is expected to increase.®” The amount of silicon that dissolved
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per unit time, measured by molybdenum blue assay, was similar for the thin, medium, and thick
shell materials (Figure 3.9c). Whereas the molybdenum blue measurements represent the total
amount of silicon that dissolved at a given time, including both the silicon oxide shell and the
crystalline silicon cores, the photoluminescence measurements only report on the silicon cores.
Thus the data are consistent with the interpretation that the thicker oxide shell takes more time to

dissolve, and so it protects the luminescent silicon core for a longer period of time.
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Figure 3.8. Correlations between protein released, silicon dissolved, and photoluminescence
from the Si skeletal core for adsorption-loaded core-shell porous Si-SiO2 particles as they
undergo dissolution in aqueous base (0.1 M KOH). Experiments for three core-shell porous Si-
SiO; structures are displayed in each plot: Traces designated “thin oxide shell”, "medium oxide
shell”, and "thick oxide shell" correspond to pSi particles oxidized at 700 °C for 25 min, 35 min,
and 45 min, respectively. (a) Fraction of bovine serum albumin (BSA) released as a function of
time. (b) Fraction of BSA released as a function of silicon dissolved. (c) Integrated
photoluminescence intensity (in range 650 - 800 nm) from particles as a function of BSA released.
(d) Wavelength of maximum photoemission from the Si cores as a function of fraction of BSA
released.
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Figure 3.9. Correlations of photoluminescence intensity, photoluminescence wavelength, and
fraction of Si dissolved with time exposed to the accelerated dissolution conditions (0.1 M
KOH) for three different formulations of core-shell porous Si-SiO2 particles, loaded with
bovine serum albumin (BSA) by the electrostatic adsorption method. The three formulations
were prepared with different SiO2 shell thickness and core size by thermal oxidation at 700 °C for
the indicated times. Traces designated "25 min oxidation”, "35 min oxidation", and "45 min
oxidation™ correspond to the "thin oxide shell”, "medium oxide shell”, and "thick oxide shell”
samples, respectively, as discussed in the text. Oxide thickness increased and core diameter
decreased with increasing oxidation time. (a) Normalized photoluminescence intensity (Aex = 365
nm) as a function of time. (b) Wavelength of maximum photoluminescence (Aex = 365 nm) as a
function of time. (c) Fraction of silicon matrix dissolved as a function of time. Mass of dissolved
Si was quantified by Molybdenum Blue assay. (d) Normalized photoluminescence intensity as a
function of fraction of silicon dissolved. (e) Wavelength of maximum photoluminescence (Aex =
365 nm) as a function of fraction of silicon dissolved. (f) Wavelength of maximum
photoluminescence (Aex = 365 nm) as a function of normalized photoluminescence intensity. Error
bars represent standard deviation (n=3).
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The samples with the thin oxide shell displayed photoluminescence signals that most
closely matched the release of surface-adsorbed BSA (Figure 3.8c) whereas the loss of
photoluminescence was delayed substantially relative to BSA release with samples containing the
thicker oxide shells. Luminescence from samples with the thickest oxide shell showed no
substantial change in intensity until ~80% of BSA had been released into solution (Figure 3.8c).
Because the protein was primarily surface-adsorbed and not entrained in the oxide matrix, this
preparation released protein substantially in advance of the degradation of the pSi matrix. This
relationship is most apparent in the correlation between dissolved silicon and BSA detected in
solution (Figure 3.8b). In contrast to the burst release seen with the adsorption loaded particles,
those prepared by physically trapping BSA in the pores generated a more gradual protein release
profile. In the physical trapping method, BSA was simultaneously loaded into the pores and
trapped by formation of a magnesium silicate precipitate (Figure 3.6b),>® and so the release of BSA
is expected to be more closely tied to the dissolution of this matrix. Accordingly, this preparation
displayed near zero-order release kinetics with respect to time (Figure 3.10a), with minimal burst
release compared with adsorption-loaded particles (Figure 3.8a). The release of BSA also showed
a more linear correlation to the appearance of dissolved silicon (Figure 3.10b) compared with
adsorption-loaded particles (Figure 3.8b). The close correspondence of BSA release with
appearance of silicon in solution is consistent with the matrix dissolution process depicted in
Figure 3.7b. As seen with the adsorption-loaded material, photoluminescence intensity from the
magnesium silicate-trapped material degraded as a function of time exposed to the dissolution
medium (Figure 3.11). However, degradation was delayed by the presence of the silicate coating.
This was particularly apparent in the data from the pSi samples that contained the thinnest oxide

shell; whereas photoluminescence intensity began to decay immediately upon immersion in the
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aqueous dissolution medium for the adsorption-loaded material (Figure 3.9a), loss of
photoluminescence intensity from the magnesium silicate-coated material was not apparent until
after 2 h of immersion (Figure 3.11a). As with the adsorption-loaded particles, photoluminescence
was more persistent with increasing thickness of the SiO; shell. The half-life for loss of
photoluminescence intensity, defined as the time at which photoluminescence intensity reached
half of its initial value during exposure to the aqueous dissolution solution, also scaled with
thickness of the SiO; shell for the magnesium silicate-trapped pSi particles: it was ~3, ~4, and
~6h for the thin, medium, and thick SiO- shell, respectively (Figure 3.11a). The functional form
of the protein release vs photoluminescence intensity relationship differed depending on the
particular protein loading method employed and on the thickness of the SiO> shell surrounding the
Si skeleton of the pSi particles. Although decreases in photoluminescence intensity were related
to protein release in all the formulations studied, the trapping-loaded core—shell particles yielded
a relationship that could potentially be useful as a predictive tool in a drug-delivery system.
Degradation of the photoluminescence signal was a direct result of dissolution of the SiO»-shell
portion of the material, because photoluminescence originates from the quantum-confined silicon
skeleton. The magnesium silicate matrix served to delay this process. In addition, the magnesium
silicate coating suppressed the burst release of protein, substantially extending its release under
the accelerated degradation conditions employed in this portion of the study. The correlation
between photoluminescence intensity and BSA detected in solution showed that loss of
photoluminescence was delayed relative to release of protein (Figure 3.10c). With the magnesium
silicate-trapped particles, the relationship tended to follow a sigmoidal curve with respect to BSA
released, where a pronounced drop in photoluminescence intensity was observed after a particular

fraction of the BSA payload had been released. The inflection point of the curve scaled with the
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thickness of the SiO; shell on the Si skeleton. Thus the material that had been prepared with the
thin SiO2 shell had released 40% of its protein payload when the intensity of photoluminescence
reached half of its initial value; material with the medium thickness SiO- shell had released 50%
of the protein at the half intensity point; and material with the thick SiO2 shell had released 70%
of the protein at the half point (Figure 3.10c). The photoluminescence intensity measurement could
therefore be used as a surrogate indication of the fraction of protein remaining in the nanomaterial.
The emission wavelength also varied systematically with protein release, blue shifting with time
(Figure 3.11b) and with fraction of protein released (Figure 3.10d). For the magnesium silicate
trapping chemistry, the kinetics of photoluminescence loss and of protein release are almost
certainly dictated by separate mechanisms. Whereas the loss of photoluminescence is related to
dissolution of the electronically passivating SiO2 shell, the release of protein is probably more
closely tied to the dissolution of the magnesium silicate phase that seals the protein in the pores.
This can be inferred from the very rapid release of protein observed in the absence of the
magnesium silicate chemistry (with the adsorption-loaded material). However, the SiO2 shell
appears to influence the nature of the magnesium silicate sealant and its ability to load protein. It
is noteworthy that, for the small-pore samples, protein loading using the magnesium silicate
chemistry was approximately half that of the adsorption-loading process. This suggests that the
dissolution of SiO2 needed to form the magnesium silicate sealant released surface-bound protein,
reducing the total amount of protein that was trapped in the pores. In addition, the presence of the
magnesium silicate sealant clearly influenced the rate of degradation of the photoluminescence
signal. This is to be expected; the SiO- shell should dissolve more slowly if it lies underneath an
insoluble magnesium silicate coating. Although the photoluminescence decay kinetics depended

on the thickness of the SiO shell, the kinetics were also influenced by the presence of the
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magnesium silicate sealant. We conclude that the rate of photoluminescence intensity loss from
the silicon skeleton comprising the particles relies on multiple factors, although controlling the
thickness of the SiO> shell appears to be a convenient (if somewhat phenomenological) means to

control the correlation between photoluminescence and protein release.
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Figure 3.10. Correlations between protein released, silicon dissolved, and photoluminescence
from the Si skeletal core for core-shell porous Si-SiO2 particles loaded with BSA via
magnesium silicate-trapping chemistry as they undergo dissolution in aqueous base (0.1 M
KOH) at room temperature. BSA protein was trapped in the porous Si-SiO> particles by means
of precipitation of magnesium silicate concommitant with protein loading as described in Figure
3.6b. Traces designated "thin oxide shell”, "medium oxide shell”, and "thick oxide shell"
correspond to pSi particles where the skeletal core was oxidized at 700 °C for 25 min, 35 min, and
45 min, respectively, prior to protein/magnesium silicate loading. (a) Fraction of bovine serum
albumin (BSA) released from the particles as a function of time. (b) Fraction of BSA released as
a function of silicon dissolved. (c) Integrated photoluminescence intensity (in range 650 - 800
nm) from particles as a function of fraction of BSA released. (d) Wavelength of maximum
photoemission from the Si cores as a function of fraction of BSA released. Error bars represent
standard deviation (n=3).
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Figure 3.11. Correlations of photoluminescence intensity, photoluminescence wavelength, and
fraction of Si dissolved with time exposed to the accelerated dissolution conditions (0.1 M KOH)
for three different formulations of core-shell porous Si-SiO- particles, loaded with bovine serum
albumin (BSA) by the magnesium silicate trapping method. The three formulations were prepared
with different SiO- shell thickness and core size by thermal oxidation at 700 °C for the indicated
times. Traces designated "25 min oxidation”, "35 min oxidation", and "45 min oxidation"
correspond to the "thin oxide shell”, "medium oxide shell”, and "thick oxide shell" samples,
respectively, as discussed in the text. BSA was trapped in the porous Si-SiO particles by means
of precipitation of magnesium silicate concommitant with BSA loading as described in Figure 3.6b.
(a) Normalized photoluminescence intensity (Aex = 365 nm) as a function of time. (b) Wavelength
of maximum photoluminescence (Aex = 365 Nm) as a function of time. (c) Fraction of silicon matrix
dissolved as a function of time. Mass of dissolved Si was quantified by Molybdenum Blue assay.
(d) Normalized photoluminescence intensity as a function of fraction of silicon dissolved. (e)
Wavelength of maximum photoluminescence (Aex = 365 nm) as a function of fraction of silicon
dissolved. (f) Wavelength of maximum photoluminescence (Aex = 365 nm) as a function of
normalized photoluminescence intensity. Error bars represent standard deviation (n=3).

74



3.4.3 BSA Release and Luminescence Correlation in Biologically Relevant in vitro Conditions

While the study described up to this point established some design principles that may be
useful for self-reporting drug delivery systems, it has several drawbacks that limit its translational
relevance: (1) the loading of protein using either of the methods was quite low (2—5%) for most
therapeutic applications; (2) the use of very high concentrations (>1 M) of Mg?* in the magnesium
silicate trapping method is likely to denature some proteins, reducing their therapeutic efficacy;
and (3) the release kinetics measurements were performed under accelerated conditions using a
very high pH that is physiologically unrealistic. In order to address these issues, we performed a
set of studies using porous Si particles that had been engineered to load more drug under milder
conditions, and we performed a longer-term (30 day) release study under more physiologically
relevant in vitro conditions. In order to increase the mass loading of protein in the microparticles,
the electrochemical conditions for particle preparation were modifiedl to approximately double
the average pore diameter (Table 3.2, Figure 3.2 and Figure 3.4). These particles are referred to as
the “large-pore” samples. The large-pore particles displayed significantly greater mass loading of
BSA for both the adsorption and the Mg silicate trapping methods (~17 and ~30 wt%, respectively,
Table 3.2), compared to the small-pore particles (~5 and ~3wt %, respectively, Table 3.1). For
the trapping chemistry, the Mg?* ion concentration was lowered to 200 mM. The long-term protein
release study was carried out in phosphate-buffered saline (PBS) solution at pH 7.4 and a constant
temperature of 37 °C. The data for magnesium silicate-trapped materials are presented in Figure
3.12 and the data for adsorption-loaded material are given in Figure 3.13. Similar to the accelerated
release study performed in alkaline solution, photoluminescence decayed more slowly from
samples with the thicker oxide shells (Figure 3.12 and Figure 3.13a). The magnesium silicate-

trapped material demonstrated minimal burst release of BSA, and release of protein tracked fairly
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linearly with dissolution of silicon for all oxide shell thicknesses (Figure 3.12e). By contrast, the
adsorption-loaded formulation displayed a pronounced burst that released 20% of the protein
within the first 5 days of the 30-day experiment (Figure 3.13e). The long-term release studies
showed that the magnesium silicate-trapped samples with a thin oxide shell released protein more
rapidly (Figure 3.12b) and dissolved more rapidly (Figure 3.12c) than either of the medium- or
thick-oxide shell materials. This difference was not apparent in the accelerated dissolution
experiments that were performed in strong KOH solution (Figure 3.10a and Figure 3.11c). Thus
particles with a thin oxide shell appear to form the least stable construct with the magnesium
silicate-trapping chemistry. By contrast, adsorption-loaded samples dissolved at the same rate
under these conditions, regardless of the thickness of their oxide shell (Figure 3.13c). Overall, the
long-term release study performed under more physiologically relevant conditions showed more
consistent tracking of photoluminescence intensity with BSA release for both loading types and
across all oxide thicknesses, compared with the accelerated release study.
3.4.3 Monitoring Photoluminescence by Imaging

To be used as a self-reporting drug-delivery system, the luminescence signature would
need to be monitored in vivo. Fluorescence methods in general do not lend themselves to in vivo
monitoring due to the low optical transmittance and high optical scattering of live tissues. However,
materials administered via subcutaneous, intramuscular, or intraocular injection, or via trans-
dermal patch could conceivably be monitored by optical fluorescence. To assess the potential for
such remote monitoring, the degradation/dissolution of empty pSi particles was monitored in vitro
using a low-cost NIR imaging camera and a UV diode excitation source. Particles were subjected
to accelerated dissolution conditions, and luminescence intensity was quantified as integrated

intensity as a function of time (Figure 3.14). The decay in luminescence intensity with time
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followed a similar trend as was observed with either adsorption loaded (Figure 3.9) or magnesium

silicate-sealed (Figure 3.11a) particles.
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Figure 3.12. Correlations between photoluminescence from the Si skeletal core, protein
released, silicon dissolved, and time for trapping-loaded core-shell porous Si-SiO2 particles
as they undergo dissolution in aqueous PBS (pH = 7.4) at 37 °C. The porous Si-SiO; particles
were prepared with a larger average pore size (20 nm), in contrast to the samples of Fig. 5 (10 nm
pores), which resulted in a substantially greater level of protein loaded (see Table 3.2). Protein
trapping was achieved by means of precipitation of magnesium silicate as described in Figure 3.6,
using 200 mM Mg?*. Traces designated "Thin Ox. Shell", "Medium Ox. Shell", and "Thick Ox.
Shell™ correspond to pSi particles where the skeletal core was oxidized at 700 °C for 15 min, 20
min, and 30 min, respectively, prior to protein/magnesium silicate loading. (a) Integrated
photoluminescence intensity (in wavelength range 600 - 800 nm) from particles as a function of
time. (b) Fraction of bovine serum albumin (BSA) released from the particles as a function of time.
(c) Fraction of silicon dissolved as a function of time. (d) Integrated photoluminescence intensity
from particles as a function of fraction of BSA released. (¢) Fraction of BSA released as a function
of silicon dissolved. (f) Integrated photoluminescence intensity as a function of fraction of silicon
dissolved. Error bars represent standard deviation (n=3).
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Figure 3.13. Correlations between photoluminescence from the Si skeletal core, protein released,
silicon dissolved, and time for adsorption-loaded core-shell porous Si-SiO> particles as they
undergo dissolution in aqueous PBS (pH = 7.4) at 37 °C. Traces designated "Thin Ox. Shell",
"Medium Ox. Shell", and "Thick Ox. Shell" correspond to pSi particles where the skeletal core
was oxidized at 700 °C for 15 min, 20 min, and 30 min, respectively, prior to protein loading. (a)
Integrated photoluminescence intensity (in wavelength range 600 - 800 nm) from particles as a
function of time. (b) Fraction of bovine serum albumin (BSA) released from the particles as a
function of time. (c) Fraction of silicon dissolved as a function of time. (d) Integrated
photoluminescence intensity from particles as a function of fraction of BSA released. (e) Fraction
of BSA released as a function of silicon dissolved. (f) Integrated luminescence intensity as a
function of silicon dissolved. Error bars represent standard deviation (n = 2 for the medium oxide
shell samples; n = 3 for all other samples).
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Figure 3.14. Quantification of photoluminescence changes during pSi particle degradation using
imaging methods. (a) Photoluminescence images of pSi particles (~ 2mg) dispersed in a microtiter
well containing 2M KOH (200 uL), displayed as a time series. Excitation source was a 365 nm
light-emitting diode and images were obtained using a NIR camera fitted with a 600 nm long-pass
filter. The porous Si particles were prepared by 35-min oxidation at 700 °C, corresponding to the
"medium oxide shell" material as discussed in the text. (b) Plot of photoluminescence intensity,
integrated as a sum of pixel intensities (ImagelJ), as a function of time.

79



3.5 Conclusion

In conclusion, the present work demonstrated the use of intrinsic photoluminescence of
porous silicon microparticles as a self-reporting feature for the degradation of the porous scaffold
and the release of a protein payload into aqueous solution. We found that the time at which
photoluminescence disappears can be predetermined by controlling the thickness of the protective
SiO; sheath surrounding the quantum-confined Si features. We compared these temporal profiles
for particles that were loaded with protein via two different loading schemes -either by simple
adsorption or by physical trapping. For protein that was trapped in the porous particles (via a
magnesium silicate precipitation reaction), we found that the temporal profile of the decay in
photoluminescence can be used to indicate the time at which the amount of protein remaining in
the particles has reached a predetermined level. The magnesium silicate chemistry also suppresses
burst release of protein, and it yields a zero-order release kinetic that can be tracked by the
photoluminescence signal. We expect that the results of this work will be useful for remote
monitoring of payload release for a variety of drug delivery or other controlled release applications.

Chapter 3, in full, is a reprint of the material as it appears Wang, J., Kumeria, T, Bezem,
M.T, Wang, J. and Sailor, M.J. Self-reporting Porous Silicon Microparticles for Drug Delivery.
Appl. Mater. Interfaces 2017, 10 (4), 3200-3209. The dissertation author was the primary

investigator and author of this paper.
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CHAPTER FOUR

SELF-REPORTING POROUS SILICON
MICROPARTICLES IN THE EYE
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4.1 Abstract

The luminescence of porous silicon particles was employed as a self-reporting tool to
monitor the release of a small molecule steroid, triamcinolone acetonide for ophthalmic
therapeutics. Correlations between the pharmacokinetics and luminescence decay was established
in both in vitro and in vivo (rabbit eye) studies. We demonstrate that the luminescence can be
tracked over time by imaging using a modified fundus camera that is used in routine clinical
practice and without the use of high energy lasers or light sources that may damage the retina. The
imaging analysis demonstrate that decay in luminescence can be employed to track the real-time
concentration of TA in the vitreous and predict when TA is no longer being released.
4.2 Introduction

Long-lasting formulations in the eye has introduced a new paradigm to chronic ocular
therapy.’2 Unlike eye drops or gels, therapeutics that are directly injected into the vitreous chamber
of the eye allow drug molecules to reach the retina without the need to cross the sclera.>* Due to
the invasive nature of injection, high cost and patient discomfort, frequent injection of therapeutic
is highly undesirable>® and has led many researchers and companies to develop formulations that
are able to maintain therapeutic concentrations of drug (e.g. dexamethasone) within the vitreous
for long time scales.”® These exciting advances has led to new FDA approved therapies in the last
10-15 years including Ozurdex (PLGA rod, dexamethasone, Allergan) and Triesence (crystalline
particulates, triamcinolone acetonide, Alcon).1%-1

The pharmacokinetics of long-lasting formulations are determined not only by its form, but
also by the turnover rate of liquid in the eye and vitreous rheology.*® The pharmacokinetic
dependence on individual ocular rheological conditions results in high patient to patient variability

due to liquefication of the vitreous and aggregation of intraocular hyaluronic acid and collagen
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with age and disease condition. Additionally, surgical procedures such as vitrectomy has been well
documented to reduce the half-life of intraocular therapeutics.**'* While the therapeutic duration
of a given drug is approximated by large scale clinical trial, smart formulations that can inform
physicians of the real-time pharmacokinetics, such as drug concentration in the vitreous, release
rate, or the amount of drug remaining, will enable ophthalmologists to customize treatment plans
for individual patients and prevent over/underdosing, which can lead to side effects or faster
disease progression.

In this work, we employ luminescent porous silicon particles as a self-reporting probe that
can inform the release kinetics of a loaded small molecule drug, triamcinolone acetonide. Because
fluorescence imaging in the vitreous is a commonly performed clinical diagnostic, only minor
modifications (such as adding appropriate filters to accommodate silicon excitation/emission) are
necessary to allow existing fundus imaging systems to image silicon particles in vivo. Porous
silicon particles have already been shown by us and others to be biocompatible/biodegradable in
the eye and other tissues.'>'® Additionally, it has been employed as a drug delivery carrier for
many different types of therapeutics such as oligonucleotides,'’*° antibodies?®® and small
molecules.?*?? The beauty of porous silicon self-reporting systems is that no additional chemical
modification or additive is required provide a sensing output.?® Instead, the silicon skeleton itself
can be quantum confined by oxidation into a 1D wire and display luminescence in the visible-near
IR wavelengths.??6 Additionally, the luminescence signature is dependent on the size and number
of crystalline silicon emission centers.?’” During degradation, 1D wire becomes narrower and
silicon oxidizes and dissolves into silicic acid. These structural changes cause the luminescent
signature to blue shift in wavelength and decrease in intensity.?®2° These properties allow us to

conveniently track particle degradation in vivo and indirectly probe the release of drug. While
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previous work has demonstrated the self-reporting concept using bovine serum albumin as a model
drug, this work seeks to use a therapeutic, triamcinolone acetonide, and test the luminescent
correlation in vivo.
4.3 Materials and Experimental Methods
4.3.1 Materials

Silicon wafers, polished on the (100) face, boron-doped (p-type), resistivity <1.5 mQ-cm
were obtained from Virginia Semiconductor, Inc. or from Siltronix. Absolute ethanol (200 proof)
was obtained from Rossville Gold Shield Chemicals.
4.3.2 Synthesis of Porous Silicon (pSi) Microparticles

Porous silicon particles were synthesized by electrochemical etching of single crystalline
silicon wafers (highly boron doped) in ethanolic HF (3:2 49% HF to EtOH). A 3-layer perforated
etch was applied using a three-step waveform at 80 mA/cm? for 720 s, 167 mA/cm? for 1 s and 0
mA/cm? for 1 s. The high current step generated high porosity layers to facilitate pSi fracture at
the desired film depth during sonication. The last step was applied to allow HF diffusion and
prevent local depletion of HF near the Si interface. The three-step waveform was repeated three
times and followed by an electropolishing step using 3.33% HF (49% HF diluted in ethanol) and
a current of 4.2 mA/cm? for 550 s. The electropolishing step allowed removal of the porous film
from the bulk wafer and the films were ultrasonicated (VWR Ultrasonic Cleaner) in ethanol at 90-
minute intervals. Between each interval, the particles were settled and separated three times to

remove large and nano- particles. The particles were stored in ethanol to prevent oxidation in air.
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4.3.3 Luminescence Activation of Porous Silicon Microparticles

Porous silicon particles (1 mg/mL) were soaked in ethanol and either Tris buffered saline
(TBS) (pH 7.4, 1X, Fisher Scientific), borate buffer (pH 9, Sigma Aldrich), or phosphate buffered
saline (PBS) (pH 7.4, 1X, Life Technologies) at a ratio of 100:4 buffer to EtOH. The particles were
stirred gently in a cuvette, illuminated with a 365 nm LED (Ocean Optics) and a spectrum was
collected every 2-10 minutes. The optimal luminescence activation time was determined as the
time for the largest integrated intensity over 500-1100 nm respectively.

To calculate the quantum yield, particles were agitated on a rotating wheel in the same
respective ethanolic buffers mentioned above. The buffer was removed and the particles were
washed 3 times in water and 3 times in ethanol (1 mg/mL) at the predetermined optimal activation
time. The particles were dried in an oven at 80°C and placed on double sided tape on a glass slide.
The quantum yield was collected using a 365 nm LED in an integrating sphere connected to an
Ocean Optics Pro spectrometer. A clean glass slide with double sided tape was employed as a
blank control.

Prior to drug loading, pSi particles were soaked in TBS buffer for eight hours and agitated
on a spinning wheel. After luminescence activation, the particles were settled and washed twice in
water (1 mg/mL) and three times in ethanol (1 mg/mL). The particles were heated in a tube furnace
at 200°C for 2 hrs.

4.3.4 Surface Modification, Triamcinolone Acetonide Loading and Pluronic Coating in
Porous Silicon Microparticles

After TBS activation and thermal annealing, particles were functionalized with octyl

trimethoxy silane (sigma Aldrich) by soaking in 5 vol% silane in non-anhydrous toluene (10 mg

of pSi to 1 mL of silane solution). The reaction was agitated by gentle stirring and heating in a
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sand bath at 70°C for 18 hrs. After the reaction, the particles were washed three times with toluene
and twice with ethanol (10 mg/mL). The particles were dried in an oven at 80°C for 30 min.

For drug loading, particles (50 mg/mL) were soaked in a solution of triamcinolone
acetonide dissolved in dimethyl sulfoxide (DMSQ) (90 mg/mL) for 18 hrs. After loading, particles
were washed once in 30 vol% ethanol water followed by 10 vol% ethanol in water (50 mg/mL).
To thoroughly remove the solvent, the particles were placed in a vacuum oven and, under vacuum,
heated to 180°C and maintained for 1 hr. The oven was allowed to cool back to room temperature
under vacuum before the particles were removed.

For better dispersibility in aqueous buffers, TA loaded particles (50 mg/mL) were soaked
in a 0.5 wt% pluronic solution in MilliQ water for 30 min and agitated on a rotating wheel. The
particles were washed with MilliQ water (50 mg/mL) three times and dried in a vacuum desiccator
at room temperature.

4.3.5 Particle Imaging with SEM Microscopy

Particles were imaged using a Zeiss Sigma 500 scanning electron microscope (SEM). The
SEM was set to an acceleration voltage of 3kV, InLens secondary electron detector, working
distance of 3-4 mm and an aperture of 30pm.

4.3.6 Nitrogen Adsorption Measurements for Porosity, FTIR Spectroscopy and TGA

Nitrogen adsorption/desorption isotherms were recorded with a Micromeritics ASAP2020
and set to collect as 5 point analysis mode at 77K. The particles were degassed at 150°C prior to
analysis.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were collected
using a Thermo Scientific Nicolet 6700 FTIR instrument with a Smart iTR diamond ATR fixture

(128 averages).
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Thermal gravimetric analysis (STA 6000, Perkin Elmer) was employed to quantify silane
grafting, TA loading, and pluronic coating efficiency. Particles (5-10 mg) were placed on ceramic
pan (pre-burned to remove contaminates) and heated to 800°C at10°C/min, held at 800 °C for 1
min, and cooled to 30°C at 10°C/min. Oxygen flowed through the chamber at 20 mL/min.

4.3.7 In Vitro Study

Porous silicon particles (3 mg) were placed in each of a 3 chamber custom machined flow
cell following the addition of 1.5 mL of Hank’s balanced salt solution (HBSS). The HBSS was
pulled through custom designed flow cell at 5 pL/min and into 15 mL falcon tubes using an Ismatec
12 channel peristaltic pump (IPC-N) and tubing (2-Stop LMT-55 Tubing, length - 16") with an
inner diameter (ID) of 0.13mm. The falcon tubes were changed daily. The flow cell had a quartz
window on each chamber lid and particles were imaged at each time point.

Particle imaging was performed using a point grey camera and excited with a 385 nm light
source. The excitation light reached the sample by reflecting from a dichroic mirror (530 nm, 45°)
and the image was collected after passing through a 700 nm longpass filter. A rhodamine B
standard in a flat cuvette was employed to correct for any differences in excitation light intensities
during the release study.

4.3.8 In Vivo Study

The eyes of 4 pigmented New Zealand rabbits were injected with of C3F8 gas to liquify
the vitreous three weeks prior to the study. Before injection, particles were rinsed once with 200
uL of sterile balanced salt solution (BSS). All animal studies were performed according to the
ARVO statement for the Use of Animals in Ophthalmic and Vision Research, and were approved
by The Institutional Animal Care and Use Committee of University of California, San Diego. For

the intravitreal injection procedure, the rabbits were anesthetized with subcutaneous injections of
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25 mg/kg ketamine (Fort Dodge Animal Health) and 4 mg/kg xylazine (Akorn Inc.). Slit lamp and
indirect ophthalmoscopy were performed on all animal eyes before injection. The rabbits eyes
were dilated using 1-2 drops of 1% tropicamide (Akorn) and 2.5% phenylephrine hydrochloride
(Akorn) and locally anesthesia was given using 0.5% proparacaine (Akorn) eye drops. Particles (3
mg) dispersed in sterile BSS were injected into the midvitreous cavity of the right eye under direct
view of a surgical microscope and using a 27 1/2 gauge insulin syringe (BD). As a toxicity control,
BSS was injected into the left eye following the same procedure. Color fundus photographs using
a Cannon T2i were taken at each exam.

For all time points, the eyes were examined using slit lamp biomicroscopy, a handheld
tonometer (Tonopen, Medtronic) for intraocular pressure (IOP), and indirect ophthalmoscopy.
Anterior chamber inflammatory cells, local vitreous opacities, and general vitreous clarity were
scored during fundus exams to monitor toxicity. The luminesce of the particles were imaged using
a modified fundus imaging system (Canon C60-U) and connected to a CoolSnap HQ2
(Photometrics) black and white cooled CCD. The white flash of the imaging system was filtered
using a 532 nm shortpass. At each flash, the image was split on a dichroic mirror (600 nm) and
passed through a 700 nm longpass filter before reaching the CCD. Vitreous taps (<50 pL) were
performed using the same animal protocol described above and using a 27 1/2-gauge syringe. At
the end of the study, rabbits were sacrificed using a standard procedure previously published.%
Eyes were enucleated and dissected for histology and other analysis.

4.3.9 High performance liquid chromatography (HPLC) — UV-Vis

To quantify the concentration of TA for the in vitro study, 0.5-1 mL of the release solution

was placed into glass HPLC sampling vials (2 mL - 9 mm clear glass screw thread vials, Thermo

Fisher). The samples were then analyzed with an UltiMate™ 3000 Rapid Quaternary System
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UHPLC (Thermo Fisher) equipped with a C18 reverse phase column (silica 5 um particle, 150
mm, max pressure: 4500 psi, Thermo Fisher). The triamcinolone concentration in each sample was
determined by comparison to a standard calibration curve (freshly prepared for each run).
4.3.10 HPLC — Mass Spectroscopy

The vitreous taps were stored at -20 °C until analysis. The fluid from each tap (20 pL) was
mixed with 100 yL acetonitrile (HPLC grade, Fisher Chemicals) and allowed to sit for 2 hr. The
sample was then centrifuged at 12,500 rpm for 20 min. and 110 pL of the supernatant was removed
to a separate tube. As an internal standard, 10 pL of 200 ng/mL of ketorolac (Cayman Chemical,
purity >95%) dissolved in ethanol was added to the mixture. As a control and using the same
internal standard, triamcinolone acetonide and blank (internal standard only) samples were
prepared using the same method. The samples were placed under vacuum until all the solvent had
evaporated, and the solids were resuspended in 100 pL of HPLC grade acetonitrile and placed in
glass autosampler tubes. The samples were analyzed with an Agilent 1260 liquid chromatograph
(LC) system coupled with a Thermo LCQdeca mass spectrometer using positive ion mode
electrospray ionization (ESI) as the ion source. The ESI voltage was set at 5 kV with sheath gas
flow rate of 80 units, auxiliary gas flow rate of 20 units and capillary temperature of 250 °C. The
concentration of triamcinolone (ng/mL) in each sample was calculated by normalization to the
internal standard and comparison to the standard curve.
4.3.11 Rabbit Eye Histology

Rabbit eye histology was performed on eyecups that were fixed (immediately after
sacrifice) in Davidson’s for 24 hours before being processed for paraffin embedding. The paraffin

sections were stained with hematoxylin and eosin (H&E).
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4.4 Results and Discussion
4.4.1 Luminescence Activation of Porous Silicon Microparticles

In order to track the decay luminescence of particles overtime, the luminescence signature
of the particles must have as strong quantum yield (QY) to enable signal capture and quantification
in vivo and with the fundus camera or respective imaging device. Previous methods of activating
luminescence include borate solution aging®® and thermal oxidation®?. While thermal oxidation
provides a stable and robust shell around the crystalline Si core®, the typical quantum yield is
<10% and cannot be captured using the fundus setup employed in this work. While the quantum
yield of borate oxidation can reach up to ~20-25% QY,?° the oxidation conditions are typically
carried out in high pH which may cause significant particle degradation and thus shortening the
luminescence stability and drug elution time. In order to synthesize long lasting particles with high
quantum vyield, we compared three commercially available and commonly used buffers as the
aging solution for activating the luminescence of porous silicon. Borate buffer (pH 9), Tris
buffered saline (TBS) (pH 7.4) and phosphate buffered saline (PBS) (pH 7.4) were selected for
ease of experimentation and reproducibility.

Porous silicon films were synthesized by electrochemical etching of single crystalline
wafers using ethanolic HF (3:2 49% HF to ethanol). A perforated waveform was employed to
create three layers of ~38 pm thick films and separated by high porosity layers (Figure 4.1).3*
Nitrogen adsorption measurements (Figure 4.2) and scanning electron imaging (Figure 4.3)
revealed that the etch generated an average pore diameter of 19 nm. Porous silicon films were
removed from the wafer by an electropolishing etch. The films were ultrasonicated and
nanoparticles suspended in supernatant were removed after microparticle sedimentation. The

sonication process yielded porous silicon microparticles of ~65 pum (Figure 4.4). Particles were
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kept in ethanol after the etch and was never allowed to dry to maintain the scaffold structural
integrity and prevent pore collapsing, which has been reported to reduce the quantum yield*. To
activate the luminescence, particles were soaked in 100:4 ratio of buffer to ethanol at a
concentration of 1 mg/mL in a cuvette and stirred. Spectroscopic measurements (Aex=365 nm) were
employed to measure the luminescence activation of the particles over time and to determine the
optimal luminescence activation time (Figure 4.5).

Not surprisingly, the wavelength and peak shift kinetics appear to have similar shape but
occur over different time scales indicating that the luminescence activation mechanism is the same
for all three buffers. While the wavelength redshifted initially, it occurs over low intensity regions
suggesting that small regions of the particle (such as the edges), that has presumably finer features,
activate at shorter time scales and at lower wavelengths. Overtime, the skeleton with larger features
starts to oxidize and is attributed to the red shift of the signal. Once the majority of the skeleton
has oxidized, the wavelength begins to uniformly blue shift. At this wavelength transition, the
intensity of the luminescence began to grow more rapidly and validates previous work that suggest

the oxide layer caps off surface states and shields the silicon from significant quenching in water.
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Figure 4.1. Cross sectional scanning electron microscope images of a typical porous silicon layer
showing three layers, each ~34 um, and segregated by ~90 nm high porosity layers.
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Figure 4.2. The (a) nitrogen adsorption isotherm and (b) the BJH adsorption approximation for
pore volume versus pore diameter.
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Figure 4.3. Scanning electron microscope image of the pore morphology of typical porous silicon
films that were employed to fabricate the particles prior to oxidation and TA loading.
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Figure 4.4. Microscope images of porous silicon particles after sonication.
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Figure 4.5. Spectral characterization of luminescence activation in borate, tris, of phosphate buffer.
The changes in (a) integrated intensity and (b) wavelength over time appears to follow similar
trends but at different time scales. The time at which the luminescence intensity is the highest was
noted for particle stability studies.
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After finding the optimal activation time for the brightest luminescence, particles were
soaked in the respective buffers for the predetermined duration and concentration. Particles were
washed three times in water and ethanol, dried, and imaged with a microscope. The microscope
images revealed severe cracking of borate-soaked particles suggesting the skeleton has degraded
more extensively relative to the other buffers (Figure 4.6). Particles treated with TBS exhibited
mild cracking and, with PBS, no cracking at all. These results are expected as the high pH of borate
may be more corrosive to the silicon than the near neutral pH of the other buffers. Compared to
PBS, Tris contains amine groups that may facilitate faster degradation of the matrix and more
extensive reprecipitation of silica onto the particle surface. We selected Tris as our activating
buffer because of the shorter activation time and does not significantly compromise particle

stability.

Borate Buffer Tris Buffer Phosphate Buffer
A "

Figure 4.6. Microscope images collected using a 20X and 50X objective lens of particles soaked
in borate, tris, or phosphate buffer to the predetermined time for optimal luminescence intensity.
Due to the high pH, borate particles displayed significant cracking indicating that the particles
were the least stable. Particles soaked in tris buffered had mild cracking and particles in phosphate
buffer, or the mildest buffer employed in this study, had minimal cracking.
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4.4.2 Surface Modification for Loading of Triamcinolone Acetonide

Surface modification of particles were selected to improve drug adhesion to the particle
and injectability of the particles in the eye (Figure 4.7). After selecting Tris buffer, particles were
thermally annealed in a tube furnace at 200°C for two hours (higher temperatures would cause
significant changes in the particle oxidation and luminescence properties). Particles were
functionalized with octyl groups so that it will have stronger electrostatic interactions with
triamcinolone acetonide (TA), a hydrophobic steroid for treating chronic uveitis. TA was
adsorption loaded into the functionalized particles by soaking in concentrated drug solution in
DMSO. After washing, residue DMSO was found by thermal gravimetric analysis (TGA) (not
shown) in the samples due to mass loss starting at ~180-190°C. To thoroughly remove DMSO,
particles were heated to 180°C for 1 hr under vacuum. Following loading, particles were coated
with pluronic so to improve dispersity of the particles in buffer for injection. Successful C8 grafting,
TA loading, and pluronic coating was characterized by TGA (Table 4.1) and Fourier transform

infrared spectroscopy (FTIR) (Figure 4.8).
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Table 4.1. The summary of weight percent of each formulation following thermal gravimetric
analysis. A control with luminescent silicon particles was performed to confirm minimal changes
in mass after despite the likely oxidation of the silicon skeleton under the heating conditions.

C8 Grafting

Triamcinolone
Acetonide

Pluronic Coating

Weight Percent

9%

7%

3%
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Figure 4.8. Fourier transform infrared spectroscopy of particles following luminescence activation,
thermal treatment, C8 grafting, TA loading, and pluronic coating. The luminescence activation
process creates an oxide shell around the silicon skeleton so that characteristic Si-H peaks, 2200
cm, were not observed. Following thermal anneal, water residue within the pores were reduced
although trace amounts was still observed by peaks ~1600 cm™ and the broad peak between 3000-
3750 cm. Successful functionalization was observed by C-H peaks between 2750-3000 cm™ and
1200-1500 cm™. Following loading, the peak at ~1700 cm™ represents the C=0 bond on TA and
an increase in all of the C-H peaks after pluronic coating suggests its presence.
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4.4.3 In Vitro Luminescence and Release Study

To test the correlation between the pharmacokinetics and luminescence, a release study
was performed in a custom-made setup (Figure 4.9). The setup is composed of a custom machined
three chamber Teflon flow cell and enclosed with a quartz window on the lid to allow imaging.
Particles settled to the bottom of the chamber and Hank’s balanced salt solution was continuously
pulled through the flow cell using a low flow 12-chamber peristaltic pump (Ismatec, IPC-N) at 5
uL/min into falcon tubes, which was changed daily. Each day, particles were imaged using an IR
black and white Point Grey camera, illuminated using a 385 nm light source, and passed through
a 700 nm longpass filter. Images were analyzed using ImageJ and a MATLAB code to determine
the location and intensity of the particles. The image was first background corrected to remove
any artifacts of a gradient background. The canny edge detection method was employed for
automatic thresholding and to define a mask that represents the particles. The intensity was
determined by integrating regions within the mask and dividing by the number of pixels within the
region.

The cumulative drug release and intensity at wavelengths >700 nm with respect to time is
shown in Figure 4.10a. Particles displayed a typical burst release profile followed by slow release.
While this is consistent with previous findings, the pluronic coating allows wetting of the porous
silicon particles that may exacerbate the burst release. However, without the coating, the
formulation would be difficult to inject due to clogging within the syringe. To ensure that both the
C8 functionalization and pluronic coating was necessary, another release study was performed
with particles loaded without the two steps. The particles with the additional functionalization and

coating demonstrated more long-lasting release.
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The luminescence of the particles >700 nm decreased rapidly due to blue shift in the
wavelength and decrease in luminescence intensity due to oxidation and degradation of quantum
confined silicon crystals. Correlations between luminescence intensity and drug release was
observed in Figure 4.9b. Although not completely linear, each normalized intensity value
corresponds to a unique release amount and, as the intensity decrease, more TA was released.
When the intensity has decayed to ~20% (day 10), most of the drug has been released indicating
the need for another injection. While the drug release profile is not near 0-order and long (~months),
we decided to test the luminescence correlation in vivo to determine viability of luminescence

monitoring in the eye.
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Figure 4.9. The schematic of the in vitro setup employed to image the particles and turnover
buffer medium for sampling the TA concentration.
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demonstrate self-reporting capabilities of the particles.
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4.4.5 In vivo Testing of Self Reporting Microparticles

To test the self-reporting capabilities of the particles, ~3 mg of particles was injected into
the right eye of four pigmented New Zealand rabbits. The vitreous of the rabbits were liquefied by
injecting octafluoropropane (C3F8) gas into the eye at least three weeks prior to injection to enable
vitreous sampling. Rabbits were imaged using a modified Canon fundus imaging setup and black
and white Photometrics cooled CCD (Figure 4.11). At each time point, vitreous solution (<50uL)
was collected to quantify the TA concentration. A similar MATLAB imaging code was employed
to quantify the intensity of particles in vivo.

Both the luminescence intensity and the pharmacokinetics of TA in the eye (Figure 4.12)
follows a similar trend that was observed in vitro. As demonstrated with the in vitro study, the
luminescence correlates well with the release kinetics showing, for the first time, a feasible self-
reporting system in vivo using porous silicon particles. Additionally, the image collected from the
in vivo experiment were analyzed using automatic thresholding to obtain intensity values for
monitoring the drug release. The imaging method was performed using an existing fundus system
and demonstrates that the particles could be visualized in the eye during a routine clinical exam
and does not require high intensity light sources that may cause retinal damage.

The eye was closely monitored during the study to monitor the safety of the luminescent
formulation and imaging method. No toxicity was observed during the routine exams during the
release study and the histology slides collected from eye cups after the rabbits were sacrificed
(Figure 4.13).

While these results are exciting, more studies and optimization is required for translation
of these formulations. New loading methods, such as melt-casting, for hydrophobic small

molecules that enable near 0-order release is required for more optimal release times and to prevent
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toxicity that may be experienced from burst release and the long tail (below therapeutic
concentrations). The injectability could be improved by dispersing the particles in a gel (such as
hyaluronic acid, which is already found in the eye) instead of pluronic coatings, which may
accelerate the drug release due to improved wetting of the particles. Additionally, the imaging
system could be improved for fast auto-focus and capture the fundus in its entirety. Due to the size
of the CCD, the images collected only represents a section of a typical fundus photo. An ideal
imaging system would be able to reconstruct a 3D fluorescent image of the eye so that the particle
intensity could be related to its volume rather than area in an image. In 2D setups, some portion of
particles will inevitably be out of focus and particles stacked out of plane in the image will create
hotspots making the image analysis challenging. Because intraocular imaging is critical for
diagnosis of many ophthalmic diseases, better imaging systems (including 3D imaging) are being
developed that will aid in the translation of self-reporting systems.

Self-reporting systems are exciting technologies for the eye and a much-needed
functionality for long-lasting ophthalmic therapeutics because, for many chronic eye diseases, re-
dosing is evaluated based on vision deterioration, which irreversible and can significantly lower
the quality of life. The transparent nature of the eye allows direct fluorescence imaging of the self-
reporting system without significant autofluorescence or interference. In addition to the
ophthalmic therapeutics, self-reporting systems can also be employed in other types of therapeutic
applications that are accessible for fluorescence imaging such as subcutaneous, intramuscular and
gastro-intestinal drug delivery. Because the excited lifetime of porous silicon emission is on the
scale of microseconds, background autofluorescence could be excluded from imaging by time
resolved imaging, where signal collection from the CCD does not begin until the 100-1ps after the

pulsed light is off.36-%
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Figure 4.11. The schematic of the optical filters added to the fundus imaging camera. The dichroic
mirror reflected light >650 nm and a 700 nm longpass filter was added. The flash from the original
setup (xenon tube) was not modified or changed to prevent any retinal damage from high energy
light sources.
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Figure 4.12. The in vivo concentration of TA and normalized intensity of porous silicon particles.
The TA concentration was determined by vitreous taps at each time point following extraction of
TA in acetonitrile and analysis in HPLC-M/S. Intensity values were extracted from the images
following image analysis with a MATLAB code using canny edge detection function.
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Figure 4.13. Representative histology images of the rabbit eye cup where (a) the right eye was
injected with particles and (b) the left eye, or the control, was injected with sterile BSS. Histology
samples were collected from the same rabbits in the pharmacokinetic/imaging study to observe
long-term side effects of the particles and the imaging method. The paraffin sections were stained
with both hematoxylin and eosin. No toxicity was observed by light microscopy of stained sections
for both eyes of all the rabbits.
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4.5 Conclusions

The self-reporting capabilities of drug loaded porous silicon particles were demonstrated
in vitro and, for the first time, in vivo. The fluorescence of the particles decayed over time and
tracked with the release of triamcinolone acetonide. These results suggest the potential for using
porous silicon as a theranostic platform system for personalized therapeutics in the eye and can be
reconfigured and translated to other diseases and routs of delivery.

Chapter 4, in part is currently being prepared for submission for publication of the material.
Wang, J., Warther, D., Kumeria, T., Ying, X., Huffman, K., Cheng, L., Freeman, W.R. and Sailor,
M.J. Self-Reporting Porous Silicon Microparticles for Sustained Delivery of Intraocular
Therapeutics. The dissertation/thesis author was the primary investigator and author of this

material.
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CHAPTER FIVE

Molecular Weight Dependence on Polymer Flow
into Mesoporous Silicon Templates
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5.1 Abstract

The effect of molecular weight on the rate and extent of melt-infiltration of polystyrene
into mesoporous silicon-based photonic crystals is investigated as a function of polymer molecular
weight (Figure 5.1). Polymer viscosity and chain end-to-end (Ree) distance correlate with the rate
and extent of infiltration. High molecular weight (Mw) polystyrene (200 or 400 kDa) infiltrates the
mesoporous material in two distinct phases: a rapid phase where the larger pores of the template
are filled, followed by a slower phase during which the smaller pores fill. Low molecular weight
polystyrene (20 and 35 kDa) fills the pores more uniformly, progressing into the film as a single,
relatively distinct front of liquid polymer. Scanning electron microscope (SEM) analyses of cross
sections of the films are consistent with the optical measurements, showing a lower extent of
infiltration for the higher molecular weight polymers. Removal of the porous Si templates by
soaking in a chemical etchant generates free-standing films of nanostructured polymer. The low

molecular weight samples display better replication.

Low Viscosity
Polymer

High Viscosity
Polymer

Figure 5.1 Porous silicon was employed as a template to fabricate composite and free standing
polymer photonic crystals. As the molecular weight increased, the viscosity and end to end
distance increased so that the polymer flowed into the template without filling the voids.
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5.2 Introduction

Porous silicon (pSi) is a useful template for the formation of composite materials because
the electrochemical means of preparation provides a high degree of systematic control over the
porosity and pore size of the template. Such structures are of interest for a variety of biomedical,*
s sensing,” and energy*+ applications. Composites have been prepared using a wide range of
guest materials, including metals,2-2 refractory oxides,* -0 carbon,3+32 and polymers.:2

For polymers, the nanoscale confines of porous media can exert a strong influence on
polymer properties, such as the volume phase transition, viscosity, and morphology.t 12333 The
operative mechanism for pore filling is also dependent on pore size. For example, the viscosity of
the polymer and radius of gyration of the individual chains may inhibit its infiltration into
nanometer-scale pores while allowing more rapid infiltration into larger meso- or macropores.#
Although the average pore dimensions in the porous Si system can be tuned over a wide range
(nanometers to micrometers), an individual sample typically displays a relatively large distribution
of pore sizes, and so the pore filling dynamics can be expected to be complex. Thus, a viscous
polymer might be expected to infiltrate larger macro- or mesopores relatively quickly but be
excluded from smaller mesopores or micropores in a given sample.

In this work, we study the mechanism of filling of mesoporous silicon using molten
polystyrene as a test system. We employ optical reflectance spectroscopy to measure rate and
extent of infiltration as a function of polymer molecular weight, using porous Si samples optically
structured in the form of rugate filters. We then selectively remove the porous silicon template by

chemical dissolution, creating free-standing polymer replicas.
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5.3 Materials and Experimental Methods
5.3.1 Materials

Silicon wafers, highly boron-doped (resistivity < 0.0015 Q-cm), polished on the (100) face,
and 525 + 25 um thick, were purchased from Virginia Semiconductors. Absolute ethanol (200
proof) was obtained from Rossville Gold Shield Chemicals. Hydrofluoric acid (48% aqueous, ACS
grade) was obtained from Macron Chemicals. Polystyrene (analytical standard, for GPC,
molecular weight 20,000, 35,000, 200,000, and 400,000 g/mol My) and poly(vinylidene fluoride)
beads (analytical standard for GPC, with average 180,000 g/mol M) were purchased from Sigma-
Aldrich Chemicals.
5.3.2 Preparation of Porous Silicon Templates.

The porous Si photonic crystal templates were prepared by electrochemical etch using a
3:1 (v:v) solution of 48% aqueous hydrofluoric acid:ethanol electrolyte and a platinum coil counter
electrode (Caution: HF is highly corrosive and toxic. Proper protective equipment should be
employed to avoid contact with skin or lungs). Photonic crystal (rugate) structures were etched
using a sinusoidal current density— time waveform, modulated between 10 and 90 mA/cm? for 200
repeats and a period of ~6 s for the polystyrene studies and 25—-100 mA/cm? for 240 repeats and
a period of ~5 s for the poly(vinylidene fluoride) studies. The porous films were removed from
the substrate by application of a constant current density of 6.25 mA/cm? for 300 s in a 1:15 (v:v)
solution of 48% aqueous hydrofluoric acid and ethanol electrolyte, generating freestanding films
of 40 pum approximate thickness. Samples were then thermally oxidized at 500 °C for 2 h in air.
5.3.3 Fabrication of Polystyrene Photonic Crystals.

The procedure to prepare polystyrene photonic crystals is outlined in Figure 5.2. Powdered

polystyrene was melted into sheets and fractured into small pieces for ease of use. The polymer
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was placed on top of a freestanding porous Si film (removed from the Si substrate), and the
assembly was heated at 155 °C on a hot plate for 1 h. Infiltration of the melt-cast polymer was
verified qualitatively by a change in color of the composite film. To remove the porous Si template,
the composite was placed in a solution of 3:1:1 48% aqueous HF:ethanol:dimethyl sulfoxide for
16 h, following a previously reported procedure.s:
6.3.4 Characterization using Fourier Transform Infrared Spectroscopy.

Attenuated total reflectance (ATR) Fourier transform infrared (FTIR) spectra were
obtained using a Thermo Scientific Nicolet 6700 FTIR spectrometer fitted with a Smart iTR
sampling accessory. Each spectrum was acquired in the range 600—4000 cm 2, at a resolution of 4

cm™L, and average of 128 scans.

Porous Silicon

Photonic Crystal

Silicon
Dissolution

[/ o

Polymer Photonic

Crystal Composite

Figure 5.2. Schematic of method used to prepare composite and free-standing replicas from a
porous Si photonic crystal template by melt-casting.
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5.3.5 Imaging using Scanning Electron Microscopy.

The samples were first sputtercoated with iridium (Emitech K575X Sputter Coater). A FEI
XL30 scanning electron microscope (SEM) was used to image the surface and cross-section of the
porous Si, porous Si—polymer composites, and polymer replicas. The SEM was set to an
accelerating voltage of 5 kV and spot size of 3 um. Semiquantitative pore size determination was
derived from the SEM images using the image analysis program ImageJ (National Institutes of
Health). Energy dispersive X-ray (EDX) analysis was performed on the same instrument, using an
accelerating voltage of 20 kV and a spot size of 4 pm.

5.3.6 Polystyrene Characterization Using Differential Scanning Calorimetry (PerkinElmer
Pyris Diamond DSC).

The polystyrene samples were sealed in 10 pL aluminum samples pans (PerkinElmer,
BO14-6650, BO14-6117). An identical aluminum pan/lid was employed as a reference. The
samples (5—10 mg) were heated at 10 °C/min from 30 to 200 °C and held at 200 °C for 1 min
under nitrogen gas (20 mL/min). The samples were then cooled to 30 °C at 10 °C/min. The DSC
results were analyzed with Origin Pro (OriginLab, Inc.).

5.3.7 Optical Spectroscopy and Analysis.

Reflectance spectra were acquired using a CCD spectrometer (Ocean Optics USB-4000)
fitted to a bifurcated fiber optic cable as previously described.41 One arm of the optical fiber was
connected to the spectrometer, while the other arm was connected to a tungsten light source (Ocean
Optics LS-1). The distal end of the combined fiber was attached to an objective lens to allow
acquisition of 180° reflectance spectra from the sample surface, with a spot size of approximately
1-2 mm?. The spectra were smoothed and processed with Origin Pro (OriginLab, inc) to determine

the maximum peak position. The experimental setup for real-time optical monitoring of the
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polymer infiltration process is shown in Figure 5.3. Polystyrene was pre-melted on a glass slide at
155 °C for 20 min. The porous Si film was preheated at the same time, and the reflectance spectrum
(time = 0) was acquired. The molten polymer (still in contact with the glass slide) was then placed
into contact with the porous Si film, and the glass slide was positioned such that polymer was
directly on top the film. This contacting process was accomplished within 30 s, between collection
of the initial and the second spectrum. A time series of spectra were then acquired to monitor the
melt infiltration process. The percent polymer infiltration was approximated using the following

equation:

% Infiltration = T2 x 100% (5.1)
calc

where Alobs IS the observed spectral shift of the stop band at the particular point in time during
polymer infiltration that the spectrum was acquired, and Alcarc IS the spectral shift calculated
assuming complete filling of the pores by polymer. The spectral shift for “complete filling” was
calculated by application of a two-component Bruggeman model for the composite index of the
porous Si film, assuming a polystyrene refractive index of 1.61. The average porosity of the porous
layer and index of the porous Si skeleton was calculated in a separate experiment using a
combination of the Bruggeman model and the spectral shift of the porous Si film when infiltrated

with ethanol using the following equation:

AASB == Znave dp (52)
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where Asg is the wavelength of the stop band, navg is the average refractive index of the film, and
dp is the spatial periodicity of the layers in the multilayered nanostructure (typically 190 nm in this
work).st The number of repeat units in the film was 200, and the total film thickness was 38 pm.

Transmission spectra were acquired using a CCD spectrometer (Ocean Optics USB-4000),
a tungsten white light source (Ocean Optics LS-1), and two fiber optic cables. One fiber optic cable
connected the light source to a lens which focused the light to a spot size of ~1 mm? on the sample.
The sample was held on a transparent microscope slide. The second fiber optic cable was
connected to a collimator collection lens on the opposite side of the sample so as to send the
transmitted light to the spectrometer.
5.4 Results and Discussion
5.4.1 Preparation of Porous Si Templates and Polystyrene Polymer Composites

Historically two main methods have been employed to introduce polymers into porous Si
templates: (1) in situ polymerization, where a monomer is introduced into the porous matrix in the
presence of an appropriate catalyst and polymerization occurs in situ;z 10314248 and (2) casting of
an already formed polymer into the porous film via melt or solution infiltration routes.t +s 11 49-56
The in situ polymerization route is limited to compatible polymer—catalyst systems, but it holds
an advantage over casting methods in that the much smaller monomer units can in principle more
effectively infiltrate the smallest pores of the porous Si template. The purpose of the present study
was to investigate diffusion of preformed polymers into a porous Si template and identify the
limitations of the melt-casting route as a means of preparing porous Si—polymer composites and

replicas.
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Figure 5.3. Schematic of the experimental setup for real-time optical monitoring of
polystyrene infiltration during melt-casting. The free-standing porous Si film was placed on a
laboratory hot plate and pre-heated. The polymer was placed on top of a microscope slide, which
was heated separately until the polymer melted and spread on the slide (155°C for 20 min). The
molten polymer on the glass slide was then placed into contact with the porous Si film. The glass
slide containing the molten polymer served as an optical window to monitor the infiltration process.
The hot plate was maintained at the desired temperature and a series of spectra were obtained as
the polymer infiltrated into the porous Si substrate. The optical probe, light source, and
spectrometer details are given in the experimental section.
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The approach used to prepare polymer—porous Si composites and then remove the porous
Si template to generate polymer replicas is outlined in Figure 5.2. In this study all the porous Si
templates were prepared as rugate optical filters. First described by Vincent in 1994,57 a porous Si
rugate filter is a one-dimensional photonic crystal consisting of alternating layers of high and low
porosity, prepared by modulating the current during electrochemical etch of the silicon wafer. The
pores in this type of etch propagate predominantly in the (100) direction of the crystal, and the
porosity modulation was apparent in the cross-sectional scanning electron microscope (SEM)
images as a series of horizontal bands of alternating contrast (Figure 5.4a). These bands correspond
to a variation in the bulk density of the nanostructure that was generated by the periodic etching
waveform. Higher magnification revealed a periodic change in average pore size as a function of
depth in the film (Figure 5.4a). The variation of pore size between high and low porosity layers
was estimated to be less than a factor of 2 based on the cross-sectional SEM images. The plan-
view SEM image (Figure 5.4b) showed a distribution of pore diameters ranging from 1 to 50 nm,
with a median pore size of ~10 nm. An advantage of the rugate nanostructure is that it displays
intense structural color, and the color is controlled by the layer spacing and the refractive index of
the porous matrix.58 In this work the porous Si rugate filter templates exhibited a stop band at
~490 nm (Figure 5.5).

The porous Si templates were removed from the Si substrate by a lift-off procedure and
then thermally oxidized to improve their stability and the reproducibility of the templating

procedure. Polymers were then infiltrated via a melt-casting procedure as outlined in Figure 5.3.
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Figure 5.4. Scanning electron microscope (SEM) images of a representative porous Si
template used in this work. (a) Cross-sectional views, obtained at two magnifications, showing
the sinusoidal porosity modulation running parallel to the front face of the wafer. (b) Plan-view

image, showing the pore texture.
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Figure 5.5. Time series of optical reflectance spectra obtained during melt infiltration of (a)
Mw = 20 kDa and (b) Mw = 200 kDa polystyrene into porous Si photonic crystal templates.
Based on an ethanol infiltration measurement on each of the samples, the completely filled sample
in (a) should display a Asg = 608 nm. The completely filled sample in (b) should display a Asg =
629 nm. (c) Percent filling of polystyrene into the pores of the porous Si template as a function of
time for the four types of polystyrene used in this work. Polymer molecular weight as indicated.
Percent pore filling as defined in eq 5.1 as percent infiltration. Time = 0 corresponds to the
spectrum obtained immediately prior to application of the molten polymer. Nominal temperature
maintained at 155 °C throughout the experiment.
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5.4.2 Optical Monitoring of the Polystyrene Infiltration Process.

Introduction of a liquid into a porous Si photonic crystal results in a change in refractive
index that induces a shift in the photonic stop band of the material, and this spectral shift is readily
monitored in real time.xss-s° We used this phenomenon in the present work to quantify the rate and
extent of pore filling by the molten polymer. Infiltration of polymer into the porous Si templates
was apparent in the temporal evolution of the optical reflectance spectra (Figure 5.5). Prior to
polymer infiltration, the wavelength of the stop band (Asg) of the porous Si template appeared at
~490 nm, with about £15 nm variability from sample to sample. The average porosity of the
template was typically 55%. The value of Asg corresponds to a value of nayg (the average refractive
index of the porous silicon skeleton and the air in the voids) of 1.2—1.3 (eq 5.2). The porous Si
film and polymer were preheated at 155 °C, a temperature well above the glass transition
temperature of the polymer (determined by differential scanning calorimetry, Figure 5.6, so the
polymer was molten when in contact with the template. As liquid polystyrene flowed into the
template, the reflectance spectrum evolved in one of two distinctive patterns, depending on
molecular weight (weight-average, M) of the polymer.

For the low molecular weight polystyrene materials (Mw = 20 and 35 kDa), a second peak
appeared at Asg ~ 600 nm, and this peak increased in intensity with time while the original Asg ~
480 nm peak diminished in intensity (Figure 5.5a). The value of Asg of the second peak did not
shift appreciably from ~600 nm during infiltration. For the higher molecular weight polystyrenes
(200 and 400 kDa), a second peak also appeared, but it displayed a distinct shift in wavelength
with time (Figure 5.5b). At early stages of infiltration, this new peak appeared as a broad shoulder
on the original (air-filled) stop band (Asg ~ 500 nm), and the value of Asg of the new peak gradually

red-shifted until finally reaching a value of Asg ~ 600 nm.
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Figure 5.6. Differential scanning calorimetry (DSC) curves of 20,000 and 400,000 Mw
polystyrene used in this study. The glass transition temperature was determined (Tg) by taking
the maxima of the 1st derivative.
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The percent infiltration of each of the polystyrene polymers as a function of infiltration
time was calculated from the optical spectra, based on the measured porosity of the porous Si films
and assuming a refractive index for the polystyrene component (independent of molecular weight)
of 1.61 (Figure 5.5c). The rate at which the molten polymer infiltrated was directly related to
polymer molecular weight, with the shortest polymer reaching a constant value of percent
infiltration in the shortest time (within 10 min) and the longest polymer not quite reaching steady-
state infiltration even after 1 h at 155 °C. The percent infiltration of polymer into the porous
template was inversely related to polymer molecular weight, with 400, 200, 35, and 20 kDa
polystyrene filling 40, 70, 88, and 95% of the pores, respectively. Thus, the data are consistent
with the interpretation that the higher the polymer molecular weight, the slower and less efficiently
it can fill the mesoporous matrix. For all conditions studied, molten polystyrene was never found
to completely displace the air in the porous Si matrix.

5.4.3 Mechanism of Polymer Infiltration.

The difference in infiltration behavior between the low and the high molecular weight
polymers noted above is interpreted as arising from two separate filling phenomena. The first
process involves simple filling of the pores from top to bottom, where polymer enters the porous
film as a single wave of material as depicted in Figure 5.5a. The second process involves filling of
the larger pores first, followed by a slower infiltration of polymer into the smaller branching voids
of the material as shown in Figure 5.5b. The first process is expected to be more important for low
molecular weight, low viscosity polymers while the second process should be more dominant with
the larger, higher viscosity polymers.

The low molecular weight (20 and 35 kDa) polystyrene used in these experiments has

relatively low viscosity at the infiltration temperature used, and the data suggest that it readily
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flowed into the porous nanostructure and all of its voids as a single slab of polymer. Thus, at a
given point in time during polymer infiltration, the porous Si multilayer consisted of a polymer-
filled top layer and an air-filled bottom layer. The evolution of the optical spectrum is consistent
with this interpretation; the polymer-filled layers displayed a Asg corresponding to a porous Si
rugate filter completely filled with polymer (600 nm for these samples), and the air-filled layers
displayed the original Asg of ~485 nm (Figure 5.5a). As the polymer front propagated into the film,
it filled more layers of the rugate filter, and the intensity of the stop band peak for the polymer-
filled layers increased. At the same time, the number of layers of the porous Si sample filled with
air decreased, and the intensity of the stop band peak associated with the air filled layers decreased
correspondingly.

The observed spectral changes in the wavelength and line shape of the stop band are in
good agreement with transfer matrix calculations performed to simulate the polymer infiltration
process. The simulated results (Figure 5.7) show a gradual reduction in intensity and broadening
of the original stop band feature at 485 nm, while a new, broad stop band feature grows and
sharpens at 600 nm. The simulations indicate that the 600 nm stop band should become observable
when 25-50 periods, or 12.5-25% of the film is infiltrated with polystyrene.

The distinctively different infiltration behavior observed with the high molecular weight
(200 and 400 kDa) polystyrenes can be interpreted in terms of a different pore filling mechanism.
The high molecular weight polystyrenes possess relatively high viscosity at the infiltration
temperature used and likely could not flow into the smaller branching pores of the nanostructure
as effectively as low molecular weight polystyrene. Thus, the polymer flowed into the larger pores
of the template first, filling the entire film from top to bottom, and the smaller voids filled on a

longer time scale. Such a process is expected to change the refractive index of the entire film
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gradually, resulting in a successive red shift of the stop band of the photonic crystal. Additionally,
the smaller voids can be expected to fill sequentially from the top to the bottom of the porous film,
following the flow of polymer into the larger pores in a given region of the film. This would
generate a gradient of refractive index and the observed dispersion in wavelength of the stopband
during polymer infiltration. As was observed with the high molecular weight polystyrene, a large,
broad shoulder on the main stop band appeared relatively early in the polymer filling process, and
this shoulder gradually red-shifted, evolving into a broad but distinct peak at 600 nm (Figure 5.5b).
The peak never reached its maximum theoretical wavelength, indicating that polymer was
excluded from the smallest pores in the material, which never completely filled.

The line width of the photonic stop band observed from the high molecular weight
polystyrene samples is consistent with the above interpretation. The line width of a rugate filter is
related to the uniformity of the periodic index contrast gradient in the layers. The high viscosity
and low diffusivity of the polymer resulted in uneven filling of the pores, which is expected to lead
to deviations from the ideal sinusoidal periodicity of refractive index in the filter. This would yield
a dispersion of stop band Asg values and broadening of the band. By contrast, if the polymer had
infiltrated the template as a front (as with the low molecular weight polymers), transfer matrix
calculations showed that the stop band would have retained a narrow bandwidth through the
process. Although both sample types (high and low molecular weight) displayed broadening of the
stop band during polystyrene infiltration (Figure 5.5), the line broadening was more pronounced
for the high molecular weight samples. Consistent with the observed inability of the higher
molecular weight polymers to completely infiltrate the nanostructure (Figure 5.5¢), the final line
width observed from the high molecular weight samples was substantially larger than for the low

molecular weight samples.
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Figure 5.7 Calculated reflectivity spectra of oxidized porous Si rugate filter (Ass = 485 nm)
before (top) and at various stages of polystyrene (n=1.6) infiltration, assuming that the
polymer infiltrates as a single front, as described in the text. Calculations use the transfer
matrix method, assuming a spatial period of 190 nm and a partially oxidized porous Si matrix. The
refractive index of the porous Si skeleton was calculated by assuming an original as-etched sample
with average porosity of 75%, which then underwent oxidation wherein 50% of the silicon skeleton
was converted to silicon dioxide. A sinusoidal porosity contrast value of £1.5% was superimposed
on the average value of 75%, the number of repeats for the entire structure was 200, and a sampling
wavelength of 1 nm was used for all the calculations. Final wavelength value of the stopband after
complete polystyrene infiltration is Asg = 600 nm.
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A simple interpretation of the low degree of infiltration observed for the composite samples
is that polymer was excluded from the smallest voids in the porous Si template. This exclusion
could be a kinetic or a physical phenomenon. Polymer diffusion is a complex process involving
the end-to-end distance of the polymer, its degree of entanglement, and its local and bulk viscosity.
Furthermore, diffusion rates for polymers in confined media can deviate substantially from the
bulk values. For example, Russell and co-workers observed unusually high mobility and only a
weak dependence on molecular weight for diffusion of polystyrene in the confined geometry of a
nanoporous alumina template.#

In order to discern the relationship between pore size, polymer size, and the infiltration
phenomena observed, we calculated the end-to-end distance for the polystyrene samples used in
the present study. We used the freely rotating chain model developed by Florys where r is the
average chain length, C. is the characteristic ratio, N is the number of chains, and I is the bond

length in the styrene monomer, taken as the C—C bond distance of 1.54 A:

(rCN)Y=o0121/21/21/2 (5.3)

The ideal model was employed for the calculations by assuming the Flory theorem,s: which states
that the polymer melt behaves in theta or ideal conditions where the chains are “unperturbed” and
“phantom-like”. The characteristic ratio for polystyrene was taken as 10.3 based on the
calculations of Graessley and Edwards.s2 The entanglement molecular weight (Me) value for
polystyrene used in this study, obtained from Fetters et al.,* was 18.1 kDa. The results are

summarized in Table 5.1.
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Table 5.1. The molecular weight, number of repeat units, root mean square end to end distance,
and ratio with respect to the entanglement molecular weight. Repeat units, end to end distance,
and entanglement ratio are based on calculations outlined in the text.

Molecular Weight | . Repeat Units End to End Distance Entanglement
(Mw) (nm) Ratio
20,000 182 6.6 1.3
35,000 318 8.8 1.9
200,000 1818 211 11.0
400,000 3636 29.8 22.1
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The calculations indicate that the end-to-end distance of the two low molecular weight
polymers is less than 2 nm, smaller than the diameter of pores typically generated by
electrochemical etch of silicon. Thus, the low molecular weight (20 and 35 kDa) polystyrene is
expected to display more of a bulklike behavior in the confines of the porous Si template,
consistent with the uniform pore infiltration observed. The low molecular weight polystyrene
effectively replicated the porous Si nanostructure by simultaneously filling the larger pores and a
substantial portion of the smallest voids. For higher molecular weight (200 and 400 kDa)
polystyrene, the polymer end-to-end distance is calculated to be >10 nm, larger than many of the
pores in the template. The observed evolution of the reflection spectra for the high molecular
weight composite samples is consistent with the calculations and supports the hypothesis that the
high molecular weight polymers infiltrated the larger pores first and then slowly and incompletely
filled the smaller voids.

5.4.4 Polystyrene Replicas.

To further investigate the polymer dynamics described above, the melt-cast polymer was
separated from the porous Si template by selective chemical etching, which generated freestanding
polystyrene replicas. The porous Si templates were prepared as photonic crystals as in the above
experiments, and polystyrene (either 35 or 400 kDa) was melt infiltrated (155 °C) for 1 h. At this
point the relative extent of polymer infiltration was readily discerned as a visual color difference
(Figure 5.8a). Whereas the original, empty templates displayed a green color, the low molecular
weight composites displayed a uniform orange-red color while the high molecular weight
composites displayed a range of colors across the film, from orange to green. As discussed above,
this dispersion in Asg for the high molecular weight composite is attributed to heterogeneous filling

of the nanostructure in the porous template. The larger red shift in Asg of the low molecular weight
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composite is indicative of the greater extent of polymer infiltration, corresponding to

approximately 90% of the porous Si voids filled. The high molecular weight polymer only

infiltrated its porous Si template by approximately 40%.

(a)

PSi-Polystyrene

Composite

(b)
Polystyrene
Replica in air

(c)
Polystyrene
Replica in EtOH

(d)
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Figure 5.8 Comparison of replicas prepared from Mw = 400 kDa (top row) and 35 kDa
(bottom row) polystyrene. Photographs of (a) polystyrene—porous Si composites, (b) polystyrene
replicas with the template removed by selective etching, and (c) the same polystyrene replica from
(b), wetted with ethanol. All samples were prepared using a porous Si template in the form of a
rugate filter photonic crystal with Asg = 520 nm (in air). (d) Optical transmission spectra of the
polystyrene replicas, obtained with air or ethanol (EtOH) filling the pores, as indicated.
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The porous Si template was selectively removed from the composites by soaking in a
solution containing aqueous HF and dimethyl sulfoxide (DMSQO). The DMSO acts as a mild
oxidant for Si, and the HF dissolves and removes SiO».3-¢ Removal of the template was confirmed
by Fourier transform infrared (FTIR) spectroscopy (Figure 5.9); the strong Si—O stretching mode
at 1030 cm™* that was apparent in the template and in the polystyrene-infiltrated template was
completely absent in the replica after the chemical etching procedure.

The freestanding polymer-only films retained the nanostructure of the template, as
indicated most obviously by the intense color in their visual appearance (Figure 5.8b) but also by
cross-sectional SEM images and by spectral measurements. The SEM images of the replicas
(Figure 5.10) revealed that the nanostructure was replicated in both of the polymer castings (using
either high or low molecular weight polystyrene), although polymer infiltration appeared more
complete and uniform with the low molecular weight polymer. The high molecular weight polymer
replica displayed a pronounced porosity gradient from top to bottom of the structure, and distinct
string-like features were apparent at the bottom edge of the film (Figure 5.8b). As each layer
displays roughly the same porosity, the lag in pore filling of smaller voids (as opposed to
heterogeneous filling due to the diversity of pore morphologies) presents the dominate reason for
the broad and shifting stop band. Here the “top” of the film refers to the face where molten polymer
initially encountered the porous Si template during melt-casting. The string-like features near the
bottom of the film are suggestive of the proposed infiltration mechanism, where the end-to-end
distance of high molecular weight polystyrene is comparable to or larger than the average pore
diameter in the porous Si template, and the highly entangled polymer segments must align to

permit more rapid flow as they traverse the narrow pore structure.
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Figure 5.9 FTIR spectra of (top to bottom) the porous Si template, the polystyrene-silicon
composite, the free standing polystyrene replica, and pristine polystyrene as a reference. The
porous Si templates contain a sheath of SiO2 surrounding the Si skeleton, whose characteristic
vibrational mode is apparent in the FTIR spectrum: v(Si-Oy) stretching vibration at 1030 cm™.
After dissolution of the template, the characteristic Si-O vibrations are no longer observed in the
spectrum, indicating complete removal of Si/SiO,. The two bands centered at 2350 cm™ in the
replica are attributed to atmospheric COx.
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(a) 35 kDa

Bottom Edge 200 nm|

(b) 400 kDa

Figure 5.10 Cross-sectional SEM images of the top edge, bottom edge, and entire layer of
photonic crystal replicas made using polystyrene of Mw 35 kDa (a) and 400 kDa (b). Here
“top edge” refers to the side of the porous Si template that was originally in contact with molten
polystyrene during the infiltration process. Both samples were prepared by melt infiltration into a
porous Si rugate filter template followed by dissolution of the silicon template using a
DMSO/HF(aq) etchant as described in the text.
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Both high and low molecular weight polystyrene replicas displayed photonic stop bands,
and the porosity of each replica was determined by the characteristic red shift of the stop band
upon introduction of ethanol (Figure 5.8b—d). The SLIM technique4l was used to calculate the
porosity of the film from the shift in the stop band, assuming appropriate refractive index values
for polystyrene (n = 1.61) and ethanol (n = 1.36). Porosity of the high molecular weight (400 kDa)
polystyrene replica was 49% and porosity of the low molecular weight (35 kDa) replica was 24%.
The measured lower porosity of the replica made from low molecular weight polystyrene is
consistent with its ability to more fully infiltrate the template.

5.5 Conclusion

In this work we fabricated polymer and polymer composite photonic crystals by melt-
casting into porous Si photonic crystal templates. Using polystyrene as a test case, we
demonstrated that the molecular weight of the polymer significantly impacts its infiltration
dynamics and the final structure of the polymer photonic crystal. Lower molecular weight
polystyrene displayed greater uniformity and higher fidelity of the nanostructure during infiltration
because of its lower viscosity and the smaller end-to-end chain distances. Due to size exclusion
and polymer entanglement effects, higher molecular weight polystyrene photonic crystals
displayed string-like defects and incomplete filling of the template due to restricted polymer flow
into the smaller voids. We then studied template dissolution from polymer composites using
chemical etchants that dissolve both Si and SiO».

Chapter 5, in full, is a reprint of the material as it appears Wang, J., Lee, G.Y., Kennard,
R.M, Bisiewicz, R.H., Barillaro, G., Cortez Lemus, N.A., Cao, X.C., Anglin, E.J., Park, J.S,,

Potocny, A., Bernhard, D. Li, J., and Sailor, M.J. Engineering the Properties of Polymer Photonic
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Crystals with Mesoporous Silicon Templates. Chem. Mater. 2017, 29 (3), 1263-1272. The

dissertation author was the primary investigator and author of this paper.
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CHAPTER SIX

A Visual Sensor for Sterilization of Polymer Fixtures
Using Embedded Mesoporous Silicon Photonic
Crystals
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6.1 Abstract

A porous photonic crystal is integrated with a plastic medical fixture (IV connector hub) to
provide a visual colorimetric sensor to indicate the presence or absence of alcohol used to sterilize
the fixture. The photonic crystal is prepared in porous silicon (pSi) by electrochemical anodization
of single crystal silicon, and the porosity and the stop band of the material is engineered such that
the integrated device visibly changes color (green to red or blue to green) when infiltrated with
alcohol. Two types of self-reporting devices are prepared and their performance compared: the
first type involves heat-assisted fusion of a freestanding pSi photonic crystal to the connector end
of a preformed polycarbonate hub, forming a composite where the unfilled portion of the pSi film
acts as the sensor; the second involves generation of an all polymer replica of the pSi photonic
crystal by complete thermal infiltration of the pSi film and subsequent chemical dissolution of the
pSi portion. Both types of sensors visibly change color when wetted with alcohol, and the color
reverts to the original upon evaporation of the liquid. The sensor performance is verified using E.
coli-infected samples.
6.2 Introduction

Intravascular (V) catheters are among the most commonly used means of delivering
therapeutics or for aspirating blood samples in hospitals and clinics worldwide. Despite
widespread use, these devices are prone to bacterial colonization that puts patients at risk of local
and systemic infections such as injection-site infection, catheter related-bloodstream infection,
phlebitis, septic thrombophlebitis, endocarditis, and other complications. In the United States alone,
more than 80,000 intravascular catheter-related complications are reported every year for patients
in intensive care units, with an estimated 9600 to 20,000 deaths and an expense ranging from $296

million to $2.3 billion US annually.}* Needle-less systems, where an 1V line is placed in the patient
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and reused multiple times via a port or hub, are now common in healthcare settings, and they have
led to substantial reductions in needle-stick injuries. Failure to properly disinfect the reusable
injection port on such IV catheters is considered one of the more pervasive errors made by staff
and health care professionals.®> When not disinfected between administration sets, an IV connector
hub can provide a source of infection, and when disinfected improperly, the infusion of residual
disinfectants into the bloodstream can lead to phlebitis.®® Phlebitis is an inflammation of the
cannulated vein, and it is the most frequent complication associated with peripheral 1V catheters,
occurring in 27-70% of all the catheters deployed.'®* IV-related phlebitis is recognized as a
problem by manufacturers, the Center for Disease Control (CDC), and the Infusion Nurses Society
(INS).15-2 This study was motivated by the desire to incorporate a sensor on an IV catheter
connector hub that could provide a visual cue to the healthcare worker that the device has been
disinfected, and furthermore indicate when the liquid sterilizing agent has been completely
removed.

The approach used in this work is based on embedding a mesoporous photonic crystal into
the surface of a plastic fixture.2*?> Our group and others have shown that porous silicon (pSi) can
be used as a template for solution-cast or heat cast polymers,?6-3! and the resulting polymer-pSi
composites or polymer replicas can retain the porous nanostructure of the template. By using a
porous photonic crystal as the template, the polymer takes on the spectral characteristics of the
template, in particular, its ability to display a stop band in the reflectance spectrum, and the ability
of this stop band to shift when infiltrated with a liquid - resulting in a color change that is readily
observed with the unaided eye. For the present work, we employed thermal infiltration to either
partially or completely infiltrate the template, and used an IV connector (BD-MaxPlus® Clear)

made of polycarbonate, which formed a viscous liquid that infiltrated the pores of the pSi host.
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Two types of sensors were prepared (Figure 6.1): (a) a composite sensor, where the pSi template
was fused to the polycarbonate surface, partially infiltrating the pSi film but leaving the majority
of the pore structure open and available for sensing; and (b) an all-polymer sensor, where the pSi
template was completely infiltrated with polymer and then removed by chemical dissolution. The
sensor devices were tested for their ability to indicate the presence of disinfectant delivered by a
commercial alcohol swab (70% isopropyl alcohol), and sterilization was confirmed using a

nonpathogenic E. coli strain and a standard culturing assay.

pSi-Polymer Composite
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Photonic Crystal

Polymer
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‘ Polymer g

Polymer Photonic Crystal

Figure 6.1. Schematic of the Steps Used to Prepare pSi—polymer Composites and All-
Polymer Photonic Crystals Used as Sterilization Sensors. First, a pSi template is prepared by
electrochemical etching using a sinusoidal current density-time waveform, such that it possesses a
layered porous nanostructure that acts as a 1-dimensional photonic crystal. Then the polymer (in
this work, a test article or a commercial IV connector hub) is thermally infiltrated into the pores of
the pSi template by raising its temperature above the glass transition temperature of the polymer
(230 °C for the polycarbonate used in this work). To prepare the pSi-polymer composite photonic
crystal, the polymer is only partially infiltrated into the pSi nanostructure, and the thermally
infiltrated structure separates from the silicon wafer substrate upon cooling. For the all-polymer
photonic crystal, the composite is removed by freeze-fracture, and then the nanostructured pSi
template is removed by chemical dissolution using a mixture of dimethyl sulfoxide, aqueous HF,
and ethanol. A photograph of a sensor-embedded IV connector hub mated to a syringe is shown
on the upper right. The tip of the hub where the photonic sensor is located attaches to the syringe
through a luer lock fitting, and the opposite end of the hub connects to an IV line. Under normal
operation, the luer lock isolates the sensor element from the fluid being delivered and there is no
contact between the IV fluid and the sensor.
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6.3 Materials and Experimental Methods
6.3.1 Materials

Single-crystal silicon wafers, highly boron-doped (ptype), of resistivity 1 mQ-cm, and
thickness 525 + 25 um and polished on the (100) face were purchased from Virginia
Semiconductor. Absolute ethanol (200 proof) was obtained from VWR International Corp.
Hydrofluoric acid (48% aqueous, ACS grade) was obtained from Macron Chemicals. Potassium
hydroxide (ACS grade, 85%) was purchased from Fisher Scientific Chemicals, Inc. Phosphate
buffered saline (PBS) solution and Hank’s buffered saline solution (HBSS) was purchased from
Gibco, Inc. Aqueous solutions were prepared from 18 MQ deionized water (DI). Clear
polycarbonate sheets were purchased from eplastic, inc. (HYGARD MS1250 CLEAR-AQ0, 040
in. thick). BD MaxPlus Clear IV connectors were purchased from the manufacturer. Identity of the
polymers was confirmed by FTIR (strong bands at 1769, 1503, 1219, 1187, and 1158 cm—1
characteristic of polycarbonate).

6.3.2 Preparation of pSi Photonic Crystal Templates.

Different pSi rugate filter templates were used for the pSi-polymer composite and the all-
polymer sensors. Both types of pSi photonic crystals were etched into the highly doped silicon
samples by electrochemical anodization (Keithley Sourcemeter model 2651, Tektronix, USA) in
aqueous ethanolic hydrofluoric acid (3:1 v:v 48% aqueous HF:ethanol) electrolytes following
published procedures.23 Caution: HF is highly toxic and contact with skin should be avoided.
Anodization of the wafers was preceded by a “sacrificial etch” step to prepare clean and
reproducible silicon surfaces. The sacrificial etch was carried out at constant current density (100
mA cm—2) for 30 s, which generated a thin porous silicon layer. This layer was then completely
removed by immersion in a 2 M aqueous solution of potassium hydroxide (KOH). The pSi
photonic crystal templates for the pSi-polymer compsite sensor were prepared by application of a
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sinusoidal current densitytime profile (minimum current density: 100 mA ¢cm—2, maximum current
density: 200 mA cm—2, period: 2.6 s, 300 cycles). The templates were then thermally oxidized in
a muffle furnace (Thermolyne, Thermo Fisher, USA) at 500 °C for 4 h (including the time for
temperature ramp of 10 °C/min from/to ambient for both the heating and cooling phases). For the
pSi photonic crystal templates used to prepare the all-polymer sensors, the current density limits
and the period of the waveform were the same as for the pSi polymer composite devices, but the
number of cycles was 250, resulting in a thinner pSi template. The thermal oxidation (500 °C) was
carried out for 2 h.

6.3.3 Polymer Infiltration into pSi Photonic Crystal Templates.

All polymers were thermally infiltrated into the pSi templates by placing the polymer onto
the template and heating it above the glass transition temperature of the polymer (210 °C). To
prepare the pSi-polymer composite and the all-polymer photonic disks, a polycarbonate sheet
(~1.5cm x 1 cm) was placed on top of the pSi template and preheated to 185 °C on a hotplate (in
air). After 2 h at 185 °C, the temperature was raised to 210 °C and infiltration was allowed to
proceed for 16—18 h. The samples were allowed to cool to room temperature, and they were then
immersed in liquid nitrogen. The rapid cooling usually resulted in fracture at the polymer/silicon
substrate interface, generating freestanding pSi-polymer composites. The resulting pSi-composite
sensors were then cut into disks with a diameter of 5 mm using a metal hole punch and used as-is.
The allpolymer sensor disks were prepared from these pSi-composites by soaking in a solution
consisting of 1 part dimethyl sulfoxide (DMSQO), 3 parts 48% aqueous HF, and 1 part ethanol for
18 h. This solution has been shown to effectively remove Si and SiO2 from composite pSi

structures.®?
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Polymer infiltration of IV connector hub units (BDMaxPlus® Clear) was carried out using
the above thermal infiltration process, where the IV connectors were placed onto the pSi substrate
and heated to 185 °C for 2 h. The connectors were pressed to the surface to ensure contact of the
sensor to the silicon. The temperature was then increased to 210 °C for 10—18 h. To prepare the
all-polymer 1V connector hub sensors, the pSi template was removed by soaking in
DMSO/HF/EtOH (1:3:1) for 8 h.

6.3.4 Scanning Electron Microscopy and EDS Analysis

Samples were imaged using a Zeiss Sigma 500 scanning electron microscope (SEM) with
at an accelerating voltage of 1 kV. The samples were coated with iridium using a sputter coater
prior to imaging to prevent charging. The energy dispersive X-ray spectra (EDS) were obtained
using a Philips XL30 field emisson SEM fitted with an EDS detector (iXRF Systems, inc),
operating at an accelerating voltage of 20 kV and using integration times of 50 s. Images were
processed and analyzed using ImageJ software (public domain program, NIH). SEM images of
bacteria were obtained ater sequential dehydration in decreasing concentrations of ethanol (100%
v/v to 0% v/v).

6.3.5 Optical Characterization

Reflectance spectra were acquired using a CCD spectrometer (Ocean Optics USB-4000)
fitted to a bifurcated fiber optic cable as previously described.?® One arm of the optical fiber was
connected to the spectrometer, while the other arm was connected to a tungsten light source (Ocean
Optics LS-1). The distal end of the combined fiber was attached to a focusing lens to allow
acquisition of 180° reflectance spectra from the sample surface, with a spot size of approximately
2 mm in diameter. The porosity and thickness of the samples was calculated using the

spectroscopic liquid infiltration method (SLIM) described previously.?® 32 For the measurements
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involving repeated wetting/drying cycles, the sensor sample was firmly clamped to an optical table
and the spectrometer was configured to acquire a spectrum every minute for a period of 2 h. A
baseline signal was acquired for 10 min and then an aliquot (10 puL) of 70% isopropyl alcohol was
applied to the surface of the sensor. After approximately 3 min the sample was dried in a stream
of compressed air. The sample was then allowed to sit in air for an additional 3 min and the next
aliquot of alcohol was applied, up to a total of 10 applications. Refractive index of liquids was
measured with a Refracto 30GS (Mettler Toledo). Digital photographs were obtained using a
Canon Rebel XT1 digital camera fitted with a macro lens.
6.3.6 Bacteria Culture and Sterilization Procedures

A nonpathogenic E. coli strain, FDA strain Seattle 1946, was obtained from American
Type Culture Collection (ATCC). A single colony of E. coli was inoculated into Luria—Bertani
(LB) media (COR Biosciences, USA) and incubated overnight at 37 °C. The culture was then
washed three times with PBS (pH 7.4) by centrifugation (Centrifuge 5804, Eppendorf, 4200xg, 5
min) and resuspended in 10 mL of buffer. The culture was diluted to an optical density (OD) of
0.1 (measured at 600 nm), corresponding to 108 CFU/mL.%334 In order to assess the efficiency of
sterilization of infected sensors, the culture was diluted to 2 x 106 CFU/mL and the devices were
incubated in the mixture for 4 h. The samples were then rinsed briefly with water and scrubbed
with a 70% isopropyl alcohol saturated swab (Webcol alcohol pads, Covidien) for 30—60 s,
following the published protocol.?? In order to assay for remaining live bacteria, the sample surface
was thoroughly scraped with a heat sterilized inoculation loop and the bacteria collected in 200 pL
of sterile water. For each sample, four dilutions of bacteria were prepared 0%, 100%, 1000x, and
10000x in sterile water and streaked onto an agar plate (Prepoured Agar BioRad). The plate was

incubated at 37 °C for 16 h and the number of CFUs was determined by counting the colonies and
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accounting for appropriate dilution. Only the agar plates that contained 25—250 colonies per plate
were considered in the CFU/mL calculation.
6.3.7 Si Leaching Tests

The 1V connector-sensor device was attached to a 1 mL syringe filled with 1 mL HBSS
that was pushed through the 1V connector into a glass vial. The delivered volume was measured
taking into account the dead volume in the syringe and IV connector hub to test for gross leakage.
The delivered solution was tested for traces of dissolved silicon using the molybdenum blue (MB)
assay. The MB assay reagents were prepared following the literature protocol:46 Solution A was
prepared by adding ammonium molybdate tetrahydrate (1 g) and concentrated hydrochloric acid
(3 mL) to 25 mL DI water, mixing, and then diluting in a volumetric flask with additional DI water
to a total volume of 50 mL. For solution B, oxalic acid (4 g), 4-(methylamino)phenol hemisulfate
(1.33 g), and anhydrous sodium sulfite (0.8 g) were added to 100 mL of DI water and mixed well.
The solution was diluted in a volumetric flask with additional DI water to a total volume of 200
mL. For assaying, the test solution, solution A, and solution B were mixed in a volume ratio of
4:1:5 in an Eppendorf tube and incubated at room temperature for 1 h. The silicon content was
quantified by measuring the absorbance at 810 nm and comparing to a standardized curve prepared
from ICP standard of Si (TraceCERT, 1000 mg/L Si in nitric acid, SigmaAldrich).
6.4 Results and Discussion
6.4.1 Fabrication of pSi Templates for the Photonic Sensors.

The pSi templates for both types of sensors (polymer composite and all-polymer) were
synthesized by electrochemical anodization of single-crystal silicon wafers in an aqueous ethanolic
hydrofluoric acid electrolyte using a sinusoidal current—time profile as previously described.? %

Cross-sectional scanning electron microscope (SEM) images revealed the modulation in porosity
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as a series of light and dark bands spaced at approximately 150 nm and running parallel to the
surface of the porous layer (Figure 6.2 and Figure 6.3). The evenly spaced layers generate an
optical rugate filter, displaying a stop-band in the reflection spectrum with a wavelength of
maximum reflectance directly proportional to the spacing in the layers (Figure 6.4).3%" Thus, the
apparent color of the pSi template (and thus the resulting templated sensors) was readily
engineered by adjusting the period of the sine wave that served as the current density—time
waveform used in electrochemical anodization of the silicon wafer. Digital analysis of the
planeview SEM images (Figure 6.2a) indicated a mean pore diameter of 19 £ 7 nm. Average
porosity of the pSi template, measured by means of gravimetry and by the spectroscopic liquid
infiltration method (SLIM),?® was ~60% for both sensor types (Figure 6.4 and Table 6.1). For the
pSi-polymer composite sensors, the pSi templates were designed to be thicker, containing more
porous layers than the templates used for the all-polymer sensors. The thickness of the templates
was measured by cross-sectional SEM, by SLIM, and by gravimetry, and they were on the order
of ~60 um thick for the pSi-polymer composite sensor templates and ~40 um thick for the all-

polymer sensor templates (Table 6.1).
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Figure 6.2. SEM images of pSi-polymer composite photonic sensor element consisting of a
pSi template partially infiltrated with polycarbonate. (a) Plan view of the pSi template on the
side opposite the polymer layer, showing the open pore structure of the template with no detectable
polymer. Scale bar: 1 um. (b) Cross-sectional image showing the interface between the polymer-
infiltrated region of the pSi film and the empty region of the pSi film. The layered nanostructure
corresponding to the periodic porosity gradient that was generated during electrochemical
preparation of the pSi template is apparent. The dashed line indicates the demarcation between
polymer-filled and empty pSi regions. Scale bar: 2 um. (¢) Higher magnification crosssectional
image of the empty region of the pSi film (above the dashed line in (b)), representing ~6 cycles of
the repeating rugate nanostructure in the porous film. Scale bar: 200 nm. At this magnification, the
gradual oscillations in porosity that occurs in the nanostructure to generate the optical rugate filter
are not readily apparent. (d) Cross-sectional image obtained at the same magnification as in (c),
but of the polycarbonate-filled region of the pSi film (below the dashed line in (b)). Scale bar: 200
nm. (e) EDS element map of approximately the same region as represented in (b), showing the
boundary and depth of polymer infiltration (green represents silicon and red represents carbon).
Scale bar: 2.5 um. (f) Cross-sectional image of the all-polymer photonic sensor for comparison.
This sample was prepared by thermal infiltration of a pSi template with polycarbonate as in the
other images, but the silicon nanostructure has been removed by selective dissolution using
dimethyl sulfoxide/ HF(aq) as described in the text. Scale bar: 1 um.
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Figure 6.3. Scanning electron microscope (SEM) Images of Porous Silicon Photonic Crystal
Templates. (a) Plan-view image representative of all the pSi templates used in this study, revealing
the pore morphology. The mean pore diameter of the porous layer was 19 = 7 nm, determined from
the planview image using the ImagelJ image processing software package (NIH). (b) Cross-
sectional SEM image of the pSi template used to prepare the all-polymer photonic sensors
(thickness 43.0 £ 0.2 um). (c) Crosssectional SEM image of the pSi template used to prepare the
composite photonic sensor (thickness 67.3 + 0.3 um). These images were acquired in secondary
electron imaging mode, using a Zeiss Sigma 500 SEM operating at an accelerating voltage of 1
kV (a) or 3kV (b and c). The all-polymer and composite sensors that resulted from these templates
displayed thicknesses of 37 £ 2 um and 61 + 4 um, respectively (images not shown).
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Figure 6.4. Optical reflection spectra of pSi templates used to prepare (a) the all-polymer
sensor and (b) the pSi-polymer composite sensor. Both panels present reflectance spectra
measured on the samples in air (black trace) and immersed in ethanol (red trace). These spectra,
acquired before and after wetting of the porous nanostructure with ethanol, are used to determine
the thickness and porosity of the pSi template. The red shift in the spectrum derives from the
increase in average refractive index of the film when the air (n = 1.000) in the porous nanostructure
is replaced with ethanol (n = 1.361). The degree of spectral shift is related to the average refractive
index of the pSi skeleton and the average porosity of the film.1 To obtain open porosity and
thickness, measured values of effective optical thickness were fit to a two-component Bruggeman
effective medium approximation. For the template used to prepare the all-polymer sensor, the
porosity and thickness of the pSi template were 61 = 1 % and 38 £ 2 um, respectively. For the
template used to prepare the composite sensor, the porosity was 60 = 2 % and the thickness was
61 + 4 um. These spectra were obtained on the as-etched pSi templates, prior to thermal oxidation.
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Table 6.1. Porosity, thickness, and color of sensors. Porosity and thickness values determined
using the indicated methods® for the templates used to prepare the pSi-polymer composite and the
all-polymer photonic sensors.

Sensor Thickness (um) Porosity (%) Asb, PSi s, PSi Asb, final
Type SEM SLIM | Grav. | SLIM | Grav. as-etched® post-0x° deviced
pSi-
polymer | 73,03 | 6144 | 57+1 | 60+2 | 65+2 560 nm 525 nm 550 nm
composite
sensor
All-
polymer 430x02 | 38%£2 42+1 61+1 62+2 592 nm 538 nm 447 nm
sensor

& SEM is thickness of pSi photonic crystals before oxidation measured from cross-sectional
scanning electron microscope images; SLIM refers to the Spectroscopic Liquid Infiltration Method,
a nondestructive optical measurement that determines film thickness and porosity from the optical
constants and the Fabry-Perot interference spectrum;1 Grav. is a gravimetric measurement based
on mass changes as described in reference (1 ).

b \Wavelength of the maximum in the stop band reflection measured on the pSi template, as-etched
but prior to oxidation or polymer infiltration.

¢ Wavelength of the maximum in the stop band reflection measured on the pSi template, after
oxidation but prior to polymer infiltration. Oxidation was performed in air at 500 °C for 2 hrs.

dWavelength of the maximum in the stop band reflection measured on the final sensor fixture. For
the pSi-polymer device, this corresponds to the pSi template after partial thermal infiltration of
polycarbonate. For the all-polymer device, this corresponds to the pSi template that had been
thermally infiltrated with polycarbonate and then treated with DMSO/HF(aq) etchant to remove
residual pSi from the device.
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6.4.2 Fabrication of pSi-Polymer Composite Photonic Sensors

One of the key motivations for constructing the composite sensors was to capitalize on the
high refractive index contrast afforded by silicon. This can be expected to give a strong reflectance
spectrum that is more readily seen by eye when the sensor is wetted with the disinfectant solution;
for example, if the porous skeleton possesses a refractive index closely matching the value of the
liquid disinfectant filling the pores, then the intensity of the stop band reflectance will be near zero.
The index of refraction of crystalline silicon in the wavelength range of interest is 3.8% while the
index of polycarbonate (1.58)% is closer to the index of 70% aqueous isopropanol (1.372 + 0.001
at 22.6 °C, measured at A = 589.3 nm) used as a disinfectant. Thus, we attempted to build a sensor
element where only a small portion of the pSi film was infiltrated with polymer, in order to serve
as an anchoring point, while the majority of the pSi layer remained open and exposed on the fixture
surface to act as the sensor (Figure 6.1). The thermal infiltration process used to fabricate the pSi-
polycarbonate composites was first optimized using hard polycarbonate disks and a range of
temperatures and infiltration times was explored. To improve polymer infiltration and avoid drift
of the optical spectrum during processing, the pSi templates were partially oxidized by heating at
500 °C for 2 h in air prior to polymer infiltration. This treatment generated a thin oxide shell on
the pSi skeleton. Filling of pores by polymers is a complex process that is highly dependent on the
pore size of the host and the viscosity of the polymer.?® 2 In the present case, the optimal thermal
infiltration procedure was determined to be as follows: the polycarbonate disk was placed on top
of the pSi photonic crystal template, the assembly was heated at 185 °C for 2 h, and then the
temperature was increased to 230 °C and the device was maintained at that temperature for an
additional 12 h. We found that the first step of heating at 185 °C was effective in avoiding the

formation of air bubbles in the polymer. The second heating step yielded relatively complete
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infiltration of the pores. Upon cooling, the polymer-infiltrated pSi layer spontancously detached
from the underlying bulk silicon wafer due to stresses associated with solidification of the polymer
and differences in the thermal expansion coefficients of silicon and polycarbonate, resulting in a
freestanding pSi-polymer composite. The open pore structure of the pSi template was readily
observed on the detached side of the film (Figure 6.2a), indicating that the polymer did not fully
infiltrate the nanostructure. This was confirmed by optical reflectance measurements (Figure 6.5)
and with cross-sectional SEM measurements (Figure 6.2b). Energy dispersive X-ray spectroscopy
(EDS) was employed in the SEM to confirm the infiltration of polymer into the pSi template, and
it indicated that the polymer penetrated to depths of between 7 and 10 um into the 60-pm-thick
pSi templates (Figure 6.2b,e). This is consistent with the optical measurements; the reflection
spectrum from the composite film displayed two distinct stop bands, one at the wavelength
corresponding to the air-filled pSi template (Ass = 520 nm) and another, weaker band (Asp = 660
nm) arising from the polycarbonate-filled region of the pSi template (Figure 6.5, Supporting
Information). The imprinting process (i.e., infiltration of polymer into the pSi master to replicate
its nanostructure) yielded comparable morphological and spectral characteristics when
commercial polycarbonate IV connector hubs were used in place of the polycarbonate disks

(Figure 6.6).
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Figure 6.5. Optical reflection spectra and photographs of pSi-polycarbonate composite (a)
and all-polymer (b) samples used to characterize the templating and alcohol sensing
properties. (a) Optical reflection spectra of the dry pSi-polymer composite (black trace), the pSi-
polymer composite wetted with 70 % isopropy! alcohol (red trace), and the pSi-polymer composite
after the alcohol solution has dried for ~ 2 min in air (green trace). The pSi-polymer composite
was prepared by partial infiltration (melt-casting) of a polycarbonate sheet as described in the text.
Because the pSi film is only partially infiltrated with polycarbonate, the sample displays two stop
bands. The stop band at 520 nm corresponds to the empty portion of the pSi layer (not filled with
polycarbonate) and the band at 660 nm corresponds to the portion of the pSi layer that is filled
with polycarbonate. Upon wetting with alcohol, the stop band at 520 nm (the empty portion of the
pSi film) shifts to 600 nm and the stop band at 660 nm displays a negligible shift. The 660 nm
band appears weak in the wetted sample relative to the 600 nm band because the spectra are not
corrected for the instrument response function or the tungsten halogen lamp intensity distribution.
The tungsten halogen light source has relatively low intensity in the blue-green region of the
spectrum. Photographs of the sensor samples at the various stages of the experiment (before
wetting, wet, and after drying in air) are shown at the right. (b) Optical reflection spectra of the
dry all-polymer film (black trace), the all-polymer film wetted with 70 % isopropyl alcohol (red
trace), and the all-polymer film after the alcohol solution has dried for ~ 2 min in air (green trace).
The all-polymer sensor film was prepared by melt-casting of a polycarbonate sheet and dissolution
and removal of the pSi template as described in the text. Because this film no longer contains a
pSi component, the sample displays a single stop band, which is associated with the photonic
nanostructure in the polymer replica. A distinct red shift is observed for both types of photonic
disks when they are infiltrated with liquid.
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Figure 6.6. Spectral shifts and reproducibility of pSi-polymer composite and all-polymer
photonic sensors embedded in 1V connector hub units. Reflected light spectra quantify the shift
in the photonic stop-band when 70% isopropyl alcohol sterilization solution is applied: (a) pSi-
polymer composite photonic sensor; (b) all-polymer photonic sensor. Images at the right of each
plot show digital photographs of the IV connector hub units corresponding to the traces: top, dry
sensor prior to alcohol; middle, sensor wetted with alcohol; bottom, sensor after a few minutes of
air-drying. Border color of each photograph corresponds to the color of each representative trace
in the plots. (c-d) Changes in the wavelength of the reflection stop-band, recorded during repeated
exposure of (c) composite IV connector hub unit and (d) all-polymer IV connector hub unit to
70 % isopropyl alcohol solution. Peak shift values correspond to the increase in wavelength (red
shift) of the stop band when the porous nanostructure is fully wetted with 70 % isopropyl alcohol
solution ("Wet") relative to the dry, air-filled sensor (“Dry”’). The number of sterilization cycles is
indicated on the top.
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6.4.3 Fabrication of All-Polymer Photonic Sensors

Whereas the pSi-polymer composite sensors displayed strong, readily observable colors
due to the high refractive index of the silicon skeleton, the presence of silicon, or any material
other than the medical-grade polycarbonate of the fixture raises concerns about potential
contamination or adverse reactions of fluids contacting the device. Therefore, we also explored an
alternative device design where the photonic sensor was composed completely of polycarbonate.
This approach relied on the ability of the pSi material to serve as a removable template for polymer
casting that can be selectively removed by a chemical etchant.?” There are a few chemical systems
that can selectively remove silicon: the well-known xenon difluoride etchant used in the
manufacture of silicon MEMS,* strongly alkaline solutions such as aqueous KOH,?3 and mixtures
of dimethyl sulfoxide and aqueous HF.** In this work we chose to use the dimethyl
sulfoxide/aqueous HF etchant due to its low reactivity with polycarbonate.

The dimethyl sulfoxide (DMSOQO) in the dimethyl sulfoxide/ agueous HF system acts as a
mild chemical oxidant, converting silicon to silicon dioxide. In the presence of aqueous HF, the
oxide product then dissolves. The relatively low surface tension of DMSO allows the etchant
solution to penetrate the mesoporous structure, allowing efficient removal of the pSi skeleton.*!2
In the present case, the procedure was sufficiently mild that the polymer retained a replica of the
nanostructure of the original pSi template (Figure 6.2f), and the resulting all polymer nanostructure
displayed the optical properties of a photonic crystal (Figure 6.5). However, because the
wavelength of the stop band depends on the volume fraction and the index of refraction of the
skeleton, the stop band of the resulting polycarbonate replicas was substantially blue-shifted from
the stop band of the original pSi templates. Thus, the stop band of the pSi template used for the

all-polymer photonic sensors was engineered with a periodicity appropriate to yield the desired
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color in the final system (Table 6.1). The imprinting process yielded similar results with
commercial polycarbonate 1V connector hubs as it did with polycarbonate disks (Figure 6.6).
6.4.4 Sensing of Alcohol Sterilization Solutions Using the Photonic Devices

The ability of the pSi-polymer composite and the all-polymer photonic devices to detect
the presence of 70% isopropyl alcohol disinfecting solutions was then assessed by optical
reflectance spectroscopy and by visual inspection. A distinctive red shift in the stop-band of >60
nm was observed for either the pSi-polymer or the all-polymer photonic sensor disks. The visual
appearance of the pSi-polymer composite changed from green to red upon addition of the alcohol
disinfectant (Figure 6.5a and Figure 6.6a), and for the all-polymer photonic structure the color
changed from blue to light green (Figure 6.5b and Figure 6.6b). The spectral observations for the
imprinted commercial polycarbonate IV connector hubs were similar to those of the polycarbonate
disk test articles, although the net spectral shifts upon alcohol infiltration were somewhat smaller
for the 1V connector hub devices (65 nm vs 80 nm for the composite sensors and 40 vs 60 nm for
the all-polymer sensors). This implies that the porosity of the photonic crystal was somewhat lower
for the IV connector hubs relative to the polycarbonate disk test articles and suggests that the
polycarbonate comprising the IV connector hubs did not infiltrate the pSi templates as fully as the
polycarbonate comprising the test disks. The difference in flow behavior is not surprising, as the
hubs and the disks derived from different manufacturers, and it is unlikely that the viscosity,
molecular weight, and other fundamental properties of the two types of polycarbonate test articles
used in this study were the same. Although we confirmed that both comprised polycarbonate by
FTIR measurements, we did not measure viscosity, average molecular weight, or other properties
of the polymer samples. The photonic stop-band for both the photonic sensors returned to their

original values after evaporation of the disinfectant. Both types of devices were able to visually
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report complete evaporation of the disinfectant, although the intensity of the stop band displayed
by the all-polymer devices was distinctively weaker and more difficult to discern than for the pSi-
polymer composites. The weaker reflection from the all-polymer rugate filters is consistent with
the lower refractive index contrast between polycarbonate and the medium filling the pores (either
air or alcohol) relative to the index contrast between silicon and these same media, as discussed
above and elsewhere.?* 3”4 The color changes were stable and reproducible over repeated wetting
and air-drying cycles (Figure 6.6¢,d). Direct addition of 70% isopropyl alcohol (20 uL) into these
devices required 2—3 min to completely evaporate and for the original color to return. A concern
with colorimetric sensors is that a fraction of the human population is color-blind and so may not
readily be able to distinguish blue-to-green or green-to-red color changes. For this reason we
explored the possibility of tuning the spectral band of the photonic sensor to the red, such that
liquid infiltration shifted the stop band into the near-infrared region of the spectrum (Figure 6.7).
The visual perception to a completely color-blind person (or in a grayscale image) in this case was

a distinctive change from light to dark upon liquid infiltration.
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Figure 6.7. Optical reflection spectra of red colored pSi-polycarbonate composite (a) and all-
polymer (b) samples integrated into IV connector hub units. The pSi templates in these
experiments were engineered such that they appeared red when dry. Upon infiltration of ethanol,
the sensor appears black as the reflection stop-band shifts to the NIR region of the spectrum, which
is not visible to the human eye. Thus the these fixtures would appear to undergo a white to black
transition to a color-blind individual. Optical reflection spectra and digital photographs of the pSi-
polymer composite and polymer sterilization sensor embedded in IV connector hubs were obtained
using the same measurement conditions as given in Figure S3, except the spectra here were
corrected for instrument spectral response by ratioing to the spectrum of a silver mirror. The
sinusoidal waveform used to prepare the pSi templates for these devices were etched by varying
the current density between 100 to 200 mA cm for 300 and 250 repeats for the pSi-polymer
composite and the all-polymer sensors, respectively. The period of the sinusoidal waveform for
the pSi-polymer composite device was 2.2 sec and for the all-polymer device it was 1.9 sec.
Reflection spectra and digital photographs of samples correspond to dry (black trace or outline),
wetted with 70 % isopropyl alcohol (red trace or outline), and after the alcohol solution has dried
for ~ 2 min in air (green trace or outline).
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6.4.5 Sensor Performance under a Bacterial Challenge.

In order to validate the sensors in a realistic complex matrix, we exposed the photonic
sensors embedded in IV connectors to growth media containing bacteria. There were two main
goals of these experiments: first, we wanted to evaluate if contaminants would collect in the
nanoporous matrix of the sensors, fouling the optical response. Second, it is known that bacteria
can accumulate on porous media, and there is a potential that such surfaces may enhance bacterial
colonization and growth and thus be more difficult to sterilize.***" The sensors were incubated in
2 x 106 CFU/mL of nonpathogenic E. coli (FDA strain Seattle 1946) in Luria—Bertani (LB) media
for 4 h. Subsequently, the sensors were thoroughly rinsed with DI water and then scraped with an
inoculation loop to collect the adhered bacteria, which were then cultured on agar plates to
determine the number of colony-forming units (CFUs). We detected (1.5 £ 0.4) x 105 CFU/mL
on the pSi-polymer composite photonic sensors and (7 £ 2) x 104 CFU/mL on the all-polymer
photonic sensors (Table 6.2).

The observed difference in the number of CFUs found on the two types of sensors can be
attributed to differences in their wettability, which is known to influence bacterial adhesion.*®
Water contact angle (WCA) measurements (Figure S5, Supporting Information) showed that the
pSi-polymer composite photonic sensors, which displayed the higher degree of bacterial
attachment, were also substantially more hydrophilic (WCA = 11.6°) compared to the relatively
hydrophobic all-polymer photonic sensors (WCA = 113.8°).

Another set of sensors were subjected to the same E. coli incubation procedure and then
swabbed with alcohol wipes following the sterilization procedure recommended by the U.S. Center
for Disease Control (30 s to 2 min, wipe saturated with 70% isopropyl alcohol).’® After the
sterilization procedure, the surface of the samples was assayed for the presence of live bacteria as
described above. No live E. coli were observed to survive this procedure (to a detection limit of
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25 CFU/mL). We also analyzed the porous sensor surfaces by electron microscopy to determine
the fate of adhered E. coli post-sterilization. Electron microscope images of the surface of the
sensor devices after contact with the alcohol swab showed evidence of ruptured E. coli cells;
consistent with the lack of CFUs observed after sterilization (Figure 6.9).

The optical changes exhibited by the sensors during the infection and sterilization
processes were monitored using reflection spectroscopy and visual assessment. The pSi-polymer
composite photonic sensors, being more hydrophilic,?® were infiltrated by aqueous solutions and
thus exposure to the culture media induced a color change (red shift) similar to that observed upon
alcohol sterilization. When the samples dried the color blue-shifted back to the original, air-filled
values. Subsequent sterilization with alcohol generated the expected red shifts in color, analogous
to what was observed with the pristine sensors. Thus, the color changes observed with the pSi-
polymer composite photonic sensors could not clearly distinguish between the alcohol sterilization
solution and a bacteria-infected liquid medium. By contrast, the all-polymer photonic sensors were
more hydrophobic (Figure 6.8); the aqueous culture media did not readily infiltrate the nanopores,
and no substantial change in color was observed when this sensor type was incubated with the
bacteria culture medium. As with the pSi-polymer composite photonic sensors, the expected color
changes were observed upon subsequent sterilization with alcohol. Thus, the all-polymer system
is more reliable from the perspective of the colorimetric assay: due to the hydrophobic nature of
the sensor, the green-to-red color change was only observed with alcohol solutions and not with
water-based solutions.

The nanoporous nature of the sensor elements could be a potential source of leaks in a
connector hub. We tested the integrated IV connector hub-sensor units for leakage under simulated

infusion conditions and observed no visible fluid leakage after 10 usage cycles. We also evaluated
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whether or not silicon (in the form of water-soluble orthosilicate) would leach into the infusate
from the pSi-polymer composite photonic devices. The silicon content in the infusate (PBS) was
measured using the molybdenum blue assay,*® which showed no detectable (LOD = 0.5 ppm)
silicon in 1 mL of infusate after 30 min of contact with the sensor hub. For comparison, the
concentration of silicon in human plasma is 5 ppm.*’-° It should be noted that the sensor described
in this work is designed to function in a specific clinical environment, and a main limitation of the
sensor is that it is nonspecific, responding with a color change to essentially any liquid that
infiltrates the mesoporous structure. Thus, contamination of the sensor surface with IV fluids that
can infiltrate but that are not readily removed from the nanoporous matrix is a concern. It is worth
noting that modern I'V connectors are designed to minimize the possibility of IV fluid leakage; the
BD-MaxPlus Clear IV needleless connector used in this study is an antireflux connector that is
specifically designed to minimize the possibility of leakage of IV fluid into the region where the
sensor surface is located during priming, flushing, and aspiration. Another concern related to
integrating these visual sensors with an IV connector is the mechanical stability of the sensor.
Although we did not perform extensive mechanical tests, we did not observe any signs of
mechanical wear or degradation during repeated swabbing with alcohol or during repeated infusion
of buffer solutions through the sensor-integrated IV device. These latter experiments involved
connecting and disconnecting a luer lock syringe to the IV connector for each flushing procedure.

6.5 Conclusion

In summary, this study explored the potential for embedding pSi photonic sensors into
reusable medical devices as a visual aid to effective sterilization. We employed needleless IV
connector hubs as test fixtures and evaluated two types of sensors consisting of polycarbonate
thermally cast into pSi photonic crystal templates: a composite consisting of pSi and polycarbonate,
and an all-polycarbonate device from which the pSi template had been selectively removed. Both
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types of sensors displayed distinctive color changes that reported on the infiltration and the
evaporation of a 70% isopropyl alcohol disinfectant. The pSi-polymer composite sensor displayed
more intense colors and color changes that were more visually distinct, but the all-polymer sensor
was more effective at repelling water-based solutions that could potentially act as false positives
for the presence of the alcohol sterilizing agent. The sensor-embedded IV connector units could
be used multiple times without any degradation in optical response, leakage, or leaching of silicon
into a test infusate.

Chapter 6, in full, is a reprint of the material as it appears Kumeria, T., Wang, J. (co-first
author), Chan, N., Harris, T.J. and Sailor, M.J. A Visual Sensor for Alcohol Sterilization of Plastic
Fixtures Using a Porous Silicon Photonic Crystal Template. ACS Sensors 2017, 3 (1), pp 143-150.

The dissertation author was the primary investigator and author of this paper.
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Table 6.2. Bacterial counts on photonic sensors before and after sterilization.

Sample Bacteria concentration (CFU/mL)?
P Bacteria Adhered® After sterilization
pSi-polymer composite .
] 1 +41 N.D.
photonic 1V connector hub 50000 000
All-polymer photonic IV 21000 + 23000 ND.
connector hub

2 Sensors embedded in polycarbonate 1V connector hubs were incubated in 2 x 10° CFU/mL of
non-pathogenic E. coli (FDA strain Seattle 1946) in Luria-Bertani (LB) media for 4 hr.
Sterilization performed on sensors by alcohol swab (70% isopropyl alcohol) following published
CDC protocol .6

b Bacteria counts reported from the agar plates inoculated with 1000x dilutions of e-coli.

®N.D. = not detected. The LOD for the method was 25 CFU/mL. Error values calculated based
on agar plate data from 3 samples, with serial dilutions of 0x, 100x, 1000x, and 10,000x for each
e-coli plating test.
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Figure 6.8. Water contact angle measurements of (a) an oxidized porous Si sample and (b)
an all polymer porous photonic structure. Digital photograph of a 5-10 pL droplet on the two
types of sensors were obtained using a contact angle goniometer (Model No. 190-F2, Ramé-hart
instrument co). The average measured contact angle was (a) 11.6° and (b) 113.8°. Error in contact
angle values + 4°
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Figure 6.9 Electron microscope images of pSi-polymer composite (a, c) and all-polymer (b,
d) IV connector hubs exposed to bacteria. Representative plan-view scanning electron
microscope images of Escherichia coli adhered to the surface of the two different sensor types
before (a, b) and after (c, d) sterilization with isopropyl alcohol. Sensors were incubated with 2 x
106 CFU. mL-1 of E. coli for images a and b. E. coli counts on both types of sensor displayed no
detectable bacteria after swabbing with 70 % isopropyl alcohol-saturated tissue for 30 sec. Images
c and d show some evidence of residual debris in the mesopores. Scale bar for a and b: 2 um, Scale
bar for ¢ and d: 200 nm.
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Appendix A.

Dual Loading of Dexamethasone and Daunorubicin
A.1 Introduction

Chronic intraocular diseases that lead to blindness such as age-related macular
degeneration, glaucoma, and macular edema affects millions of Americans annually and projected
to increase in the coming years'2. While therapeutic targets such as vascular endothelial growth
factor (VEGF) or the inflammation cascade are employed to manage disease progression, continual
vision deterioration is inevitable due to the chronic nature of the disease and the complexity of the
disease related pathways.

Combination therapy has been shown to be more effective than single drugs alone because,
by targeting multiple components of the disease, synergistic effects can be achieved to limit disease
progression and symptoms®. For example, in wet age-related macular degeneration, fat deposits
under the retina leads to inflammation and neovascularization. Better patient outcomes have been
observed by using a combination of VEGF inhibitors such as ranibizumab or bevacizumab reduce
neovascularization and anti-inflammatory drugs.

Despite these exciting results, the combination therapy presents a pharmacokinetic
challenge. Because the primary method of drug administration is by intraocular injection, the
therapeutics should be injected simultaneously to prevent leakage and infection to the eye. Both
drugs should maintain therapeutic dosage at similar time scales to prevent frequent injections. This
is especially challenging because the chemical structure of these drugs has different physical forms
of delivery to the eye. For example, Avastin is dispersed in buffer solution while dexamethasone
(Retisert) is encapsulated in a PLGA rod. These forms are optimized to the drug and cannot be

readily incorporated into a single formulation.
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To address these challenges, we loaded both daunorubicin (hydrophilic, anti-proliferative) and
dexamethasone (hydrophobic, steroid — anti-inflammatory) into porous silicon carriers via
covalent grafting. Porous silicon was selected due to its versatile chemical nature to host different
types of molecules ranging from proteins to hydrophobic small molecules. We employed dual
loading of the two drugs within a single formulation (instead of cocktail of two formulation) to
prevent uneven injection of one drug type and ensure uniform localization of both drugs in the eye.
We investigated the role of drug grafting ratio on the release kinetics of both drugs and degradation
rate of the particle.

A.2 Materials

Single crystalline silicon wafers (resistivity <0.0011 Q-cm, 6 in, highly boron doped, (100))
were purchased from siltronix. 2,2-dimethoxy-1,6-diaza-2-silacyclooctane was from Gelest and
anhydrous  dimethylformamide (DMF), (3-aminopropytriethoxysilane  and 3-
(ethoxydimethylsilyl)propylamine (or aminopropyl dimethyl ethoxy silane, APDMES), succinic
anhydride, N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC), N,N-
diisopropylcarbodiimide (DIC) and 4-(dimethylamino)pyridine was from Sigma Aldrich. N-
hydroxysulfosuccinimide (sulfo-NHS) and phosphate buffered saline (pH 7.4) was purchased from
Thermo Fisher Scientific. Dexamethasone was purchased from Tokyo Chemical Industry Co. and
daunorubicin from TSZ Chemicals. Dimethyl sulfoxide (DMSO) and dichloromethane (DCM)
was purchased from Fisher Scientific.
A.3 Experimental Methods
A.3.1 Synthesis of Porous Silicon Particles

Porous silicon particles were synthesized by full wafer (6 in, 60 cm? etching area)

electrochemical etching of single crystalline Si wafers (Siltronix) in ethanolic HF (1:1 48% HF to
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EtOH) and using three repeats of current density 70 mA/cm? for 400 s, 167 mA/cm? for 2 sand 0
mA/cm? (etch stop) for 2s. Following the etch, the porous layer was removed from the bulk wafer
by an electopolishing step of 4.17 mA/cm? for 550 s. The films were placed in a glass vial and
ultrasonicated for 1-3 hr and, based on settling time, the large and small particles were removed.
The particle size ranged from 20-60 um. Following sonication, the particles were oxidized in a
muffle furnace (Thermo Scientific) at 800°C for 1 hr to fully oxidize the particles.
A.3.2 Functionalization with Primary Amines

Prior to grafting, the particles are soaked in Tris buffered saline (TBS, Fisher Scientific) at
pH 7.4 for 2 hours at a concentration of 10 mg/mL to activate the OH groups on the surface. The
particles were washed with MilliQ water three times (10 mg/mL) and dried in a vacuum desiccator.
Particles were functionalized with aminopropyl triethoxy silane (APTES) by soaking in 10 vol%
silane in ethanol. The samples were heated in a sand bath at 40-45°C for 24 hours and gently stirred.
After amine functionalization, the particles were washed with ethanol (10 mg/mL) three times and
dried in a desiccator.
A.3.3 Surface Conversion of Amine to Carboxylate

To convert the surface amine groups to carboxylic acid, the particles (10 mg/mL) were
soaked in 50 mg/mL succinic anhydride in anhydrous dimethylformamide (DMF) for 24 hours at
70°C with gentle stirring. Then, the particles were washed three times in DMF, two times in water
at 10 mg/mL and dried in a vacuum desiccator.
A.3.4 Covalent grafting of Daunorubicin

To activate the carboxyl groups, the particles were soaked (10 mg/mL) in a solution
containing 120 mM of (dimethylaminopropyl)-ethylcarbodiimide hydrochloride (EDC) and 120

mM of hydroxysulfosuccinimide (sulfo-NHS) in PBS with 10 vol% DMSO. The particle solution

186



was agitated on a rotating wheel for 20 minutes. Daunorubicin (DNR, 10 mg/mL in MilliQ water)
was then added to the solution so that the mass ratio of particle to DNR is 10:2. The solution was
again agitated on a rotating wheel in the dark for 24 hours, washed three times with MilliQ water
(10 mg/mL) and dried in a desiccator.
A.3.5 Covalent grafting of Dexamethasone

Particles were soaked (10 mg/mL) in a solution containing diisopropylcarbodiimide (DIC)
and (dimethylamino)pyridine (DMAP) in DCM. Dexamethasone (DEX) dispersed in DCM (20
mg/mL) was added to the solution. Three different mass ratios of DEX to pSi was tested: 3:10,
4:10 and 6:10. The concentration of DIC/DMAP with respect to mass of DEX was 12 mM DIC: 4
mM DMAP: 2 mg of DEX. The particle solution was stirred for 24 hours, washed twice in DCM
(10 mg/mL), three times in EtOH (10 mg/mL) and dried in a vacuum desiccator.
A.3.6 Release Experiment and HPLC Sample Analysis

Particles (3 mg) were soaked in 1.5 mL of phosphate buffer at pH 7.4 and incubated at
37°C. Additionally The buffer was replenished daily with the same volume for analysis. The
concentration of both DNR and DEX was performed by HPLC-UV Vis. For each sample 0.5-1
mL was placed into glass HPLC sampling vials (2 mL - 9 mm clear glass screw thread vials,
Thermo Fisher). The samples were then analyzed with an UltiMate™ 3000 Rapid Quaternary
System UHPLC (Thermo Fisher) equipped with a C18 reverse phase column (silica 5 um
particle, 150 mm, max pressure: 4500 psi, Thermo Fisher) and using a gradient flow between
water and methanol (with 0.1 vol% triflouroacetic acid). The DEX and DNR concentration in
each sample was determined by comparison to a standard calibration curve (freshly prepared for

each run).
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A.4 Results and Discussion

While previous work has demonstrated covalent loading with dexamethasone*® (DEX) and
daunorubicin®’ (DNR)within porous silicon, this work seeks to combine the two therapeutics into
a single particle formulation. Covalent loading was selected to prevent burst release of both
molecules from the particles. Preliminary testing revealed low release concentrations (below the
therapeutic window) of DNR® despite having comparable loading as single loaded formulations.®
’ Additionally, the colors appears to have an intense red color at later time points and indicates the
presence unreleased DNR. We hypothesized that DEX could be preventing the release of DNR
because the hydrophobicity of DEX may inhibit wetting of the silicon surface and prevent the
particle from degrading and release DNR.

To test this hypothesis and to encourage the release of DNR, we tested particles that were
functionalized using three different concentrations of DEX after DNR grafting. Briefly, porous
silicon particles were synthesized by electrochemical etching of single crystalline wafers to create
films with high porosity.” The porous film was removed by an electropolishing step and the films
were broken up into particles between 10-100 um by ultrasonication. Particles were fully oxidized
in a muffle furnace at 800°C for 1 hr to improve the stability of the particles.

The chemistries employed for the grafting process is found in Figure 2.4.1. To activate the
OH groups, particles were soaked in Tris buffered saline (TBS) for 2 hrs. After thorough washing
in water and drying, particles were functionalized with aminopropyl trimethoxy silane to populate
the silicon surface with primary amine groups. The primary amine groups were converted to
carboxyl groups using succinic anhydride. EDC/NHS chemistries were performed to graft DNR
to the particles and DIC/DMAP chemistries for DEX. The mass ratio of pSi:DNR:DEX were the

following: 10:2:3, 10:2:4, 10:2:6. Both molecules were grafted to the carboxyl groups. TGA
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analysis revealed the relative grafting masses of each molecule: aminopropyl silane ~7 wt%;
succinic anhydride ~7 wt%. The mass loading of DNR/DEX was ~15 wt% for the lowest mass
ratio of DEX and further analysis is required to quantify the higher concentrations. It is difficult to
distinguish DEX/DNR on TGA because DNR was lost during the DEX grafting, which can be
visualized by the red color of the supernatant. This is presumably because some fractions of DNR
may graft at the OH site and form ester bonds rather the amine site and may exchange with DEX.
It is also possible that some DNR was adsorption loaded but was not removed despite the washing
steps or the DMAP that was employed as a catalyst for DEX loading caused degradation that
resulted in DNR leaching during the DEX grafting process.

To test the release kinetics, 3 mg of particles for each particle group were soaked in 1.5
mL of phosphate buffered saline (PBS) and incubated at 37°C. The release medium was
replenished daily and the concentration was analyzed using HPLC-UV-Vis. The release curve for
DEX and DNR is shown in Figure 2.4.2. The pharmacokinetics of DEX followed a typical two
component model with initial burst release followed by slow steady state release. Unlike DEX, all
formulations of DNR followed a 1% order profile, as shown by the near linear curve. The lowest
ratio of DEX loading (3:10 DEX to pSi ratio) maintained the highest DNR concentrations followed
by 4:10 and 6:10 DEX:pSi. However, more studies and repeats are required to demonstrate this
dependence. Compared to previous studies, we were able to elevate DNR levels to higher
concentrations and maintain >20 ng/mL (therapeutic level) for ~25-35 days while retaining
therapeutic levels of DEX.

Appendix A, in part is currently being prepared for submission for publication of the

material. Wang, J,. Ying, X., Huffman, K., Cheng, L., Freeman, W.R. and Sailor, M.J. Controlling
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the Release of Dual-Drug Loaded Porous Silicon for Ophthalmic Combination Therapy. The

dissertation/thesis author was the primary investigator and author of this material.
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Figure A.1. Schematic of the functionalization steps employed for dual loading of dexamethasone
and daunorubicin. Daunorubicin was grafted prior to dexamethasone and the mass ratio of silicon
to the added DNR and DEX is 10:2:4, 10:2:6, and 10:2:8.
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