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Advancements in the field of optical sensors have resulted in an innovative class
of microoptical sensors exhibiting detection capability comparable to those
sophisticated analytical laboratory instrumentations. An emerging trend is to integrate
these optical sensors/detecting methods into analytical tools with the ability to perform
multifunctional tasks (i.e sample filtration, detection, and signal processing etc.) all in
one platform. Porous silicon possesses many fascinating features making it an
attractive candidate as a spectrally encoded material that is suitable as an

identifier/barcode for multi-analyte bioassays and a spatially controlled structure that is

Xvil



applicable as a chromatography matrix for biomolecule separation. Its high surface to
volume ratio and readily tailored surface chemistry also provide additional control for
enhancing selectivity. Combining its optical and physical properties together with
tailored surface moieties, porous silicon material can be treated as a multifunctional
material allowing simultaneous separation and detection, capable of the multiplexed,
low-level biodetection necessary to accommodate complex biological mixtures such as
urine, whole blood, or serum used for disease diagnosis.

This thesis begins with an overview on current separation techniques and
progress in the field of optical sensors and nanomaterials. The second half of the
introduction discusses recent development in porous silicon material with the focus on
biosensing and molecular filtration applications.

The objective of this thesis is to explore porous silicon as a multifunctional
material with the ability to separate, process, and detect biomolecules at low
concentration and in real-time with minimal sample preparation. Interrogation of
porous silicon material as a multifunctional nanostructure involved three major aspects:
1) manipulation of its optical and spectral information for encoding and signal
processing applications, 2) examination of the effect of its physical properties on
molecular transport within its porous structure, 3) investigation of analyte-pore surface
interaction for enhanced selectivity or better separation based on analyte surface
moieties. The last chapter of this thesis provides an example of exploiting porous
silicon as a multifunctional matrix that is capable of capturing and concentrating analyte

while processing the signal, providing a new strategy for bioanalytics.
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CHAPTER ONE

INTRODUCTION TO SEPARATION AND

DETECTION TECHNIQUES FOR BIOMOLECULES



1 Introduction To Separation and Detection Techniques for

Biomolecules

1.1 Introduction and Motivation

The passage of individual molecules through nano-sized pores is central to many
biological processes. However, our understanding of such filtration processes is not as
complete as the ubiquity of the phenomena. Standard laboratory techniques for
characterizing and separating biomolecules, such as chromatography and gel
electrophoresis do not help elucidate these proceses. The main drawbacks of the current
laboratory techniques for characterizing and separating biomolecules are analysis time
and cost, and more importantly, the lack of molecular information on the how this
biological process occurs.' Thus a fundamental understanding of the interfacial
interaction between biomolecules and nano-sized pores and transport behavior of
biomolecules, as well as quantitative descriptions of processing characteristics, remain
active areas of research. One of the main obstacles hindering the understanding of
molecule-nanostructure interactions was the lack of analytical tools available to
elucidate details of these interactions. Recent advancements in nanotechnology have
lead to the discovery of numerous exciting new analytical tools including nanopores,” >
nanofluidics,” and nanoelectrodes,” that may address to the shortcomings associated

6-8

with current experimental methods. In addition to the discovery of new nano-

materials, advances in biosensors allow more rapid, sensitive, and selective detections

1

for studying and characterizing biomolecules.”!' Miniaturizing and combining these

components into a single platform would enable studies in a more relevant size scale for



complex biological samples, providing many attractive benefits such as sample volume
reduction, portability, and enhanced throughput. These platforms have great potentials
in a variety of areas including point-of-care diagnostics, biomolecular analysis and
characterization, drug discovery, and environmental monitoring.'* '*

Porous silicon nanostructures attract much interest because of their unique
properties including controllable pore dimensions, tunable optical and
photoluminescence spectra, and chemically modifiable surfaces. These unique features
make porous silicon an attractive candidate, offering new strategies for designing novel

analytical platforms. Chemical, physical, and optical properties of porous silicon have

been extensively studied and used for many chemical and biological applications

14-18 19, 20

including delivery of drugs, separation of biomolecules, and detection of

23,24 .25
*“" and proteins™.

toxins,?' explosives,” enzyme activity,

One of the most promising applications is the use of the spectral and structural
properties of porous silicon material to identify and study molecules of interest. For
instance, porous silicon has been harnessed as a spectrally encoded identifier for multi-
analyte bioassays™ as well as a structurally controlled nanostucture for biomolecular

.27 s 19,28
separation”’ and characterization ~ .

However, little data have been presented using
porous silicon to study molecule-nanosturcture interaction and molecular transport by
combining the separator and sensor into a single material. The concept of using porous
silicon as a multifunctional material that can perform separation, characterization, and
identification at the material level is a relatively unexplored area. This approach

provides a new design of a miniaturized system that can perform multiplexed detection

and separation with enhanced selectivity in a biologically relevant length scale.



Previous work in porous silicon leading to current knowledge will be discussed.
Current analytical techniques for biomolecular identification, separation, and detection

will also be summarized in this chapter.

1.2 Characterization and Separation Techniques for Biomolecules

Chromatography and gel electrophoresis have been the standard techniques for
characterizing biomolecules. However, the characterization of these molecules is
usually performed using universal calibration curves or standards overlooking the
interaction between the sieving material and the analyte. = Combing multiple
components (separating columns and dectection systems) into a single platform is one
of the many approaches during recent years for more accurate and reliable

29. 30 . . . . .
*°7 New separation materials have also been investigated to improve

measurements.
separation and characterization of biomolecules.’' Another emerging area for molecular
sieving and detection is nanotechnology; the interest in nanoscale materials stems from
the fact that their versatile properties (optical, chemical, mechanical, etc.) can be
tailored based on their size, composition, and structure orders for a wide range of
applications such as drug delivery, in vitro diagnostics, and tissue engineering.”> As
pointed out in the previous section, the interaction at the filter-molecule interface
demands careful scientific study for more accurate characterization of the molecules
and improved selectivity of molecular separation. The main advantage of these nano-

materials is their characteristic dimensions comparable to biomolecules allowing a more

realistic representation of the membrane phenomena and biological processes. The



small dimensions also reduce sample requirements and improve cost efficiency. The
objective of following subsections is to provide a brief overview of currently available

biomolecular separation and characterization techniques.

1.2.1 Separation Principles and Techniques for Liquid Chromatography

Chromatography is a technique commonly used for purifying or analyzing a
complex mixture of analytes. Figure 1.1 is an example of two different column
chromatographic methods, size exclusion and ion exchange chromatography. In
addition to the column chromatography, planar chromatography such as paper
chromatography, thin-layer chromatography, and different types of electrophoresis
(more details will be discussed in the following section) have been studied for
bioanalysis and biomolecular separation. The main separation principle of these
approaches involves a difference in the equilibrium distribution of a solute between two
phases: a stationary phase, where the solute interact with the column/packing material
and are immobilized in this phase; and, a mobile phase, where the solvent moves with
the samples being extracted or analyzed. Samples are then characterized based on
differential migration behaviors in their apparent velocity, residence time, or volume of
mobile phase.*

Different forces or physicochemical phenomena such as adsorption, ion
exchange, extraction, and exclusion, have been studied and exploited to discriminate

analytes more selectively and effectively. Based on the mode of retention in the



stationary phase (physicochemical phenomenon), or the type of bed (enclosed or open-
bed), chromatography can be classified as follows:**

* Column chromatography

e Paper chromatography

* Thin-layer chromatography

* High pressure liquid chromatography

* lon-exchange chromatography

* Gel-filtration chromatography

* Supercritical fluid chromatography
The choice of the type of bed in combination with eluting solvent for the mobile phase,
and discriminating adsorbent for the stationary phase is crucial in the design of more
effective chromatographic system. Over the years, materials such as silica gel,”
alumina,36 calcium carbonatte,34 and cellulose’” have been studied and used as
adsorbents to improve the system for greater selectivity. In the past decade, porous
monolithic materials have received a comprehensive attention as a potential alternative
to apply chromatographic separation in micro-scale for applications such as capillary
liquid chromatography, capillary electrochromatography, and microfluidic devices.
These new materials have been shown to provide better stability, resolution, and
sensitivity compared to conventional materials.>’ More recently, scientists have begun
to seek new designs of chromatographic separation systems. The following outlines

some of current approaches for attaining better discriminating power and maximum

information with shorter experimental time and reduced sample requirement.



Current designs focus on the speed of analysis, convenience, sample volume
requirement, efficiency, and total run time in addition to the accuracy of the system. In
particular, multidimensional chromatographic techniques have been developed for the
purpose of enhancing resolving power and increasing efficiency by adapting various

. . . . 38
separation mechanisms into a single system.

Alternatively, a number of
chromatographic systems have continued in the area of integrating more sensitive
detection systems (i.e. mass spectroscopy and optical detectors) in conjunction with
biomolecule characterization and separations to not only improve accuracy but also
enable the study of protein interactions.”’ Both approaches have been reported to

provide attractive advantages including improved selectivity and efficiency, and less

time-consuming analysis over the conventional chromatographic systems.



Samples1-3

lon-Exchange

Figure 1.1 Size exclusion and ion exchange chromatography.



1.2.2 Electrophoresis

Electrophoretic methods have been used to separate samples based on their
charge-to-mass ratios with an applied electric field. These techniques are routinely used
for the characterization and separation of macromolecules such as proteins, nucleic
acids and polysaccharides. Electrophoresis was first discovered by a Swedish chemist
named Arne Tiselius in the 1930s for the study of serum proteins.* Over the next few
decades, different types of electrophoresis have been developed including isoelectric
focusing,® sodium dodecyl sulfate polyacrylamide gel electrophoresis,*’ and free-zone

capillary electrophoreses®'.

Similar to chromatography, electrophoresis utilizes
physiochemical phenomena to achieve separation. The only difference between the two
methods is the type of underlying process (equilibrium or rate) used for separation. For
electrophoresis, molecules are segregated based on the differences in their kinetic
properties under the influence of an electric field, whereas for most chromatographic
methods, molecules are separated based on analyte distribution in two phases after an
equilibrium has been reached.

A growing trend in recent years to improve efficiency is miniaturizing existing
systems. An example is the capillary electrophoresis that has been demonstrated with
smaller volume requirement, non-perturbing sample preparation, and shorter analysis
time compared to traditional electrophoresis methods.* Coupling capillary
electrophoresis to mass spectrometer or into a microfluidic system is one of many

promising strategies that is currently under investigation bringing new prospects to the

field of bioanalysis and separation.
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1.2.3 Nanopores/Nanochannels

An emerging area is the field of nanoscale materials, such as nanopores,” **
nanochannels,** and nanotubes,* for bioanalysis. The interest in nanotechnology stems
from its comparable scale to biological structures, giving rise to many attractive benefits
including reduced sample requirements, enhanced selectivity, and increased throughput.
These nanoscale pores present new strategies to study biological processes with
structures that can be fine-tuned and surfaces that can be modified to mimic biological
processes. One of the most commonly studied process is the behavior of membrane

46, 47

proteins and ionic channels. In fact, the first nanopore experiment was inspired by

nature, where a membrane protein, a-haemolysin, was used to perform a single

3, 49

molecule transport study.*® Since then, man-made polymeric,’ inorganic, and

composite™ nanoscaled pores have been constructed for applications in biosensors,*” *!
nanofluidic devices,4 molecular ﬁltmtion,52 and many other areas. Now, these artificial
nanopores/nanochannels have attracted more attention compared to their biological
counterparts, offering better stability and greater flexibility in terms of tunable surface
properties, and controllable size and shapes. While this is still an emerging field, recent

development of nanopores/nanochannals has already shown exciting opportunities for

further enriching our understanding of the molecular filtrating phenomena.

1.2.4 Summary

Until now, electrophoresis and chromatography are still the standard

experimental tools for molecular separation and characterization. The analysis, or
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estimation rather, involves using a standard neglecting the interaction between the
sieving material and the analyte. Samples also undergo stringent preparation steps to
achieve necessary resolution, consuming additional time and resources. In recent years,
efforts have been focused on alternative strategies involving miniaturizing and
combining existing methods to provide more accurate estimates with improved time and
cost efficiency. As a result, new separation materials have emerged, and an important
theme is the application of nanotechnology to both the molecular sieving and detection
processes. The interest in nanoscale materials stems from the fact that their properties
(optical, chemical, mechanical, etc.) can be tailored based on size, composition, and
structure, and that the characteristic dimensions of nanomaterials are comparable to
biomolecules—allowing more realistic representation of natural membrane phenomena.
Finally, Table 1.1 displays the different separation techniques and their sample and time
requirement. It is interesting to point out that nanopores have been reported with
single-molecule sensitivity requiring very short analysis time. Although abiotic
nanopore is a relatively young field, it has demonstrated promising attributes that can
address some of the drawbacks present in traditional techniques and can provide more

detailed, microscopic pictures of molecule-nanostructure interactions.



Table 1.1 Comparisons for separation techniques.
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Method Separation Sample Analysis  Reference
Basis Requirement Time

Chromatography

Size-Exclusion Mol.  Weight, mg-g Good 3
Size

Ion Exchange Ions mg-g Good 3

Thin-Layer Physical mg-g Good 3
Interaction

HPLC Physiochemical pg Fast 33

Electrophoresis

Capillary Physiochemical ng-pg Fast >3

2D Electrophoresis Mol. Weight pg-mg Good >

Nanomaterials

Nanopores/Nanochannel — Size, Charge Single Very Fast >

molecule
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1.3 Fundamentals of Biomolecule Identification and Detection

Recent advancements in biosensors have led to more sensitive techniques and
analysis tools that are applicable not only to biomedical research but also to a wide
range of fields such as healthcare, pharmaceuticals, environmental monitoring,
homeland security, and the battlefield." °**" Current designs of these biosensors focus
on reducing sample requirement and performing multiplexed detection with high
sensitivity and selectivity. Label-free biosensors have presented some desirable
features to help attain required sensitivity and selectivity with less sample requirement
and perturbation. Some have also shown potentials in multiplexed identification of
biomolecules and real-time detection of biological processes. Furthermore, novel
strategies using nanomaterials such as gold nanoparticles and nanorods have also been
explored to help with these efforts. One of the most appealing benefits is the free-
standing nanomaterials with enhanced surface to volume ratio that can eliminate the
need for on-chip sensing, facilitating parallel, multiplexed optical detection. With
advancements in biomolecular identification, an emerging trend is to combine all the
features of a sensor into a single, multiplexed system with the ability to concentrate,
separate and analyze complex biological fluids. All these features have led to continued
efforts in multiple disciplines and have made biosensing a highly complex field that is
at the interface between biology, chemistry, materials science, physics and analytical

chemistry.
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1.3.1 Types of Biosensors

The two main aspects of biosensor designs involve a bio-recognition element
that is specific to the target molecule and a transducer that transforms analyte
interaction with the senor into quantifiable signals.® The choice of the bio-recognition
element depends on the target molecule, and is usually in the form of antibody-antigen
pairs for proteins or complmentary oligonucleotides for DNA. Biosensors can be
grouped into different categories based on the how the signals are transuded. As
displayed in Figure 1.2, transducers are divided into three categories: electrical and
electrochemical, optical, and mass-sensitive transducers. As described by the names,
signals are transduced based on potential, optical, or mass variation during the sensing

event. For the scope of the dissertation, only optical sensors will be discussed.

1.3.2 Optical Biosensors

Optical biosensors, as defined by its name, employ optical principles for
transducing a biochemical interaction into appropriate output signal. The light
characteristics of the transducer (i.e., intensity, phase, polarization, etc.) modulate in
response to the biomolecular interaction on the sensor surface. This optical change can
be detected in a number of ways including changes in absorption, fluorescence,
luminescence, or refractive index.”® Figure 1.3 summarizes the optical sensing event
described above.

As shown in Figure 1.2, optical label-free transduction methods can be grouped

into two categories depending on the detection protocol: fluorescence-based and label-
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free. For fluorescence-based biosensors, either target or recognition molecules are
conjugated with fluorescent molecules. The signal is measured directed upon a
biomolecular interaction. This method faces many challenges such as tedious labeling
procedures, interference with the function of the biomolecule, and signal bias due to
difficulties in precise control of the number of dyes on each molecule.”® For label-free
biosensors, as the name indicates, detection is performed without the need for
extraneous labeling. The signal is measured directly based on the change in the
refractive index of the optical medium. The benefit of label-free biosensors is that they
allow detection without significantly altering the capture probes or the analyte,
providing binding parameters (equilibrium and kinetic binding constants) that are more
representative of the native interactions. This type of detection is more sensitive and
relatively easy and cheap to perform. It allows in situ quantitative and kinetic
measurements for molecular interactions in real-time. Another attractive characteristic
is that only a diminutive sample volume (femtoliter to nanoliter) is required, as
illustrated in Table 1.2.>°

Label-free optical sensors are classified further into different categories based on
the type of effect (i.e. phase change, coupling effects between waveguide structures,
surface plasmon resonance (SPR), grating couplers, interferometry, etc.) generated as a
result of the receptor-analyte interaction in the light beam.”® The basic principle for the
effects is similar except for the evanescent field generated in some cases. Here, label-
free optical sensors are divided into two groups based on the above distinction.

The two group are optical interferometric methods (such as interferometers®

61-63

and grating couplers’ ) and surface plasmon resonance (SPR) methods (such as prism
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based® (Figure 1.4) and wavelength modulated SPRs®). Both methods measure the
change in the refractive index in the optical medium with the exception that SPR
methods generates an optical phenomenon with a charge density oscillation at the
interface of a metal and a dielectric (Figure 1.4). To date, SPR is relatively mature and
some have already been commercialized. Although SPR methods have shown good
detection limit (Table 1.2) that satisfies most research requirements, there are two
limitations that have yet to be overcome: (1) penetration depth (~100 nm) of the
evanescent field and (2) single detector configuration. Thus, large target molecules are
very difficult to be detected and most SPR sensors are restricted to one analyte per
measurement.”® A potential solution comes from the idea of utilizing plasmonic
nanomaterials. Metal nanotstructures with engineered shapes behave like optical
antennae by concentrating electromagnetic fields when SPR are excited. Different
designs of these metal nanostructures have been shown with enhanced SPR fields, such

66, 67 68 - 69 -
*”" nanospheres’ and bowtie antennae.”” The underlying concept

as nanohole arrarys,
is similar to the earlier method, where the SPR wavelength and intensity are dependent
on the dielectric properties of the surrounding, limited to the local evanescent field at
the metal surface. Free-standing metal nanostructures with these properties can enhance
surface to volume ratio and eliminate the need for on-chip sensing, facilitating parallel,
multiplexed optical detection. The main challenge now is integrating the different

elements (i.e. detector, processor, filters, etc.) into a single platform for multiplexed

biosensing.
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Figure 1.2 Types of biosensors.



Figure 1.3 Detection principle of label-free optical sensors.

Solution
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Table 1.2 Examples of label-free optical sensors.
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Optical Detection Analyte Limit of References
Structures Principles Detection
BIAcore 2000 Surface Protein 60 pg/mL, 1-5 .70
SPR Plasmon pg/mm®

resonance
Phase Sensitive  Surface Protein 1.3 nM %
SPR Plasmon

resonance
Mach-Zehnder Interferometry ~ Protein 0.1 pg/mm’ >
Porous silicon Interferometry ~ DNA 2 pM %
Resonant mirror ~ Waveguide Protein ~0.1 pg/mm* %
Metal-clad Waveguide Bacteria ~ 10’ spores/mL ~ *°
waveguide
Fiber Fabry- Grating Coupler Protein 25 pg/mL, 1-10 36,59
Perot cavity pg/mm®
Fiber bragg Grating coupler DNA 0.1 uM %

grating




Evanescent Field Dielec tric

(Sensing Layer)

Light Wave Prism

Figure 1.4 Diagram of prism coupled surface plasmon resonance.
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1.3.3 Outlook

Advancements in optical sensors have helped overcome some of the challenges
in current analytical tools by improving sensitivity and reliability in signal detection and
by enabling real-time monitoring of a biomolecular interactions. Adopting these
sensitive detectors into well-established analytical methods has been an ongoing trend
to help improve existing bioanalytical tools. One of the most practiced hyphenated
systems is liquid chromatography-tandem mass spectrometry (LC-MS) with shown
improvements in speed, resolution and sensitivity for high-throughput analysis. Since
its discovery, LC-MS has been accepted as the preferred technique for characterizing

I As detection

small molecules and many biomolecules in complex biological fluids.”
techniques evolve, more hyphenated systems (size exclusion chromatography™ and
capillary electrophoresis™) have been developed with multiplexed functionalities, and
enhanced performance and sensitivity.

Another growing field is nanomaterials bringing together many attractive
features. Applying nanomaterials in biosenors has become a new interdisciplinary
frontier between biological detection and material sciences.””  In particular,
nanomaterials such as gold nanoparticles,” carbon nanotubes,’”* magnetic

77 and quantum dots’” ™ have been actively investigated for the

nanoparticles,
development of multipexed sensors and microarrays. Another exciting field is
nanopores, with dimensions close to biological processes, these nanopore devices

provide greater control and more selective separation. Label-free detection schemes

have also been coupled to these structures to perform bioanalytic studies. The
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realization of these nanopore devices will provide new strategies for the design of
multiplexed systems with the ability to perform DNA sequencing, protein analysis, and

ultrafiltration with single-molecule sensitivity and improved cost efficiency.

1.4 Porous Silicon

Porous silicon was discovered in the mid 1950’s by Arthur Uhlir at Bell
Laboratories. It was found as a brown residue on the semiconducting material while
attempting to electrochemically machine silicon wafers for microelectronic circuits. A
few decades later, different groups had reported interesting findings on the
photoluminescence properties of porous silicon.””* Since then, the material has been
investigated for its chemical, physical and optical properties in various application
spanning from chemical sensors to drug delivery. In particular, developments in using
porous silicon as label-free optical sensors have been shown to cover a wide range of
areas for chemical® *" ** and biological®™ applications in point-of-care diagnostics,

6

environmental sensors, bioanalytics, and pharmaceuticals.’® The tunable properties of

the material possess capability for multiple functions as a “smart dust” material for
potential miniaturization of integrated sensing devices.*®

Porous silicon possesses many attractive features including a high surface to
volume ratio (typically around several hundreds m®cm’),*” controllable  pore

morphology (pores ~ 1 nm - 100 um),* easily tailored surface chemistry,” and tunable

optical signatures.”” The following section will outline some of the approaches that



23

have been used to take advantage of these attractive features in the field of bioanalytics

and biosensing.

1.4.1 Fabrication of Porous Silicon

Porous silicon can be prepared through various methods including stain,

87, 88, 91
e The most

electrochemical, and photoelectrochemical etching of silicon wafers.
common approach is by electrochemical etching of (p- or n- type) silicon wafers in
hydrofluoric acid (HF) solutions contained in a Teflon etch cell (Figure 1.5). This is
typically carried out in a two-electrode configuration under galvanostatic conditions. A
number of different mechanisms have been reported for porous silicon formation.*® *”
8. 9192 One proposed reaction is outlined in Figure 1.6. Porous silicon formation is
initialized when an anodic current is applied to the wafer causing positive hole (h")
carriers to migrate to the silicon/electrolyte surface. The positively charged surface
now is susceptible to nucleophilic attack by fluoride ions, replacing Si-H bonds with Si-
F bonds. The polarizing effect of the bonded fluorine allows a second fluoride ion to
attack the Si atom generating H, gas. The weaken silicon backbone is susceptible to
additional attacks by HF and H,O. As a result, the oxidized silicon is removed from
the surface in the form of SiF, leaving hydrogen terminated surfaces. This process is
driven by the hole carriers and as the hole carriers become depleted, the walls are

protected from further dissolution. The resulting nanostructure has a high surface area

with retained crystallinity of the silicon.”
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Porous silicon morphology can be controlled with various parameters such as
dopant type, HF concentration, current density, etch duration, and electrolyte
composition, resulting in various structures including Fabry-Perot layers,®
multiplayers,”* rugate filters,” and microcavities.”® One example is to use a temporal
current density profile to construct a desirable morphology (Figure 1.7).”” The lower
image in Figure 1.7a illustrates a nanostructures containing similar spatial modulation in
the z-direction as the current density profile that was used to etch the sample. Figure
1.7b shows a planar view of scanning electron microscope image of two samples with
distinguishable pore sizes that were prepared from two different current densities,
showing the control over pore dimension as a function of current density. Other than
the pore size, the thickness of the porous silicon film can be controlled by the duration
of the etch. Certain crystallographic faces are more favorable for the etch, which
happens more preferably at the tip of the pores, resulting in an uni-direction pore
formation. Thus, a longer etch will remove more silicon from the structure resulting in
a thicker porous layer. The tunable dimensions and surface area of porous silicon
materials that are in the same length scale as the biological molecules have been show
to provide a powerful route for molecular sieving and separation based on molecular

. . . 27
size and enhanced surface interaction.
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Figure 1.5 Schematic of an etch cell for the preparation of porous silicon samples.
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Figure 1.6 Mechanism of porous silicon formation.
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Figure 1.7 Examples of controlled porous silicon nanostructures. a. Porous silicon
samples prepared from a 9-step current density profile and a composite sinusoidal
waveform. b. Two different pore sizes are prepared from two current densities (333
mA/cm” and 542 mA/cm?), illustrating current dependent pore formation.
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1.4.2 Optical Properties of Porous Silicon

Porous silicon also possesses interesting optical properties that can be used for
tracking and identifying biomolecules. These optical properties are determined directly
by the physical properties of the material. Porous silicon behaves as a dielectric
material with an effective refractive index, n, that is directly dependent on its porosity
and the refractive index of the material that is embedded in the porous matrix. Thus,
any changes in 7 is indicative of changes in the composition of the effective medium,
providing an excellent means to track analyte infiltrating into and out the matrix. Here,
two classes of porous silicon structures are described: Fabry-Pérot and rugate filters.

Fabry-Pérot filters, also known as Fabry-Pérot interferometers, are single layer
silicon films produced from a constant current etch. The reflectivity spectrum collected
from the sample is an interference pattern calculated by combining the reflected light
waves that has passed through the material constructively and deconstructively. The

effective refractive index can be estimated from the Fabry-Pérot relationship:

mA =2nL (1.1)

where A is the wavelength of maximum constructive interference for spectral fringe of
order m, and n is the effective refractive index of the porous layer and its content, and L
is the physical thickness of the porous layer.”> The value nL is often referred as the
optical thickness of a particular porous silicon sensor and is determined by Fourier
transformation of the reflectivity spectrum. It is worth mentioning that multilayer
structures behave similarly as Fabry-Pérot filters with a resulting reflectivity spectrum

that superimposes the interference patterns reflecting from the additional layers.
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Rugate filters are thin film layers consisting of a continuous variation of the
refractive index in the direction that is perpendicular to the plane of the filter. These
materials are usually made using a periodic current waveform. Rugate filters behave as
photonic crystals that can filter and allow specific wavelength to pass through the
structure. The mechanism is similar to that of multilayer samples except with a larger
number of interfaces. Light travels through the material and reflects back
constructively and deconstructively filtering out different wavelengths. The position of
the resulting peak can be correlated to the optical thickness and used for sensing
analytes within and outside of the matrix. Both structures have been harnessed for the
detection of various biomolecules and chemical agents.”> ** *+*®  Chapter 2 of this
dissertation will provide insight into to selecting the optimal type of sensor to use for

different applications.

1.4.3 Surface Modifications

Besides the physical and optical properties of porous silicon, the ease of
functionalizing the surface to increase selectivity is also an attractive feature for many
applications. Freshly etched porous silicon is thermodynamically unstable and is prone
to oxidation to SiO, in air or water, resulting in an undesirable baseline drift, therefore
various surface chemistries have been developed to chemically graft organic species to

the silicon surfaces. However, the different methods can be generalized into two

classes: Si-O and Si-C bonds.?*?
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Surface modification via Si-O bonds is relatively easy and has been used as the
main method to passivate silicon devices. One of the most commonly used methods is
thermal oxidation. This one step approach is convenient; creating a thin oxide layer that
can be readily used for silanol chemistry to attach biomolecules. The negatively
charged surfaces in a solution that is greater than pH 2 also offers a potential route for
studying electrostatic interactions between the pore walls and the analytes. However,
these surfaces have been found to be susceptible to nucleophilic attack, and slowly
dissolve in biological media.”” For the Si-C grafting chemistries, the lower
electronegativity of carbon relative to oxygen suggesting a greater kinetic stability of
Si-C species on silicon surfaces.” Attaching molecules to the porous Si surface via Si-C
bonds has also been shown to impart remarkable stability to the porous Si surface
relative to Si-H or Si-O surfaces.” However, hydrophobic surfaces may denature
biological samples, resulting in undesirable changes. Table 1.3 provides three examples

of surface chemistries that are commonly used to stabilize porous silicon surfaces.



Table 1.3 Examples of different surface chemistries for porous silicon samples.
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Process Chemical Reaction Surface Contact
Species Angle(°)

Freshly etched - Si-H 10243

Thermal Si-H + 02 => Si-O-Si1 20+1

oxidation

Hydrosilation

with 1-dodecene Si-H+CH,=CH,(CH;)9CH3=>  Si-(CH,);1CHj3; 119+2

Thermal

Acetylation Si-H + H-C=C-H => “Si-C” 80+3

" adapted from Reference '
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1.4.4 Smart Dust: Encoded Particles

The term “smart dust” was first coined in 1997 by professor Kristofer Pister,
envisioning miniature wireless semiconductor devices made from the microelectronics.
A few years later, Schmedake adopted the idea and created a sub-millimeter scale
particle that is self-sufficient at performing in situ chemical detection.** The particle
was fabricated from porous silicon and was devised to move, sense and respond to
changes in the environment. The ability to sense and perform signal processing all took
advantage of the complex photonic structures in porous silicon. As discussed
previously, with careful manipulation of the electrochemical preparation conditions,
distinctive reflectivity spectra can be prepared or encoded into the nanostructures to
store spectral barcodes and information. Strategies on how to engineer distinctive
spectra were first suggested by Berger et al.'”' and demonstrated by Meade ef al. in a
multiplexed DNA array®®. These encoded particles have also been harnessed as drug
delivery carriers with the ability to report their payload.'® These studies have shown a
promising new route to exploit the unique optical properties of porous silicon for
biomolecular identification in multiplexed manners. Examining and utilizing the
encoding ability of porous silicon material for multiplexed biomolecule identification

will be discussed in greater detail in Chapter 2 and 4.

1.4.5 Using Porous Si as a Separating and Sensing Matrix

Besides the built-in optical signature and tailored surface chemistry, the physical

dimensions of porous silicon have also been exploited directly to separate biomolecules
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based on their physical dimensions and surface charge. A recent example employed a
lift-off porous silicon film to perform molecular sieving based the size and charge of an
analyte.”’” This approach has demonstrated that a porous silicon film with fine-tuned
physical properties can be used as a powerful alternative for membrane filtration
applications. Other strategies have exploited the optical properties of porous silicon for
monitoring and quantifying biomolecular interaction, by attaching biomolecular probes
on the surface of the sensors as a potential label-free immunoassay.” ** One of the first
example, utilizing both the physical and the optical properties of porous silicon for
molecular size estimation, utilized a pore gradient prepared by performing an
asymmetric electrochemical etch as seen in Figure 1.8. Subsequently, a double layer
porous silicon structure was harnessed to act as a nanoreactor. The double layer
structure was designed with a top porous stack to host protease molecules and a bottom
layer to capture protease digestion production. This strategy employs both the pore size
as well as the optical properties of the material to present a new attractive approach to
quantify an enzymatic reaction (Figure 1.9) in real-time.** To date, these methods have
focused more on the identification process without close examination of the molecular
interaction of biomolecules with the pore walls. The transport behavior of biomolecules
within porous silicon materials that has characteristic dimensions that are comparable to
biomolecules is a more realistic representation of natural membrane phenomena and can
provide important insights into this phenomena. In summary, porous silicon materials
can be used as a multifunctional material that can perform signal processing, molecular
sieving, and sensing all in one platform, continuing with the trend for miniaturizing

multifunctional systems.



34

Figure 1.8 Photographs of graded porosity silicon films. Samples A-C are different
samples prepared using different electrolyte composition. A1-A3 are atomic force
images of different surface morphologies observed at indicated areas on sample A."
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Figure 1.9 Example demonstrating utility of simultaneous sample processing and
detection using porous silicon based nanoreactor. The bottom image is a cross-sectional

scanning electron micrograph image of a porous silicon nanostructure containing a
built-tin size separation matrix.
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1.5 Conclusions

Miniaturization, robustness, reliability, potential for mass production with
resulting reduction of production costs, low energy consumption, and simplicity has
become the design requirements for new bioanalytical tools. The advancements in the
field of optical sensors have resulted in an innovative class of microoptical sensors
exhibiting detection capability comparable to those sophisticated analytical laboratory
instrumentations. In the effort to comply with these needs, optical detection systems
have been integrated into current analytical methods to improve efficiency, sensitivity
and reliability of existing technique. An emerging field is nanotechnology with an
immense number of new materials offering enhanced sensitivity and multifunctional
capability to separate, identify, and characterize the analyte of interest, all in one
platform.

Recent developments in porous silicon have demonstrated its potential to be an
alternative label-free chemical and biomolecular sensor that can be constructed
relatively easily and potentially be integrated with conventional silicon “biochip”
fabrication technologies. The tunable nanostructure of porous silicon makes it an
attractive candidate as a spectrally encoded material that is suitable as an
identifier/barcode for multi-analyte bioassays and a spatially controlled structure that is
applicable as a chromatography matrix for biomolecule separation. Combining these
two properties together with tailored surface moieties, porous silicon material can be

treated as a multifunctional material allowing simultaneous separation and detection,
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capable of the multiplexed, low-level biodetection necessary to accommodate complex

biological mixtures such as urine, whole blood, or serum used for disease diagnosis.



CHAPTER TWO
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2 Preparation and Analysis of Porous Silicon Multiplayers

for Spectral Encoding Applications

2.1 Abstract

Here, two methods used to encode information into the optical spectrum of a
porous silicon film using a modulated current-time waveform are compared. In the first
approach, a waveform consisting of a sequence of current steps is used to produce a
porous silicon multilayer structure. Each layer in the multilayer acts as a Fabry-Pérot
interference film, and the superposition of their contributions results in a complicated
reflectivity spectrum. The spectrum can then be deconvoluted by means of a Fast
Fourier Transformation (FFT), which yields the optical thickness of each of the
individual layers and their combinations. The second type of waveform consists of
several superimposed cosine waves of differing frequencies. The resulting reflectivity
spectrum consists of a series of peaks, each of whose position in the spectrum
(frequency at which a peak is at maximum amplitude) corresponds to the frequency of a
cosine wave component in the current-time waveform. The two methods of encoding
information are compared in terms of repeatability, tunability, and information capacity.
The superimposed cosinusoidal waves are found to provide greater information density

and a simpler means of decoding.

2.2 Introduction

Bead-based assays generally require a means of encoding the beads to allow

their tracking and identification through the course of the assay. Specific labels such as
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fluorescent molecular tags, reflective metal stripes, diffraction gratings, and photonic

90, 103-107
crystals have been used.”™

Multilayered porous silicon microparticles have been
proposed for this type of application, where the characteristic spectral bands in the
reflectivity spectrum of the multilayers are used as the encoding elements. This work
investigates two methods to control the spectrum with a current-time waveform. The
first method involves a series of constant current-time steps to prepare multilayers.
Each layer in the multilayer acts as a Fabry-Pérot interference film yielding a series of
peaks that represent the encoding elements. The second method involves a sum of
several cosine waves with different frequencies that mimic a rugate filter. In the latter
case, the several peaks that appear in the reflectivity spectrum form the encoding
elements. In our previous work, we demonstrated that the approach yields at least 4'°
distinct spectral codes.”” The goal of this study was to analyze and compare the

reliability, bit depth, and reproducibility of the two methods of generating spectral

barcodes.

2.3 Experimental Methods

2.3.1 Encoding Current Density Waveforms

Two types of the encoded materials are prepared using the encoded waveforms
presented here: 1) composite current step waveform and 2) composite consinusoidal
waveform. First, a sequence of constant current-time steps were used to prepare the
first type of the encoded material. In order to test reproducibility, three groups of double
layer samples were prepared. For each group, the same etching conditions and current

density waveform were used. Second, several cosine waves with different frequencies
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were summed together to produce a composite waveform. The frequencies of each
waveform were designed to differ by a constant amount for each consecutive cosine
wave. The waveform was passed to a computer-controlled power supply, which
converted it into a current-time etch profile. To determine the reproducibility of this
method, two groups of three samples were studied. The reflectivity spectrum of each

group contained three distinct peaks, each of which was used for analysis.

2.3.2 Synthesis of Porous Silicon

All samples were prepared from highly doped p-type silicon wafers (boron
doped, 0.5-1.5 m€2-cm resistivity, polished on the (100) face) and anodically etched in a
3:1 solution of 48% aqueous HF:ethanol.””°* %1% Silicon chips with an exposed area
of 1.2 cm® were contacted on the backside with aluminum foil and mounted in a Teflon
etch cell. Samples were then electrochemically etched using the waveforms designed
from the previous section in a two-electrode configuration using a platinum counter-
electrode and a computer controlled power supply. The waveform generated on the
computer was passed to the power supply by means of a digital to analog converter.
The power supply was configured to convert the voltage-time waveform into a current-
time waveform. Figure 2.1 shows how a waveform transforms into an encoded porous

silicon structure.
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Figure 2.1 Schematic of multilayer porous silicon preparation. Approach used to
prepare spectrally encoded porous silicon based on a composite step waveform. The
FFT spectrum contains peaks corresponding to a pair of reflective interfaces in the
double layer structure.
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2.3.3 Thermal Oxidation

For the four- and five-layer samples, the freshly etched porous silicon samples
were thermally oxidized at 950 °C for 20 min and then allowed to cool to room

temperature. All other samples were used as-prepared., without thermal oxidation.

2.3.4 Spectral Measurement

Reflectance spectra were collected with an Ocean Optics USB-4000 CCD
spectrometer fitted with a microscope objective lens coupled to a bifurcated fiber optic
cable. A tungsten halogen (Ocean Optics LS-1) light source was focused onto the center
of the porous silicon sample with a spot size of approximately 1-2 mm”. Both the
illumination of the surface and the detection of the reflected light were performed along
an axis coincident with the surface normal. Reflectivity data were recorded in the

wavelength range 400-1000 nm, with a spectral acquisition time of 100 ms.

2.3.5 Data Processing

The collected reflectance spectrum of the multilayer Fabry-Perot stack requires
an additional mathematical manipulation to deconvolute the data into a form that can be
used for comparison. A Fast Fourier Transformation (FFT) was performed on the data

acquired from the encoded samples prepared from composite step waveforms.”
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2.4 Results and Discussion

2.4.1 Reproducibility

Both encoding methods were tested for sample-to-sample reproducibility using
the same etching waveforms. The composite step waveforms will be discussed first. In
Figure 2.2, each data point represents a group of three double-layer samples. Each
member of a group was etched from a separate silicon chip cut from the same wafer,
using the same etching conditions and waveform. Each peak in the FFT spectrum is
derived from constructive interference between two interfaces in the structure. In this
case, there were three interfaces in the double layer structure (porous silicon/air, 1st
/2nd porous silicon layer, and 2nd porous silicon layer/bulk silicon), leading to three
peaks in the FFT spectrum.

The position of a given peak in the FFT spectrum corresponds to the value 2nL,
where 7 is the refractive index and L is the thickness of a given layer, also known as 2
times the optical thickness. Values in Figure 2.2 were determined using the peak in the
FFT spectrum of each sample that corresponds to the sum of both layers (1st Fabry-
Perot layer and 2nd Fabry Perot layer, see Figure 2.1), and they are plotted as a function
of time elapsed in the etching of the second layer. The step waveforms were designed
such that the etch current and duration of the first layer was constant (83 mA/cm? for 50
sec) while the second layer was varied in current density (167, 333, and 417 mA/cm?)
and duration (60, 70, and 120 sec). Layers etched between 50 to 70 seconds appeared
to be more repeatable than those etched for longer times. Overall, the position of the
peaks in the FFT spectrum is consistent and reproducible if the samples are prepared

from wafers of the same resistivity.
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Next, composite cosinusoidal waveforms were studied. Two sample groups of
porous layers were prepared for the analysis. The waveforms consisted of a sum of
three cosine waves with different frequencies. Each group displays a different
reflectivity spectrum containing three distinguishable peaks. The wavelength of a given
peak is approximately inversely proportional to the frequency of one of the cosine
waves used in the composite waveform. Table 2.1 displays the average wavelength and
the standard deviations of all three peaks measured from each sample group. Peaks
corresponding to the same cosine component in the etching waveform deviate by ~2 nm
from for both sample groups. Although peaks generated using this method show
smaller positional errors compared with the composite multilayer method, the
composite cosine method is restricted to a smaller encoding range, namely, within the
observable range of the CCD spectrometer (in this case 400-1000 nm). The results
indicate that both methods produce reproducible patterns in porous silicon with unique

reflectivity spectra that can be used to encode information.
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Figure 2.2 Reproducibility of the composite stack method. Double-layer samples were
prepared based on the method outlined in Figure 1. The position of the three FFT peaks
that correspond to the three values of effective optical thickness (2nL) for the double
layer structure are presented as a function of time used to etch the second layer. This
second layer was etched at current density of 200, 400, or 600 mA/cm’ as indicated.
The error bars represent two standard deviations above and below the mean. Each data
point is the average of the three duplicate samples. The dashed lines are added as a
guide to the eye.
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Table 2.1 Composite cosinusoidal method: code reproducibility.

Waveform 1 Waveform 2° Peak #
623.6 +3.2 nm 609.5 + 2.0 nm 1
658.8 £2.5 nm 642.6 +2.1 nm 2
696.4 + 1.6 nm 680.2 £ 2.0 nm 3

: Anax and A, were 300 and 33 mA/crn2, respectively. The samples were etched for
400 sec. Errors indicated are standard deviations.

- Anax and Apin were 300 and 17 mA/cmz, respectively. The samples were etched for
260 sec.
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2.4.2 Information Capacity

The information capacity of the two methods was compared. The information
density of the composite cosinusoidal waveform method has been investigated
previously.”” The composite step method was analyzed first by identifying the effect of
an additional layer on the reflectance spectrum of the porous silicon sample. Samples
containing three, four, and five distinct Fabry-Perot layers were prepared and examined.
The samples were thermally oxidized prior to analysis in order to reduce optical
absorption due to residual silicon in the layers.'"!

Two parameters are important to consider in designing the composite step
waveform: current density and the duration of each step, which determine the refractive

index and the thickness of the layer, respectively.”* ''% !!!

Large differences in current
density between adjacent layers result in high index contrast, leading to greater
interfacial reflectivity and more pronounced peaks in the FFT spectrum. Although
refractive index also affects the position of the peaks, for the range of current densities
used in this work the thickness of the porous silicon layer is more significant in
determining the position of an FFT peak. To avoid overlapping peaks, any added step
with the same current density as any of the previous layers must be etched for a

94, 109

different duration. Double layer structures yield three FFT peaks, and the addition

of a new layer adds peaks to the FFT spectrum according to eqn. (2.1):
N=Yi
. (2.1)
where N is the total number of peaks in the FFT spectrum and n is the number of layers

in the film. Figure 3 presents a current-time waveform and the resulting layers and FFT
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spectrum for a four-layer etch waveform, where the current density for each layer is
alternating between 88 mA/cm? and 442 mA/cm’.

The maximum number of distinguishable peaks that can be observed was
studied by looking at the full width half maximum (FWHM) of the peaks in the
observable range of the FFT spectrum. The FWHM was determined to be
approximately 3500 nm for the oxidized samples used in this study. The FFT spectral
range is limited by the pixel resolution of the CCD used in the experiment. The Nyquist
theorem requires at least two data points per cycle, setting an upper limit on the density
of optical information that can be embedded in the nanostructure. In the present case,
the spectrometer-determined upper limit of the FFT spectrum is 1.5 x 10° nm. For half-
linewidth separation this translates to 428 peaks, or bits. However, utilizing the entire
FFT spectrum is unrealistic, since each additional layer in a stack adds more than one
peak to the FFT spectrum and it increases the overall thickness of the layer. Much of the
reflected light signal can be lost to absorption or scattering in the thicker structures. To
correct for silicon absorption, thermal oxidation was used to convert silicon to silica.
After oxidation, the reflectivity spectrum exhibited all the predicted peaks in a four-
layer stack as shown in Figure 2.3(d). It is evident that light was not able to penetrate
the fourth layer as seen in Figure 2.3(b)-(c), where peaks assigned letters G-J were not
observed in the FFT spectrum of the unoxidized sample. These peaks involve the last
layer in one or both of the reflective interfaces. Furthermore, relative peak intensities
were attenuated in the oxidized samples. This is attributed to the lower index contrast

that exists between layers of porous silica compared to layers of porous silicon.
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Because reflectivity at a given interface depends on the index contrast and thus
the relative difference in porosity between adjacent layers, the relative intensities of the
FFT peaks depend on layer arrangement. The relative relationship of these various peak
intensities can also be used as a part of the spectral code. Whereas the presence or
abscence of a peak can be thought of as a single binary digit, if several intensities can be
reproducibly encoded, the number of available codes increases dramatically (for a given
number of peaks m and a set number of intensity levels n, the number of discrete
numbers that can be represented is m"-1). Although there are many ways to increase the
information content in the FFT spectra, this method is restricted by the physical
thickness added to the strucuture each time a new layer is added. An interesting
attribute of the method is that some of the peaks can be used as error checking bits.
This is because each additional layer contributes to more than one peak in the resulting
FFT spectrum.

Next, the information capacity of the composite cosinusoidal method was
examined. The information density of the composite cosinusoidal waveform method
was probed by preparation of 10-, 12-, and 20- component waveforms. The etch
profiles were created by adding 10, 12, or 20 cosine waves with different (equally
spaced) frequencies using the method described previously.”’ Resulting spectral codes
appear in the reflectivity spectra as a series of peaks shown in Figure 2.4(a), (b), and
(d), and they do not require FFT processing to obtain the code embedded in the
nanostructure. Figure 4(c) represents the composite cosinusoidal waveform that was
used to electrochemically prepare the 20-peak rugate filter whose spectrum is displayed

in Figure 2.4(d). The 20-peak rugate filter shown in Figure 2.4(d) demonstrates the
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largest number of peaks yet produced by the waveform superposition method. As
demonstrated from our previous work, the number of codes is not restricted to the
number of peaks. More possible spectral patterns can be produced by adjusting the

amplitude ranges (bit depth) as described above.”
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Figure 2.3 Spectral barcodes synthesized from a composite step waveform. (a)
Composite step waveform used to produce (b) the four-layer structure shown. All the
possible layer combinations that can generate a peak in the FFT spectrum (c) are
indicated. Each lettered arrow corresponds to the bounding interfaces of a Fabry-Perot
layer and a peak in the FFT spectrum of the oxidized sample (d). The spectra (c) and (d)
are the FFT spectra derived from the reflectance spectra of the four-layer stack before
and after thermal oxidation, respectively.
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Figure 2.4 Spectral barcodes synthesized using a composite cosinusoidal waveform.
Spectra of samples resulting from waveforms containing 10 (a) and 12 (b) cosine waves
with sequentially stepped frequencies. (c¢) Composite cosinusoidal waveform consisting
of 20 superimposed cosine waves results in a 20-peak reflectivity spectrum (d).
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2.5 Conclusions

Both composite step and summed cosine waveforms can be used to fabricate
spectra with distinguishable codes with relatively high reproducibility and tunability.
An additional decoding step is needed for the multilayer stack (a FFT), adding an extra
level of complexity to that particular method. Each layer added to the stack generates
more than one peak in the spectrum, which can be used as an error check bit. However,
each additional layer requires the porous silicon sample to be thicker and may not be
desirable for barcoding applications that utilize porous silicon as target identifiers. For
composite cosinusoidal waveforms, each added frequency produces one additional peak
without changing the thickness of the sample, which is ideal for multiplexed bioassays
that can be decoded easily. The summed cosine method allows quick and easy readout
using conventional low-cost CCD spectrometers. On the other hand, thick and constant
pore dimensions can provide a reservoir to observe molecular interaction and real-time
kinetic acquisition. Step changes of pore diameters can also be exploited to monitor
analyte movement and separate analytes based on their size. Despite all these
differences between composite step and cosinusoidal waveforms, both method provide
complementary detecting platforms that makes porous silicon biosensors versatile and

an attractive alternative for label-free biosensors.
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Chapter two, in part or in full, is a reprint (with co-author permission) of the
material as it appears in the following publication: Chen, M. Y.; Meade, S. O.; Sailor,
M.J., Preparation and Analysis of Porous Silicon Multilayers for Spectral Encoding
Application. Physica Status Solidi (c) 2009, 6(7), 1610-1614. The author of this

dissertation is the primary author of this manuscript.
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3 Temperature and Structure Dependent Thermal

Oxidation of Encoded Porous Silicon Particles

3.1 Abstract

“Smart dust”, porous silicon (pSi) materials have been shown with interesting
properties that can be used as multifunctional materials for bio-and chemical- sensing.*®
Applying this material in the field of drug delivery has also received much interest
because of its high loading capacity.'® ''* Although pSi material has been demonstrated
with great biocompatibility, only completely oxidized, amorphous SiO, is a FDA
approved Generally Recognized as Safe (GRAS) material. Here, two encoded pSi
structures are studied for its ability to maintain a detectable optical signal after
thermally transformed into pSiO,. The crystalline structure of pSi is examined and
compared as a function of temperature and structure. Reflectivity spectra of the
encoded particles are obtained before and after thermal oxidation, investigating
different degrees of oxidation as spectral code intensity decreases due to physical
changes in the material. The result shows reduced but detectable optical signatures in

amorphous pSiO; particles as smart, standalone identification and delivery systems.

3.2 Introduction

Freshly prepared encoded porous silicon (pSi) undergoes slow oxidation in air,
to silicon dioxide, resulting in an undesirable change to the optical properties of the
material.””  Different surface modifications have been explored and exploited to

stabilize silicon surfaces for various applications. The approaches can be generalized
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into two classes based on the surface species: Si-O and Si-C bonds.*” '* '"*  Surface
modification via Si-O bonds is relatively easy and has been used as the main method to

115

passivate silicon devices. Of which, the most commonly used method is thermal

oxidation. This one step approach is convenient; creating a thin oxide layer that can be

26

readily used for silanol chemistry to attach biomolecules.”” The chemically modified

surfaces are also biocompatible and inert suitable for a wide range of applications

8

including drug delivery," chromatography,''® biosensing,''’ microarrays,'”® and

multiplexed assays™.'"” Until recently, pSi has only been used as a drug carrier to host

. 112, 119
1ts content. ~

Using encoded mesoporous Si as a smart, self-reporting system for
sustained drug delivery has only been reported recently.'”” As pSi gain more attention
as “smart dust” carriers, a completely oxidized material that complies to the Generally
Recognized as Safe (GRAS) guideline provided by FDA is essential for
pharmaceuticals to pursue this approach. Unlike pSi, fully oxidized, amorphous SiO; is
a FDA approved GRAS material. Although the formation and properties of Si and SiO,
surfaces is one of the most investigated subjects in surface sciences, little has reported
on the optical properties of encoded porous silicon particles as a function of both
temperature and nanostructures. In this study, two types of encoded pSi particles
(multilayer and rugate filters) were fabricated and oxidized at various temperatures to
study thermal oxidation of pSi to amorphous pSiO; and the code fidelity after thermal
oxidation at each temperature. The aim is to demonstrate that encoded pSi particles can
be completely converted to amorphous pSiO,, while maintaining its optical properties

and signal processing ability, as a nontoxic and ingestible FDA approved material

applicable to smart drug delivery and barcoding systems.
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3.3 Experimental Methods

3.3.1 Synthesis of Encoded Porous Silicon Nanostructures
3.3.1.1 Composite Current Step Waveform

Double layer structures with the first and second layer etched at 250 and 47
mA/cm?, respectively. Each layer was etched for 130 s for a total of 260 s to ensure

comparable etching conditions with the prepared rugate filters.

3.3.1.2 Composite Cosinusoidal Waveform

Three cosine waves with different frequencies were summed together to produce
a composite waveform. The frequencies of each waveform were designed to produce
peaks between 600 to 700 nm and the amplitude of the waveform was between 250 and

47 mA/cm>.

3.3.2 Fabrication of Porous Silicon

All samples were prepared from highly doped p-type silicon wafers (boron
doped, 0.5-1.5 mW:-cm resistivity, polished on the (100) face) and anodically etched in
a 3:1 solution of 48% aqueous HF:ethanol.”” ' ''7 Si chips with an exposed area of
3.2 cm” were contacted on the backside with aluminum foil and mounted in a Teflon
etch cell. Samples were then electrochemically etched using the waveforms designed as
described above in a two-electrode configuration using a platinum counter-electrode
and a computer controlled power supply. The waveform generated on the computer

was passed to the power supply by means of a digital to analog converter. The power
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supply was configured to convert the voltage-time waveform into a current-time
waveform.

To prepare pSi particles, a freshly etched pSi film was first lifted off by
replacing the etching solution with 3.33% HF in ethanol and etched at 3 mA/cm?® for
260 s. The liftoff film was then removed from Si substrate with edges cut off keeping
only the center (~3mm radius) to eliminate undesirable edge effect. The center of the
liftoff film was then transferred into a glass vial with 3.5 ml of ethanol and sonicated for

3 minutes.

3.3.3 Thermal Oxidation
For both structures, the freshly etched pSi particles were thermally oxidized at
200, 400, 600, 900 and 1000 °C for 1 hour in ambient air and then allowed to cool to

room temperature.

3.3.4 Physical Characterization of Porous Silicon Encoded Particles

Freshly etch porous silicon layer thickness was examined with a Philip XL 30
environmental SEM operating in second electron mode. Accerlating voltages of 10 to
20 keV.

Nitrogen adsorption-desorption isotherms of porous Si microparticles were
recorded at 77 K using a Micromeritics TriStar 3000 volumetric apparatus. Prior to the
adsorption experiment, porous Si samples were degassed overnight. The surface area of
the sample was measured by the BET (Brunnauer-Emmett-Teller) method, which yields

the amount of adsorbate corresponding to a molecular monolayer. The pore dimensions
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were determined using the BdB (Broekhof-de Boer) method from the nitrogen

- 120-122
adsorption curve.

3.3.5 Powder X-ray Diffraction

Samples were placed into a mortar and grinded into powder. Once done,
samples were then transferred into a 1.5 mm glass capillary. To ensure samples were
packed with similar density, the glass capillary was dropped 25 times in a larger
diameter glass tube. XRD data were acquired from a Bruker AXS diffractometer with
Cu radiation and collected at 2 Theta values of 15, 40, 65, 90, and 115 for 5 minutes

each.

3.3.6 Spectrum Acquisition and Analysis

Encoded and thermally oxidized particles were placed on an electrical tape on a
microscope slide.  Reflectance spectra were acquired using a Nikon LV-150
fluorescence microsope in combination with a SpectraPro275 scanning monochromator.
A CoolSnap HQ2 (Photometrics) 14 bit, monochromatic camera was used to acquire
reflectivity images. Metamorph software (Molecular Devices) was used to control the
camera and the monochromator to acquire spectral image stacks. All images were
acquired with a 10x objective with a binning of 4. Reflectivity images were acquired
while the monochromator was scanned from 450 to 725 nm in 1 nm steps. A 25 ms-
exposure image was used at each step, resulting in a spectral image stack with 276
sequential images. Image stacks were analyzed using a code developed in MATLAB,

which yielded the wavelength maximum of the reflectivity spectrum for each particle.
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The value of wavelength maximum for each particle was determined from the average
of 5 pixels.

Collected reflectance spectra of the multilayer Fabry-Perot stack required an
additional mathematical manipulation to deconvolute the data. A Fast Fourier
Transformation (FFT) was performed on the data acquired from the encoded samples
prepared from composite step waveforms.''” Spectra for the rugate filters were used as

acquired.

3.4 Results and Discussion
3.4.1 Optical Properties and Physical Characterization of Encoded Porous

Silicon Nanostructures

Two porous silicon (pSi) structures were prepared through electrochemical etch
of single crystal silicon wafers: multilayer and rugate structures. The first structure was
electromachined using a 2-step current, 250 mA/cm? for 130 s followed by 47 mA/cm’
for 130 s. The optical properties of this multiplayer structure behave similarly as Fabry-
Pérot filters with resulting reflectivity spectrum superimposes the interference patterns
reflecting from the additional layers.'? '’

Fabry-Pérot filters are single layer silicon films produced from a constant
current etch. The reflectivity spectrum collected from the sample is an interference
pattern calculated by combining the reflected light waves that has passed through the

material constructively and deconstructively. The Fabry-Pérot relationship describes

this process:

mA =2nL (3.1)
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where A is the wavelength of maximum constructive interference for spectral fringe of
order m, and n is the effective refractive index of the porous layer and its content, and L
is the physical thickness of the porous layer. The value nL is often referred to as the
optical thickness of a particular porous silicon sensor and is determined by Fourier
transformation of the reflectivity spectrum.

The second structure was constructed using a composite current profile obtained
from superimposing three different cosinusoidal waves with distinguishable
frequencies, generating a triple peak reflectivity spectrum following the method
described previously.” Three peaks were designed to fall between 600-700 nm
allowing detectable blue shifts in the peak position after oxidation. This type of
structure is also known as rugate filters with periodic variations in refractive index in
the direction of pore growth.'” Rugate filters behave as photonic crystals allowing
specific wavelength to pass through the structure. The mechanism is similar to that of
multilayer samples except with a larger number of interfaces. Light travels through the
material and reflects back constructively and deconstructively filtering out different
wavelengths. The position of the resulting peak correlates to the physical structure as
well as the refractive index of the material giving pSi its unique but tunable optical
signatures.

One of the key studies is to compare thermal oxidation of rugate and multilayer
structures. As mentioned, the multiplayer structure was prepared with two current
densities, 250 and 47 mA/cm’. For the purpose of comparison, the rugate structure was
fabricated using cosinusoidal waves with alternating amplitude from 250 to 47 mA/cm’

and etched for 260 s, similar to the conditions used to prepare the multilayer structure.



64

Two engineered structures were then characterized using BET and SEM. As displayed
in Table 3.1, the multilayer structure exhibits greater surface area, larger average pore
diameter, and thicker porous layer. Comparing to the multilayer, rugate samples have
thinner film layer consisting smaller porosity, suggesting slower etch rate with greater
amount of Si remained in the matrix after the etch. Smaller surface area and greater
amount of Si can also suggest longer oxidation or higher temperature needed comparing

to the multilayer structure for complete oxidation.
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Table 3.1 Physical characteristics of encoded porous silicon particles.

Thickness Surface Area Porosity Average Pore
(um)’ (m?*/g)” (%) Diameter (nm) "
Rugate 13 434 74 9
Multilayer 15 499 84 14

" Sample thickness estimated from cross-section scanning electron microscopy images
of the samples.
Esimated using BET (Brunnauer-Emmett-Teller) analysis method.

Approximated using the BdB (Broekhof-de Boer) method from the nitrogen
adsorption curve.
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3.4.2 Thermal Conversion of Encoded Crystalline Porous Silicon to

Amorphous Porous Silica Structures

Two encoded pSi structures were subjected to thermal oxidation in five different
temperatures ranging from 200 to 1000 °C for an hour. The blue traces in Figure 3.1a
and b exhibit single crystalline Si peaks observed from powder X-ray diffraction (XRD)
for freshly etched encoded particles. Orange and red traces for the top two plots in
Figure 3.1 show Si crystalline peak intensities after thermal oxidation at 600 and 900
°C, respectively. At 900°C, crystalline peaks for Si were not observable for both
structures. In order to compare the degree of oxidation between the two structures, the
intensity of the most prominent crystalline peak for Si was used. The y-axis in Figure
3.1c is estimated from the measured intensity of the <111> Si peak from samples
treated at each temperature in respect to freshly etched samples. Diminishing peak
intensities as temperature increases for both pSi were observed, suggesting a
temperature dependent thermal oxidation. Furthermore, multilayer samples display
complete oxidation at 600 °C as opposed to 900 °C for rugate samples, implicating a
faster oxidation process comparing to rugates.

Both multilayer and rugate structures exhibit a three-peak reflectivity spectrum
as shown in Figure 3.2. After complete conversion to amorphous silicon, both
structures retained their optical properties except with reduced peak intensities and
shifted peak positions as a result of roughen surfaces, decreased pore sizes, and reduced

intrinsic absorption coefficient of the material by converting Si to Si0,.'**

Here, two
pSi structures were thermally oxidized into amorphous structures with retained optical

properties.
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Figure 3.1 Thermal oxidation of encoded porous silicon (pSi) particles into amorphous
silica. Powder X-Ray diffraction (XRD) measurement of a. rugate samples and b.
multilayer samples before and after thermal oxidation at 900 °C. e¢. <I11> silicon
crystalline peak obtained from XRD was used to determine the amount of silicon left in
the matrix. Two traces were estimated in respect to unoxidized samples.
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Figure 3.2 Reflectivity spectra of encoded porous silicon particles. a. Top two figures
are spectra obtained experimentally from the microscope.
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3.4.3 Digital Simulation of Reflectivity Spectrum

A theoretical approach was used to verify the thermal conversion of pSi to
pSi0,. Reflectivity spectra of fully oxidized samples were simulated using SCOUT, a
software written by W. Theil} to theoretically predict reflectance spectra of multilayer
structures in different materials. Two parameters characteristic of the film, namely, the
porosity and the physical thickness of the layer obtained from BET and SEM were used
for the calculation. Optical constants of the film were derived using Bruggeman model
and the refractive index profile within the rugate sample was estimated as a function of
current density. Figure 3.3 shows the calculated reflectivity spectrum of a fully
oxidized rugate sample. Simulate pSiO, reflectivity spectrum appears to be in good
agreement with the experimentally observed spectrum for a rugate sample oxidized at

900 °C, showing more than 98% silica content within the encoded particles.
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3.5 Conclusions

Freshly etched porous silicon (Si) is unstable and undergoes slow oxidation due
to its hydrogen-terminated surface that is susceptible to hydrolysis. ** ''** ' In this
study, we demonstrated that pSi could be converted to pSiO, with its optical code still
intact for detection. Peak shift of both reflectivity and FFT spectrum were consistent
with refraction index change of the material. Furthermore, two different pSi structures
exhibited different oxidation rate suggesting faster oxygen diffusion process for
multilayer structures. In conclusion, both pSi films constructed from composite
cosinusoidal and step waveforms can be modified by thermal oxidation to have more
stable surface with intact optical information that can be used for biosening,
multiplexed biomolecular arrays, and most important, for “smart” drug delivery

systems.
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Chapter three, in part, is a reprint (with co-author permission) of the material as
it appears in the following publication: Chen, M. Y.; Sciacca, B.; Miskelly, G. M.;
Sailor, M.J., Temperature and Structure Dependent Thermal Oxidation of pSi.
manuscript in preparation. The author of this dissertation is the primary author of this

manuscript.
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4 Extracting Spectral Information from Encoded Porous
Silica Microparticles for Multiplexed DNA Assays

4.1 Abstract

Personalized medicine has received much interest in recent years since the
beginning of human genome project. Although an immense amount of information has
been uncovered, the need for innovative approach with faster and more cost efficient
detection is still under investigation. One idea is to design a platform that is capable of
detecting and identifying multiple probes at the same time. Porous silicon (pSi)
particles have been shown to exhibit unique spectral signatures offering a new method
for biomolecular identification in a multiplexed manner. In this Chapter, spectral
information of encoded pSi particles was extracted and used to identify multiple DNA
targets at the same time. The result demonstrated that the spectral codes of pSi particles

are stable and distinguishable as alternative identifers.

4.2 Introduction

The discovery of multiplexed assays has played an important role in the field of
genomic, proteomics, and epigenomics, resulting in new developments in diagnostic

126 Tn order to screen and identify multiple analytes in a single

and therapeutic tools.
array, multiplexed assays generally require a means to track and identify probing

molecules through the course of the assay. Currently, the methods used to identify

probes are classified into two categories based on how the identity of the probe is
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recognized. Usually, chemical probe sites are segregated spatially, whose spatial
address are used to determine the identity of the probe. Alternatively, randomly ordered

probe supports in the forms of microspheres, microrods, or microdiscs incorporated

127,128 29

with identifiers (i.e quantum dots, striped metallic rods,'® fluorescent dyes,'*’ and

holographic microgratings,'*® etc) are used to obtain probe identity.'*® 13!+ 132

Complex photonic structures in porous silicon (pSi) have been studied
extensively for their unique spectral properties over the years.”” '°" % As discussed in
Chapter 1, with careful manipulation of the electrochemical preparation conditions,
these distinctive reflectivity spectra can be prepared or encoded into the nanostructures
for storing spectral information. Strategies on how to engineer distinctive spectra were

1'% and demonstrated by Meade et al,”® superimposing

first suggested by Berger et a
various sinusoidal waves into a current density profile to encode information into Si
structures. In this Chapter, spectral information of encoded pSiO, particles was
extracted and used in a multianalyte assay to detect and identify multiple DNA

sequences simultaneously, presenting an alternative identifier for multiplexed

bimolecular identification.

4.3 Experimental Methods

4.3.1 Fabrication of Encoded Porous Silicon Particles
A single crystalline silicon wafer (resistivity 1 mQ-cm) was electrochemically
etched in an HF solution (3:1 aqueous 49% HF:ethanol by volume) using a current-time

waveform consisting of six superimposed sine waves of different frequencies. Encoded
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pSi microparticles were prepared from freshly etched pSi sample using microfabrication

described previously.”’

4.3.2 Thermal Oxidation

Freestanding microfabricated pSi particles were first transferred to a nickel
crucible and placed in a tube furnace at 500 °C, ramped to 950 °C at a rate of 50 °C
/min, held at 950 °C for 30 min, cooled back to 500 °C and then removed from the
furnace. The particles were rinsed in the crucible with 0.05% HCl,g), transferred by

pipette to a microcentrifuge tube and rinsed with absolute ethanol.

4.3.3 Image Acquisition and Analysis

Both reflectivity spectra and fluorescence images were acquired using a Nikon
LV-150 fluorescence microscope connected to either a 100 W tungsten filament lamp
(reflectivity spectra) in combination with a SpectraPro 275 scanning monochromatora
or a 100 W mercury arc lamp (fluoresce images). In fluorescence mode, standard filter
cubes containing the desired dichroic, excitation and emission filters were placed in the
optical path. In the “particle decode” mode, a 50/50 mirror was placed in the optical
path. A CoolSnap HQ2 (Photometrics) 14 bit, monochromatic camera was used to
acquire fluorescence as well as reflectivity images. Metamorph software (Molecular
Devices) was used to control both the camera and the stepper motor of the
monochromator, allowing for the generation of spectral image stacks.

All images were acquired with a 10x objective with a binning of 2, yielding a

520 x 696 pixel image. Prior to analysis, the image was cropped to 480 x 480 pixels
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covering an area of about 570 x 570 um. Fluorescence images were acquired using the
“Cy5.5” filter combination (excitation filter centered at 650 nm, 45 nm bandpass;
dichroic filter centered at 680 nm; emission filter centered at 710 nm, 50 nm bandpass)
and the “Cy3” filter combination (excitation filter centered at 535 nm, 50 nm bandpass,
dichroic at 565 nm; emission filter centered at 610 nm, 75 nm bandpass) for imaging
Alexa Fluor 680 and 555, respectively. The illumination source was then switched
from the filtered mercury lamp to the monochromated tungsten filament lamp, and
reflectivity images were acquired while the monochromator was scanned from 400 to
725 nm in 1 nm steps. A 15 ms-exposure image was acquired at each step, resulting in

a spectral image stack with 326 sequential images.

4.4 Results and Discussion

4.4.1 Encoding and Assay Methodology

Figure 4.1 provides an overview of the multiplexed DNA assay utilizing
encoded pSiO; particles to identify DNA sequences. The preparation of encoded pSi
particles and the general principles of the decoding method used in this work have been
presented in earlier publications,*® ** " 1** but a brief summary will be presented here.
First, the “spectral barcode” was generated by programmed electrochemical etch of a
single crystal Si wafer. The etching waveform consisted of a superposition of six sine
waves, generating a complex stratified porosity gradient in the direction perpendicular
to the surface of the wafer. This porosity gradient acts like a one-dimensional photonic
crystal; the spectrum of light reflected from the material consists of a series of sharp

peaks that act as the “bits” in the spectral code (Figure 4.1b). Because of the 1D
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photonic structure, these spectral codes are only observable when the microscope axis is
coincident with the gradient direction. The porous film was lithographically patterned
into disks with 25 um in diameter, and the microparticles, each containing the identical
code, were lifted off from the substrate.””  The microparticles were stabilized and
prepared for surface functionalization by thermal oxidation to give translucent
microparticles of porous silica.  The porous SiO, microparticles were then

3% The functionalized

functionalized by silanes allowing further biofunctionalizations.
porous SiO, microparticles were modified with an oligonucleotide, acting as the capture
probe for the assay (Figure 4.1a).

Three groups of pSi particles with distinctive spectral signatures were prepared
for this experiment, as seen in Figure 4.1b. Although the code used in this work was 6
bit binary (64 total possible codes), > 10 bits with grayscale encoding has been

demonstrated in this system.'*’

Each particle type was functionalized with the indicated
oligonucleotide sequence in Table 4.1.  Fluorescently labeled complementary
oligonucleotide sequences were used as received.

For the hybridization experiment, a mixture of different oligonucleotide probes
attached to the microparticles (Figure 4.1b) was added to a solution containing the
fluorescently labeled oligonucleotide targets. After the reaction, encoded particles were
rinsed and collected using an alumina filter. Subsequently, the fluorescence images and
the reflectivity image stack of the hybridized pSiO, microparticles were acquired. The
fluorescence images indicate provides a means to verify oligonucleotide hybridization.

And, the reflectivity spectrum allows the determination of the identity of the particular

probe oligonucleotide sequence that was attached to the specific spectral barcode.



79

The multiplex assay was decoded using a system that consisted of a standard
fluorescence microscope combined with a scanning monochromator that provides a
spectrally tunable illumination source. While systems capable of both fluorescence
detection and spectral microscopy have been constructed and demonstrated

- 136, 137
previously,

the present system provided ready access to the narrow bandwidth
reflectivity spectra required to decode multi-bit spectral barcodes over an entire field of

view.
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Figure 4.1 Summary of the procedure used in the DNA hybridization assay. a. (1)
Several types of DNA-labeled encoded particles are prepared. Each set of particles
contains a unique spectral barcode (three examples are shown in Figure 2B) and a
specific DNA probe sequence. (2) The particle types are pooled together and the
combined mixture is reacted with fluorescently labeled target sequences. (3) The
particle suspension is washed, assembled onto a surface, and a fluorescence microscope
image is acquired. (4) Without moving the particle assembly relative to the imager,
reflectivity spectra of all the particles in the field are acquired simultaneously by means
of a wavelength-scanned illumination source. b. Reflectivity spectra observed for
single pixels of each of the three encoded particle types used in this study. The binary
codes assigned to each spectrum are shown. To assign the codes, the spectrum is
binned into six spectral regions. A bin is assigned a code of “1” if the spectral intensity
in that bin exceeds a threshold value. If no peak is observed in the spectral region, the
bin is assigned a code of “0.”
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Table 4.1 Spectral codes, oligonucleotide sequences, and the corresponding fluorescent
label associated with the three particle types used in this work.

Spectral Code Capture Probe’ Target Target Labels
111111 P1 T1 AF 555
101011 P2 T2 AF 680
110101 P3 --- ---

" P1:ACTGTGTGATGAAGTTTGGTCAGTCGGCTTGTTATTATCTCGTGCTTGTA-3"
P2: TCCTGTAATGATCCAGGTGAGTGATATGCCATACATCCTAGATCCTTATA-3’
P3: TCTGGATAGTCATACGTCACCCTCGCTTAGGATCTATACTTACTATACTA-3’
“AF = Alexa Fluor; indicates the identity of the fluorescent dye attached to the target
sequence (T1 or T2) that is complementary to the capture probe sequence indicated.
N/A indicates that no target sequence was used; the capture probe for this particle type
was included as a negative (non-specific binding) control for the other target sequences.
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4.4.2 Spectral Code Extraction
The image stack was analyzed with a Matlab program that classified the
individual pixels of each image into a group (representing each photonic code) after the
work of Mansfield."® The sharp spectral peaks derived from the porous SiO, photonic
crystals (Figure 4.1b) represent bits in a binary code,” with each microparticle having
only one code, and therefore spectral unmixing methods for pixel classification were
not required. Instead, each pixel associated with a microparticle was identified,
decoded, and classified in the following sequence:
(1) An image was created showing the maximum light intensity at any wavelength
in the reflectivity stack for each pixel. This image was then spatially top hat filtered
with a disk structuring element slightly larger than the microparticle size, followed
by morphological closing of the image with a smaller disk to give a mask
identifying the locations of the microparticles. The pixel spectra were then
background-corrected to allow for spatial non-uniformity of the illumination.

Further masks were created that eroded the microparticle locations by 1-3 pixels.

(2) The spectrum of each pixel identified by these masks was scanned for
reflectivity maxima above set height and width thresholds, and the wavelength and

intensity of each spectral maximum was determined.

(3) Each code includes a peak at short wavelength that was used as a reference peak.
The location of this first peak in the spectra of all the microparticle-associated pixels
that showed at least four spectral peaks was 472 nm with a standard deviation of 13

nm (n= 6356). The location of each subsequent peak in the code was determined



83

relative to this peak, resulting in a set of relative peak position (RPP) values with
much greater precision than the absolute peak positions. Thus, the standard
deviations for the RPP ranged from 2.0 nm (second peak) to 3.2 nm (fifth and sixth
peaks). The distributions of RPP were even less variable if pixels near the edges of

the microparticles were discarded, Figure 4.2.

(4) Each pixel was decoded based on the number of reflectivity peaks and the values
of each RPP. The RPP and the peak intensities were tested against predetermined
acceptance criteria assigned to a particular code. The acceptance criteria consist of
three parameters: the number of RPP values expected for the code, the upper and
lower wavelength boundaries of each of the expected RPP values and an intensity
threshold for each peak in the code. Pixels meeting these criteria were classified
into one of the three microparticle code types. If a pixel did not meet all the
predetermined criteria, then it was marked as invalid. In addition, most data
reported in this paper are derived using masks in which microparticle locations have
been eroded by 1 or more pixels. The spectral criteria combined with this spatial
filtering were set to ensure there were no false classifications of single pixels based
on the classifications of the surrounding pixels in the same microparticle. The
spectral and spatial criteria used lead to a large number of pixels that are classified
as invalid. However, within each microparticle the majority of pixels are classified

correctly.

(5) Finally, the photonic codes were compared to the fluorescence result to
determine true positive and true negative results. An indexed color image

representing the results of the decoding algorithm applied to the reflectivity image
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stack is shown in Figure 4.3C. Pixels decoded as 111111, 101011, 110101 are
indicated as green, red, and blue, respectively. Pixels that fail the classification
routine are assigned a grey value in the image, while background pixels are shown
as black. The irregular object near the center of the images in Figure 4 was not
associated with a photonic structure, and so pixels in this region have been excluded

from the classification analysis.
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Figure 4.2 Distributions of the relative peak positions (RPP) for all pixels identified as
belonging to the microparticles with no erosion (blue) and 3 pixel erosion (red) of the

microparticle locations.
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Figure 4.3 Microscope images of particle ensembles comparing results of fluorescence
and reflectivity assays. (A) False color image of fluorescence measured from particle
ensemble. The green and red colors represent the fluorescence intensity measured in
the AF555 channel (Alexa Fluor 555, Ay = 610 nm) and the AF680 channel (Alexa
Fluor 680, Aem = 710 nm) respectively. (B) Color reflectivity image constructed from
the reflectivity image stack. (C) Indexed color image resulting from a decode of the
reflectivity image stack after 1 pixel morphological erosion of the microparticle
locations. Pixels decoded as 111111, 110101, and 101011 are represented as green,
blue, and red, respectively. Pixels in the image that fail the decode algorithm are
assigned to gray, while background pixels are black. (D) Image showing the positions
of pixels that failed the decode algorithm when no morphological erosion is applied to
the microparticles. Scale bar is 100 um.
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4.4.3 Comparisons with Fluoresce Assays

Figure 4.4 shows plots of the fluorescence at 610 nm (Alexa Fluor 555) and 710
nm (Alexa Fluor 680) measured for each microparticle-associated pixel, with the data
points being coded based on the reflectivity spectrum at each pixel. The data in both
plots show separation of the three code types, indicating that the method was able to
correctly identify particle types under the conditions of a fluorescent oligonucleotide
assay. The average intensity measured in each fluorescence channel for each particle
type, the standard deviation, and the % coefficient of variance for the data are given in
Table 4.2.

Pixels decoded as 111111 exhibited fluorescence intensity values that were
highest in the Alexa Fluor 555 channel and low in the Alexa Fluor 680 channel (Figure
5). This is in agreement with expected results, because microparticles of code 111111
were functionalized with capture oligonucleotide sequence P1, whose complementary
oligonucleotide target probe (T1) was labeled with Alexa Fluor 555 dye (Table 4.1).
Correspondingly, pixels decoded as 101011 exhibited fluorescence intensity values that
were low in the Alexa Fluor 555 channel and highest in the Alexa Fluor 680 channel
(Figure 4.4). The 101011 microparticles were functionalized with capture
oligonucleotide sequence P2, whose complementary oligonucleotide target probe (T2)
was labeled with Alexa Fluor 680 dye (Table 4.1). Pixels decoded as 110101 exhibited
fluorescence intensity values that were low in both fluorescence channels relative to
pixels decoded as 111111 or 101011, consistent with their being functionalized with
oligonucleotide P3, for which there was no fluorescently labeled complementary target

sequence in the analyte solution. Because these results match the experimental design,
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we have demonstrated that the immobilized probes and reflectivity codes are stable
through the assay conditions and that the system is capable of detecting multiple

analytes in a single sample.
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Figure 4.4 Scatter plots depicting the classification capability of the spectral decoding
algorithm for microparticles that have had (A) 1 pixel eroded from their image edges
and (B) 3 pixels eroded from their image edges. The fluorescence intensity measured in
the AF680 channel (Alexa Fluor 680, Aemy = 710 nm) is plotted against the fluorescence
intensity measured in the AF555 channel (Alexa Fluor 555, Aem = 610 nm) for each
pixel in the image of Figure 4A corresponding to a classified pixel.
represented with red circles, green diamonds, or blue square symbols for codes 101011,
111111, or 110101, respectively (see Table 1). The pixels decoded as 101011, 111111,
or 110101 are distributed over 7, 13, and 7 individual particles, respectively.

The data are
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Table 4.2 Average pixel intensities from each fluorescence channel for codes

represented in Figure 4.4A.

Code Channel Intensity Stdv % CV Number of
Pixels

111111 AF555 4475 1550 35 1619
111111 AF680 3068 360 12

101011 AF555 448 44 9.8 1457
101011 AF680 5876 560 9.6

110101 AF555 547 160 30 1637
110101 AF680 3230 440 14

*14-bit scale, maximum value 16383
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4.5 Conclusions

This work demonstrated a system that is capable of detecting multiple analytes
contained in a single sample using spectrally encoded porous SiO, microparticles. The
microparticles are stable under biological assay conditions and can be functionalized
using silane chemistry. The photonic codes are identified by analysis of their
wavelength-dependant reflectance properties, obtained simultaneously on an ensemble
of particles by wavelength-resolved digital imaging. The codes are retained throughout
the preparation and analysis process.

Two target oligonucleotides were conjugated with fluorescent dyes of different
colors to provide an independent test of the classifications based on the photonic codes.
In practice, a single dye could be used for all sequences because sequence identification
is obtained from the reflectivity spectrum of the microparticle to which the sequence is
attached. = Thus, whether or not a microparticle has probe oligonucleotides
complementary to the target oligonucleotide sequences is determined by observing
which particles in the ensemble are fluorescent; the identity of the oligonucleotide on
each of the fluorescent microparticles is then determined by decoding the reflectivity
spectrum of that microparticle. The method could also be applied to proteomics assays
using appropriately tagged fluorescent antibodies or other markers.

The decoding method used in this study is based on proven techniques to
classify the spectral characteristics of multiple objects within the field of view of a
digital imager. Therefore, analysis using the encoded microparticles described in this
work could readily be automated using existing image analysis approaches for

massively parallel, high throughput bioassays.
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Chapter four, in part, is a reprint (with co-author permission) of the material as it
appears in the following publication: Meade, S. O.; Chen, M. Y.; Miskelly, G. M.;
Sailor, M.J., Multiplexed DNA Detection Using Spectrally Encoded Porous SiO2
Photonic Crystals Particles, Analytical Chemistry 2009, 81, 2618-2625. Copyright ©
2009, American Chemical Society. The author of this dissertation is the co-author of

this manuscript.
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S Multistage Insulin Release using Double-Layer

Mesoporous Silica Nanostructures

5.1 Abstract

Many nanomaterials have been interrogated for intravascular carrier to increase
drug release efficacy. However, simultaneous targeting as well as avoiding biological
barriers have become exceedingly difficult to overcome. Here, a multilayer porous
silica matrix was constructed with a tunable neck layer that can control insulin release
profiles and a reservoir layer that can concentrate up to 530 times the loading
concentration (Img/ml). The main objective here is to provide a new strategy for
encapsulating, protecting, and delivering molecules in a time- controlled fashion.
Multistage insulin release profile is found to be a function of the pore dimension. This
approach offers a potential route for sustained release of a drug with controllable release

profile in a rigid, multi-tier nanostructure with minimal preparation steps.

5.2 Introduction

Growing knowledge on diseases and the biological system has led to the
development of an immense number of new drugs and potential treatments, such as
gene and peptide therapies. Considerable effort has then been focused on designing
effective delivery vehicles for some otherwise insoluble or unstable therapeutic
compounds. Patients also receive higher dosages to compensate for drug loss during
circulation. However, many drugs have limited therapeutic windows, increased risk of

unwanted side effects, or toxicity with higher dosage that have prevented their
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availability to patients. Additionally, biological barriers such as enzymatic degradation
and phagocytosis have also posed problems for drug delivery systems. Therefore,
formulation of a delivery system that can protect while hosting an unstable drug with
controlled release rate within the therapeutic window has motivated researchers to
optimize delivery efficacy and to explore new approaches. Recently, the promise of
nanomedicine has shed some light on the design of potential delivery systems. The
interest in nanoscale materials in medicine stems from the fact that their properties
(optical, chemical, mechanical, etc.) can be tailored based on their size, composition,

139-141

and structure orders to meet these needs. Over the last few decades, different

materials such as polymers,'** '* liposomes,'** and mesoporous silica matrices'® 2
have been investigated as potential drug carriers. Of which, mesoporous materials
possess many desirable features that are ideal for controlled and sustained drug
delivery. The unique attributes of mesoporous materials include defined, ordered pore
networks allowing fine tuning of drug loading, high pore volumes for hosting larger
therapeutic dosages, and chemically functionalized surfaces providing additional
control over drug loading and release kinetics."” ' Over the last decade, mesoporous
silicon or silica matrices have been developed as a vehicle to host and transport
biomolecules and drugs, but with little data presented for controlled drug release

14-18, 145-150

profiles. Various strategies have been implemented to allow more control

over the release profiles. Some of the more attractive approaches involve capping the
matrix with a polymeric material or blocking the pores with linkers and gating species

that is responsive to stimuli such as pH and temperature.'>*'?
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While these approaches have shown to increase control, additional preparation
and polymerization steps pose new obstacles including possible inactivation of proteins,

- e 143, 154
and compression within the structures.

More specifically, the extent of
penetration and the effect on polymer expansion within the porous matrix can lead to
undesirable physical changes of the material. A more attractive approach is to utilize
the physical structure of mesoporous material to control molecule release behavior, as a
multistage delivery system.'”” In this chapter, a multilayer porous silica (pSiO,)
structure was constructed with a small neck layer, with a diameter on the order of the
dimension of the drug, and used to study the effect of different pore sizes on drug
release profiles, offering an alternative route for controlled, multistage release of a drug
without extraneous capping material. A second layer was constructed below the neck
layer to increase the drug loading capacity of the carrier. The main advantage of this
approach is the uniform and biologically inert silica structure that is capable of

controlled protein/drug delivery with minimal preparation steps, shielding

molecules/drug from biological barriers.

5.3 Experimental Methods

5.3.1 Fabrication of Porous Silica Carrier

Porous Si samples were prepared by anodization of highly doped p-type silicon
wafers (p++, <100> orientation) with a resistivity ranging from 0.83 to 0.85 mQ cm in
an ethanolic hydrofluoric acid solution (3:1 v/v 48% aqueous HF : ethanol). Si chips
with an exposed area of 1.2 cm’ were contacted on the back side with a strip of

aluminum foil and mounted in a Teflon etch cell. Samples were then electrochemically
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etched in a two-electrode configuration using a platinum mesh counter electrode.
Double-layer samples were prepared by application of a two-step current density
waveform. Samples were rinsed three times with ethanol and then dried with nitrogen
gas. Freshly etched samples were then thermally oxidized in a tube furnace
(Lindberg/Blue M) at 750 °C for 1h in air and then allowed to cool to room

temperature.

5.3.2 Physical Characterization of Porous Silica Carrier

Freshly etch porous silicon layer thickness was examined with a Philip XL 30
environmental scanning electron microscopy operating in second electron mode.
Accerlating voltages of 10 to 20 keV.

Nitrogen adsorption-desorption isotherms of triplicate porous Si samples were
recorded at 77 K using a Micromeritics ASAP 2020 volumetric apparatus. Prior to the
adsorption experiment, porous Si samples were degassed overnight. The surface area of
the sample was measured by the BET (Brunnauer-Emmett-Teller) method, which yields
the amount of adsorbate corresponding to a molecular monolayer. The pore dimensions
were determined using the BdB (Broekhof-de Boer) method from the nitrogen

120-122

adsorption curve. Porosity was characterized wusing the nondestructive

spectroscopic liquid infiltration method (SLIM) as described previously.'”

5.3.3 Insulin Preparation and Loading
Insulin was purchased from Sigma-Aldrich (Cat. No. 16634). For loading

solution, 1 mg/mL of insulin was dissolved in SmM pH 3.8 acetic acid buffer solution
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with ionic strength ~ 150 mM."*® The solution was slowly agitated for 1 h to allow
equilibration of protein prior to filtration with 0.22 um filters (Millipore, Cat. No.
SLGVO033RS).

For the loading experiment, 1.5 mL of filtered insulin solution was added into a

glass vial containing a porous SiO; sample and slowly agitated for 12 h.

5.3.4 Release Study

Insulin impregnated porous SiO, samples was incubated in physiological
conditions by performing all the experiments at 37 °C at pH 7.4 in 1.5 mL Dulbecco’s
phosphate-buftfered saline. Fresh solution was replaced ever 2 h for 12 h. Insulin was
quantified using micro-BCA (bicinchoninic acid) assay kit obtained from Thermo
Scientific (Cat. No. 23235). After the release experiment, insulin was recovered by
dissolving porous SiO; in ImL of 1M sodium hydroxide solution overnight followed by

neutralizing the solution with ImL of 1 M hydrochloric acid."’

5.4 Results and Discussion

5.4.1 Insulin

Daily subcutaneous injection of insulin decreases the quality of life for diabetic
patients. Various routes have thus been investigated to provide more convenient ways
to ease patients’ lives. However, insulin agglomeration caused by pH, ionic strength,
agitation, and surface hydrophobicity of the environment or the carrier leading to
156, 158,

inactivity has presented hurdles for the development of insulin delivery systems.

139 A transporting material with the ability to protect insulin from agglomeration and
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provide slow release of insulin is thus desirable. A wide range of applications using
pSiO, nanostructures has shown its potential as an excellent, alternative method for

1415 There are three attributes of this material that are most

sustained release of insulin.
applicable for insulin delivery.  First, hydrophilic silica surfaces have been
demonstrated to provide better stability for insulin.'” Second, the neck layer acts not
only as a rate regulator but also as a sieving or segregating film to allow non-aggregated
insulin to pass through and protect insulin from the environment. Lastly, the
biodegradability and biocompatibility of these pSiO, materials have been demonstrated

over the years for drug delivery applications.'® '%% ¢!

5.4.2 Physical Properties of Multilayer Mesoporous Nanocarrier

A double-layer sample was designed with a reservoir and a size-controlled neck,
as shown in Figure 5.1a. Porous SiO, carriers were prepared in two steps. First, a
double layer Si sample was prepared by electrochemical etching a two-step current
density, with a smaller current density followed by a larger current density step. In
order to perform a systematic comparison, dimensions of the bottom layer (reservoir)
were made with constant average pore diameter ~38 nm, as illustrated in Figure 5.1b,
and film thickness ~8.8 um for each double layer structure. The porosity of the bottom
layer was ~79 % using the nondestructive spectroscopic liquid infiltration method
(SLIM) described previously.'®® As pointed out above, the top layer is used to control
the multistage release, whereas, the bottom layer is constructed to serve as a reservoir
and accommodate greater overall drug loading. For this purpose, the neck was

fabricated to have less than half of the thickness of the reservoir. Figure 5.1c is the
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cross-sectional-view of the scanning electron microscope (SEM) image of a double
layer sample showing a thin neck layer (~3.3 - 4.2 um) followed by a thick bottom layer
(~8.8 um). Furthermore, Figure 5.1d provides a SEM image at the intersection of the
structure illustrating the difference in the pore morphology between the two layers.
Following the fabrication of the multilayer structure, the porous Si sample was
thermally oxidized creating a thin layer of surface oxide that is negatively charged

3

above pH 2 solutions.'® As reported, insulin (isoelectric point ~ 5.3) is prone to

agglomeration when in contact with uncharged surfaces and in a solution near its

. . . o 158, 159
isoelectric point. ™

To address these conditions specifically, negatively charged
pSiO, pore walls allow an electrostatic loading of dissolved and positively charged
insulin molecules in pH 3.8 buffer solution.

The aim of this study is to investigate insulin release from a double-layer
nanostructure as a function of pore size. For this purpose, multilayer structures were
designed to possess similar total porous volume. The dimension or the amount of total
Si removal can be manipulated based on several parameters including substrate doping
densities, HF concentration, current density, and etch duration.”! Assuming a linear
silicon dissolution rate with respect to current density and keeping everything else
consistent, two parameters, namely, current density and etch duration, were tuned for
the preparation of double-layer structures. Three different current densities (20.8, 62.5,
and 104 mA/crnz) were chosen with estimated etching durations (360, 120, and 72 s,
respectively) to remove similar amount of Si from a substrate with area ~ 1.2 cm®. To

characterize the samples, single layer pSiO; structures representative of individual neck

layer were prepared in triplicates for Brunauer-Emmett-Teller isotherm (BET) analysis.
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Values presented in Table 5.1 show the physical properties of the prepared samples.
The dashed line in Table 5.1 implicates that the pore dimensions have fallen out of the
regime where the BET analysis can provide a meaningful estimation. For the three

double-layer structures, a small deviation in volume is observed.
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6;00 nm

Figure 5.1 a. Schematic of the pSiO, double layer nanostructure used in this study. b.
A scanning electron microscope (SEM) image of the top (plan) view of a single layer
film, representative of the reservoir layer. Average pore diameter estimated ~ 38 nm.
c-d. Cross-sectional and closed up SEM images of a two layer nanostructure sample.
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Table 5.1 Porous Silica Characterizations.

Current Pore Size Pore Size Porosity Volume,x10”  Surface
density (nm)* (nm)” (%)° (cm’/chip)* Area
(mA/cm?) (mm?*/chip)*
20.8 7 8+2 60702 0.265 0.158

62.5 9 9+2 62+2 0.274 0.138

104 11 12+4 672 0.292 0.110

375 — 38+9 793 — —

“ Values are obtained from single layer samples in triplicates and calculated using
Brunauer-Emmett-Teller isotherm theory.

> Pore sizes are estimated from scanning electron microscope.

“ Porosities are obtained using the nondestructive spectroscopic liquid infiltration
method. Error corresponds to the standard deviation of the measurements.



104

5.4.3 Drug Loading Experiment

Although with slight deviations in the total volume for the three multilayer
structures, the difference in the total amount of insulin loaded per chip in each double-
layer structure is almost indistinguishable, as shown in Table 5.2, after a 12-hour
loading period. For the loading experiment, ~1 mg/ml insulin was introduced to the
single layer and three double-layer pSiO, chips in pH = 3.8 buffer solution for 12 hours.
The quantity of loaded insulin was estimated by measuring insulin concentration in the
loading solution before and after loading, using a bicinchoninic acid (BCA) protein
assay. As pointed out from the previous section, insulin loading was facilitated by
electrostatic adsorption. This approach loaded a concentration that is nearly 300 times
of the original concentration. Furthermore, more insulin was loaded into the single
layer sample that resembles the reservoir layer as compared to the other three multilayer
structures. This difference is likely contributed to hindered insulin diffusion due to the
size of the pores that are close to the dimension of the insulin. Another valuable
attribute of this approach is the increased total surface area within the nanostructure,
shown in Table 5.2. The smaller pores with larger surface areas allow the drug of
interest to be in close proximity of the pore walls providing more interaction with the
pore surface. Here, three double-layer structures were constructed and loaded with a
similar amount of insulin to facilitate a systematic study of insulin release as a function
of pore size. The larger surface areas for the neck layer also provide an enhanced

control for the release of the drug of interest.
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Table 5.2 Insulin Loading Data.

Current density used to 20.8" 62.5" 104" 375°
prepare samples (mA/cm®)

mg insulin loaded per g of Si* 330 + 30 410 + 48 440 + 30 910 £ 55
mg insulin loaded per chip” 310 £ 28 360 + 41 350 £ 24 440 = 27
mg insulin loaded per mL* 270 =24 320 + 37 320 £21 530 £32

D Triplicate double layer samples.
5 Triplicate single layer samples.
3

“ Assuming the true density of SiO,, 2.2 g per cm’.

> Each chip was ~1.2 cm?,

“ Volume of the porous layer was estimated using the porosity of the sample obtained
from the nondestructive spectroscopic liquid infiltration method.
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5.4.4 Multistage Insulin Release

In a solution with a pH greater than its isoelectric point, insulin exhibits a
slightly negatively charged surface that experiences repulsion from the negatively
charged pSiO; walls. After the 12-hour loading period, each insulin-impregnated chip
was rinsed with phosphate buffered saline (PBS) to clean off loosely bound insulin prior
to each release study. The solution was saved in order to account for the total amount
of loaded insulin. Subsequently, drug release experiments were performed by adding
1.5 ml of PBS to the insulin containing sample and incubation at 37 °C. The solution
was collected and replaced with new PBS solution every two hours, and the amount of
insulin release was quantified using micro BCA assay. A blank double-layer pSiO;
sample was used as a control with 1.5 ml of PBS solution collected every two hours.
The result confirmed that dissolved silica did not interfere with the micro BCA protein
assay. Figure 5.2 illustrates the release profile of insulin in a single layer and three
double-layer structures as a function of pore size. The y axis, % insulin released, is the
total amount of released insulin up to time t divided by the total amount of insulin
loaded into the nanostructure. In comparison, the single layer reservoir with 38 nm pore
diameter exhibits the greatest initial burst release, nearly 100 % of insulin embedded in
the structure was released after 4 hours. For double-layer structures, insulin also
exhibits burst release, however, with a decreasing initial burst as the top pore size
decreases with more than 40 % of insulin retained in the matrix after 12 hours. Figure
5.2 suggests that the additional neck introduces a new strategy to reduce the initial burst
release. Furthermore, the release profiles for all the samples exhibits a multistage

release, with initial burst release followed by slow, constant release of molecules.'®!
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After the release study, the insulin containing pSiO, film was dissolved using 1 M
sodium hydroxide followed by adding 1 M hydrochloric acid to neutralize the solution.
The solution was then collected to determine the amount of insulin remained in the
nanostructure. This value was added to the total amount of released insulin after 12
hours and was found to be in good agreement with the total amount of insulin
determined previously using BCA protein analysis.  The release profile, as
demonstrated in Figure 5.2, demonstrates a reducing initial burst release with
decreasing pore diameters of the neck layer, offering a potential route for sustained
release of insulin with controllable release profile in a rigid, double-layer nanostructure.
Figure 5.3 illustrates concentration profiles of free insulin as a function of time
and pore diameter. With decreasing pore diameters, slower diffusion rates were
observed even with similar initial concentration gradients and with greater electrostatic
repulsion through larger surface interaction. This implicates that pore size plays the
predominant role in insulin diffusion from pSiO,. This effect, however, becomes less
prominent as the pore diameter increases as stated by the hindered transport theory on
charged particle diffusion within a charged membrane.'®*
Up until now, single layer porous silicon films were constructed with large pore

14, 15
’ In

diameters to accommodate the dosage requirement for the drug of interest.
order to obtain more control on the release profile of a particular drug, additional
preparation steps are usually necessary to achieve desirable release rate. Figure 5.2 and
Figure 5.3 show the degree of control one can gain by adding a restricting top layer to

significantly reduce initial burst release and possibly slowed down the release rate. The

smallest pore (~ 8nm) retained most of its content with an almost steady release of
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insulin comparing to the reservoir sample, which shows over 100 pg/ml of free insulin
after 2 hours. It is also important to look at the actual amount of insulin that was
released into the free solution with respect to the physiological levels of insulin. The
dashed lines in Figure 5.3 indicate the lowest basal concentration (~3 pg/ml) and the
highest secretion level (~ 100 pg/ml) during hyperglycermia for insulin.'®® These
values were calculated based on hexameric insulin. In comparison, the samples were
able to deliver concentrations that are within the physiological levels for the first few
hours. By fine-tuning the pore dimensions and loading conditions, these structures can
offer a powerful alternative for sustained release of insulin within its therapeutic

window in a desirable delivery time frame.
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Figure 5.2 Multistage insulin release profiles as a function of pore size. Traces labeled
8 - 12 nm are double-layer structures with the indicated pore size as the diameter of the
neck layer. 38 nm pore is the single layer reservoir with the same morphology as the
bottom layer of the other three structures shown here. The y axis, % insulin released, is

the accumulated amount of released insulin up to time t divided by the total amount of
insulin loaded into the nanostructure.
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Figure 5.3 Concentration profiles of released insulin in PBS solution for 12 hours. Free
insulin concentration profiles of three double-layer and a single layer (38 nm) structures
are presented here. The dashed lines indicate the lower limit of insulin concentration in
the basal state and the upper limit of insulin secretion during hyperglycermia.
Physiological values are calculated based on literature values'® assuming insulin is in
the hexamer form.
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5.5 Conclusions

In summary, double-layer porous silica (pSiO,) matrices were prepared to study
the release of insulin as a function of their tunable neck dimensions, as a multistage
drug delivery host. Insulin, a widely used hormone for the treatment of type 1 and 2
diabetes, was dissolved and loaded into the double-layer structures. The negatively
charged pSiO, matrix allows the positively charged hormone to be concentrated within
double-layer porous material by a factor ~ 300 times of the original concentration of
insulin in solution. A similar amount of insulin was loaded into each multilayer
structure. A systematic study of insulin release as a function of pore size demonstrated
differential initial burst release profiles. Although below the physiological levels,
smaller pores present more steady release of insulin and possibly more control due to
the larger surface area and closer pore wall and drug interaction range.  Furthermore,
the neck can act as not only the rate limited layer but also as a filtration membrane.
Double-layer structures provide an attractive method to host, protect, as well as deliver
the drug of interest in a more controllable fashion. The result of this study will provide
a new direction for controlled and sustained drug delivery using rigid nanostructures

with minimal preparation steps.
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Chapter five, in part, is a reprint (with co-author permission) of the material as it
appears in the following publication: Chen, M. Y.; Diep, V.; Wu, C.; Secret, E.; Cunin,
F.; Andrew, J; Sailor, M.J., Multistage Insulin Release using Double-Layer Mesoporous
Silica Structures. manuscript in preparation. The author of this dissertation is the

primary author of this manuscript.
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6 Charge-Gated Transport of Proteins in Nanostructured
Optical Films of Mesoporous Silica

6.1 Abstract

The admission into and diffusion through nanoscale pores by molecules is a
fundamental process of great importance to biology and separations science. Systems
(e.g., chromatography, electrophoresis) designed to harness such processes tend to
remove the separation process from the detection event, both spatially and temporally.
Here we describe the preparation and characterization of thin optical Fabry-Pérot films
of mesoporous silica (pSiO,) that can detect protein infiltration by optical
interferometry, which probes the separation process in real time and in the same
ultrasmall physical volume (5 nL). Admission of a protein into the pores is controlled
by the diameter (~50 nm) and the surface charge of the pores, and both the rate and the
degree of protein infiltration is a function of solution pH. Test proteins bovine serum
albumin (BSA, 66kDa), bovine hemoglobin (BHb, 65kDa) and equine myoglobin
(EMb, 18kDa) are admitted to or excluded from the nanophase pores of this material
based on their size and charge. The rate of protein transport within the pores of the
pSiO; film is slowed by 3 orders of magnitude relative to the free-solution diffusion

values, and it is maximized when pH = pl/.

6.2 Introduction

Membranes with abiotic micro- or nanometer sized pores have been harnessed

167, 168

for sensing,”" "% filtration,”’ controlled release and gating experiments. They are
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usually more stable and predictable compared to biological pores,'® and they provide
experimentalists with a range of synthetic alternatives to control analyte transport
behavior, sensitivity, and specificity. Porous silicon (pSi) membranes offer a versatile
platform for studies of protein transport and binding: the porous nanostructure can be
controlled during synthesis to yield a range of pore sizes, and optical structures can be
incorporated into the films to provide sensitive, label-free quantification of

biomolecular binding.'™

Unlike surface plasmon or other label-free biosensor devices,
the three dimensional control of nanostructure that is achievable in electrochemically
prepared pSi devices allows spatially resolved molecular separation simultaneous with
the detection event that can improve the fidelity of sensing in complex media.?* ' !
The ability to separate large molecules such as proteins based on size has been

20, 27, 28, 171 - - 172
» 2% 77 and the native negative charge '~ on the

demonstrated in pSi membranes,
surface of oxidized porous Si (pSiO;) has been used to enhance the binding of proteins
within the pores.'"*** Although both pore size and the charge on the pore walls should
have an effect on transport and binding of proteins, the transport of charged proteins
within such membranes has not been studied. In particular, pH exerts a pronounced
effect on the charge of a protein and on its rate of transport through very small, charged
pores.'® 17> 1 In addition, the time dependence of protein transport in mesoporous
Si0, films has been observed but not addressed or quan‘ciﬁed.25

Here, a mesoporous pSiO; film is constructed and transport of three test proteins
is quantified as a function of pH. A relatively small pore size is chosen for these

experiments (50 nm), in order to enhance protein-pore wall interactions and slow

diffusion rates to experimentally accessible timescales of 1-30 min. The rate and extent
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of biomolecule infiltration is observed without the use of fluorescent or radioactive
labels by harnessing the optical interference property of the film, which provides a real-
time measure of the mass of protein in the film. We find that protein diffusion within
the nanostructure is influenced by electrostatic interactions between the negatively
charged pore walls and the pH-dependent charge on the surface of the protein,

providing a means to determine protein isoelectric point (p/).

6.3 Experimental Methods

6.3.1 Materials

Aqueous HF (48%) and ethanol (99.9%) were supplied by EMD and Gold
Shield Chemical Company, respectively. Porous silicon samples were prepared from
highly doped p-type Si with resistivity ranging from 0.0008-0.001 Q-cm (polished on
the (100) face, boron doped, from Siltronix Corp). Bovine serum albumin (BSA,
66kDa) was obtained from CalBiochem (Cat. No. 12657). Bovine hemoglobin (BHb,
65kDa) and equine myoglobin (EMb, 18kDa), were obtained from Sigma-Aldrich, Cat.
No. H2500 and M0630, respectively. All the proteins were used as-received without
further purification. SmM buffer solutions were prepared by mixing ultrapure (18 MQ)
water with monobasic sodium phosphate (Cat. No. S369-500 from Fisher), glacial
acetic acid (Cat. No. AX0073-75 from EMD Chemicals), or Tris (tris(hydroxymethyl)
aminomethane, Cat. No. BP152-500 from Fisher Scientific) depending on the pH and
its buffer capacity. Desired pH values were then adjusted by adding a small amount of
HCI or NaOH. The ionic strength of the prepared buffer solutions ranged from 0.001 to

0.15 M.
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6.3.2 Porous Silicon Preparation and Characterization

Porous silicon samples were anodically etched in a 3:1 solution of aqueous 48%
HF: ethanol. Si chips with an exposed area of 1.2 cm” were contacted on the back side
with a strip of aluminum foil and mounted in a Teflon etch cell. Samples were then
electrochemically etched in a two-electrode configuration using a platinum mesh
counter electrode. Single-layer samples were prepared by application of a current
density of 417mA/cm” for 32 s. Samples were rinsed three times with ethanol and then
dried with nitrogen gas. Porosity was characterized using the nondestructive

spectroscopic liquid infiltration method (SLIM) as described previously.'”

6.3.3 Thermal Oxidation
Porous silicon samples were thermally oxidized in a tube furnace
(Lindberg/Blue M) at 750 °C for 1h in air and then allowed to cool to room

temperature.

6.3.4 Interferometric Reflectance Spectra Collection and Data Processing
Reflectance spectra were recorded with an Ocean Optics USB-4000 CCD
spectrometer coupled to a bifurcated fiber optic cable. A tungsten halogen light source
was used to illuminate the surface of the sample via one arm of the bifurcated fiber.
Both the spectral acquisition and light illumination were performed along an axis
normal to the surface of the pSiO, sample. Effective optical thickness (EOT), defined

here as the value 2nL (where n = average refractive index and L = sample thickness in
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nm), was obtained from the Fast Fourier Transform (FFT) of the acquired reflectance
spectrum as previously described.''” In this work the percent change in nL is defined as
(nLa-nLy)/nLy,, where nL, is the value obtained in the presence of analyte and nLy, is the

baseline value obtained in the pure buffer of interest.

6.3.5 Time-Resolved Biosensing Experiments

Buffer solutions ranging in pH from 4.2 to 7.5, with ionic strength 0.01M, were
used in the experiments to determine the p/ of each test protein. Buffer solutions (pH
4.2, 4.7, and 7.5) with ionic strengths ranging from 0.002 to 0.15M were used in the
experiments quantifying the electrostatic interaction between BSA and pSiO,. A
custom-designed flow cell system'” fitted with an optically transparent window to
facilitate acquisition of reflectance spectra was used. In a typical experiment, spectra
were acquired every 30s and an initial baseline was established in a given buffer
solution (flow rate ~0.5mL/min). A solution containing SmL of the protein of interest
(Img/mL), dissolved in the same buffer, was then introduced to the flow cell (flow rate
~0.5mL/min) and spectral data were acquired for 1 hr. The buffer solution was

circulated in a closed loop during data acquisition (total solution volume = 5 mL).

6.3.6 Protein Characterization

Zeta potential and hydrodynamic diameter of each protein was determined by
dynamic light scattering (DLS) using a Malvern Zetasizer. Solutions containing
2mg/mL of each protein were measured. BHb and EMb were measured before and

after filtration through a 100-nm syringe filter (Millipore, Cat. No. SLVVO033RS). The
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p! of each protein was determined using IEF gel electrophoresis (Invitrogen, Cat. No.

EC6655A).

6.4 Results and Discussion

6.4.1 Protein Characteristics and Surface Interactions

The surface charge on a protein is determined by the chemical identity of the
exposed residues and by the pH of the solution. The charge on a protein can be
characterized by its p/ value; when p/ = pH, the net ionic charge on the protein is zero.
Three proteins were chosen for the present study: bovine serum albumin (BSA), bovine
hemoglobin (BHb), and equine myoglobin (EMb). Size and p/ data are summarized in

Table 6.1. The surface of pSiO, has a net negative charge at pH > 2 (references > '"®

77y, and electrostatic attractions will cause a positively charged protein to
nonspecifically bind to this surface. Previous work with bovine serum albumin
(BSA),'® ' protein A, ' '"® immunoglobulin G (IgG),"* and other proteins'®> '®!
have taken advantage of these electrostatic interactions to concentrate the protein on the
inner pore walls of pSiO,. The ability of a pSiO, film to act as a sensitive, label-free
interferometric sensor provides a means to systematically study these electrostatic

interactions, and in turn, determine the p/s and nanoscale transport properties of the

proteins in real time.
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Table 6.1 Proteins properties.

Protein Molecular Dimensions  Hydrodynamic pl°
Mass (kDa) (nm)* radius (nm)”

bovine serum 66 14x3.8x3.8 7.1 4.7
albumin (BSA) (reference ') (reference '*)
bovine 65 6.3x8.4x5.4 7.4 6.8
hemoglobin (reference '*%) (reference '*%)
(BHDb)
equine 18 45x3.5x25 4.2 6.7,7.3
myoglobin (reference '*%) (reference '** '¥7)
(EMb)

“From crystallographic measurements as referenced.
Dynamic light scattering measurements of non-aggregated proteins at pH 7.5
¢ Literaure values as referenced
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6.4.2 Physical and Optical Characteristics of Porous Silica Sensors

The pSiO; sensors were prepared in a two step procedure: first, a mesoporous Si
sample was generated by electrochemical etch of single crystal Si, generating a 5.7 um
thick porous film of porosity 80% and average pore diameter 50 nm. Representative
cross-sectional and plan-view SEM images are presented in Figure 6.1. The pores in
this material are oriented preferentially in the <100> direction, which is perpendicular
to the face of the wafer. Second, the porous Si sample was subjected to thermal
oxidation, which generates a layer of surface oxide on the pore walls. Silicon dioxide

188, 189 and as a

or silica is commonly used as a matrix for microarray bioassays
stationary phase in chromatography'® due to its stability, biocompatibility, and
convenient surface modification chemistry. In the present case, the oxide provides a
stable, negatively charged surface for the entire pH range studied (4-7).

The principle of operation for label-free biosensing with pSiO, films derives
from the optical interference spectrum (Fig. 1¢). The interference fringes depend on the
quantity nL, where n is the average refractive index of the porous layer and L is its
thickness. The value nL is determined from the Fabry-Pérot relationship, mA = 2nL,
where 4 is the wavelength of maximum constructive interference obtained from the
reflectivity spectrum and m is the spectral order of a particular interference fringe

maximum.?

The n values were determined by Fourier transform of the optical
reflectivity spectrum (Fig. 1d), as previously described.'”’ When immersed in a buffer

solution, the value of n corresponds to a nonlinear average of the index of the pSiO;

matrix and the buffer. All proteins have a refractive index that is larger than that of
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water, so infiltration of protein usually results in an increase in the measured value of

nL.
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Cross Section Surface

2pm

Figure 6.1 Morphology of pSiO, sensors. Representative cross-sectional (Left) and
plan-view (Right) images of a porous Si sample obtained prior to thermal oxidation.
Sample thickness is 5.7 um, with a porosity of 80% and average pore diameter 50 nm.
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Figure 6.2 Optical charateristics of pSiO2 sensors. a. Reflected light spectrum of
pSiO, sample immersed in phosphate buffered saline solution at pH 7.4, showing the
characteristic Fabry-Pérot interference fringes. The sample is illuminated with focused
white light, and reflected light is collected through the same lens positioned along an
axis normal to the sensor surface and then transmitted to a CCD spectrometer. b.
Fourier-transform of the spectrum in (a) yields a single peak whose position along the
x-axis is equal to the value 2nL (product of average refractive index and thickness of the

film).
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6.4.3 pH Dependent Protein Infiltration

Figure 6.3 presents the temporal optical response of a pSiO, film upon
introduction of BSA. Experiments were performed at pH = 4.2, 4.7, 6.7, and 7.0. The
diffusion profiles are highly pH dependent, with very little BSA entering the pores at
pH values greater than the p/ of BSA (4.7), and the most BSA entering the pores at pH
= pl. The data are consistent with an electrostatic binding process: the negatively
charged pSiO; surface binds larger quantities of BSA when the protein is positively
charged compared to when it is negatively charged.

Analagous pH behavior is observed with the other two proteins studied, and the
results are summarized in Figure 6.4. The percent change in nL is found to reach a
maximum at the p/ value of the protein. For example, the peak in the value for BSA
occurs at pH = 4.7, consistent with the published p/ value for this protein.'"™ BHb
displays a maximum percent change in nL at pH ~ 6.7, although the transition is not as
sharp as with BSA. EMb displays an even broader transition, with a maximum
occurring in the pH range 5.7-7.3. The value of p/ for all three proteins was
independently measured using a commercial isoelectric focusing (IEF) kit (Figure 6.5).
The broad transitions observed in the pSiO; film experiments for BHb and for EMb are
consistent with the IEF results reported here and in the literature."®” '*> The IEF results
for BHb display a broad streak spanning a range of values from pH 6.8-7.4 that is
consistent with the optical data. The data for BHb suggest that conformational changes,
denaturing, or agglomeration of protein occurs under the conditions of the experiment.

EMb has been found to contain two different components with different structures,'™’
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and the IEF measurement yields two distinct values for p/, at pH 6.7 and at pH 7.3. The
pSiO; optical measurement of this protein displays a broad maximum that spans these
two p/ values.

Figure 6.4b compares the temporal and near-equilibrium response of a pSiO,
sensor for the three proteins studied. The pH of each solution in this set of experiments
was chosen to match the p/ of the particular protein tested. The two proteins with
similar molecular masses (BSA, 66kDa and BHb, 65kDa) exhibit similar temporal
responses when pH = p/, and the percent change in nL at equilibrium is comparable for
both (Figure 6.4ab). As demonstrated previously, the magnitude of nL is proportional
to the total mass of material infiltrated into the pSiO; layer.'”® Therefore, proteins with
similar sizes and binding affinities should exhibit a similar percent change in nL. It is
possible that certain residues on either BSA or BHb could interact more strongly with
the pSiO; surface, leading to different binding affinities and thus different equilibrium
values for the percent change in nL. However, the data indicate that this is not the case,
and the magnitude of the signals observed in the optical experiment show that the
maximum protein binding occurs at pH = p/. The equilibrium percent change in nL for
EMD is approximately half the value observed for the other two proteins, indicating that
only half of the total mass is bound to the pSiO, surface relative to BSA and BHb. The
EMD protein is approximately one-third of the mass of the other two proteins, and its
hydrodynamic radius is ~1/2 as large as either BSA or BHb (Table 6.1). Thus it is
expected that EMb will form an overall thinner layer of protein, with correspondingly

less total mass bound to the saturated pSiO, surface.
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Figure 6.3 Optical responses of a pSiO, sensor to bovine serum albumin (BSA) as a
function of time. For all charts, 1.0 mg/mL solution of BSA is introduced at t = 2000 s.
a. Dependence on solution pH. The percent change in the quantity nL from the pSiO;
film is greatest when pH = pl (= 4.7). lonic strength for all solutions = 0.01 M to
reduce screening effects from the electrolyte, ensuring an adequate electrostatic
interaction between the pore walls and the protein.'”* b-d. Dependence on ionic strength

for the indicated pH values.
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Figure 6.4 pH dependent protein transport as a function of time. a. Equilibrium percent
change in nL as a function of solution pH for the three proteins. The results correlate
with protein isoelectric point. Dashed lines are included as a guide to the eye. b.
Optical responses of a pSiO; sensor to the indicated proteins as a function of time. For
each protein the experiment was performed at a solution pH equal to the pl of that
protein: pH 4.7 bovine serum albumin (BSA), pH 6.8 bovine hemoglobin (BHb), or pH
6.7 and 7.3 equine myoglobin (EMb). Proteins introduced at t = 2000 s. All
measurements performed with 1.0 mg/mL protein concentration in 0.01 M buffers.
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Figure 6.5 IEF gel electrophoresis of the model proteins. pH values are indicated on
the left. The isoelectric points of bovine serum albumin (BSA), bovine hemoglobin
(BHb) and equine myoglobin (EMb) are as indicated.
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6.4.4 Protein Diffusion in Porous Silica Material

The data of Figure 6.4b also reveals information on the rate of transport of each
protein in the porous layer. The EMb protein reaches the equilibrium binding point
within 10 min, much more rapidly than the two larger proteins BSA and BHb. This
result can be interpreted in terms of the physical size of the protein and its molar
concentration. The Stoke-Einstein equation describes spherical particles diffusing in an
aqueous solution. The diffusivity of a dilute suspension of spherical colloid particles,
D, is expressed as'”*

kT

D -
b7ty (6.1)

where K is Boltzmann’s constant, 7 is temperature, pp is the viscosity of the solution,
and r is the hydrodynamic radius of the particle. Thus, proteins with smaller
hydrodynamic radii are expected to show larger diffusivity in free solution. In the
present experiments all protein solutions were studied at concentrations of 1 mg/mL;
thus the molar concentration of EMb is nearly four times larger than the other two

proteins. According to Fick’s Second law of diffusion,"”

this larger concentration
gradient will yield a larger observed rate of diffusion.

The pH of the buffer solution exerts a pronounced influence on the amount of
protein that can infiltrate the pSiO, matrix (Figure 6.3 and Figure 6.4), and it also

affects the rate of protein infiltration. Figure 6.6 compares the temporal response of

BSA infiltration at p/ = pH (4.7) and p/ > pH (4.2) to theoretical curves derived from
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Fick’s Second law. Fick’s Second law describes the time-dependent mass transfer of

molecules in a concentration gradient:

dc dPc e dc
—=D——+——+ P

ot ox” dy Z 6.2)
where D is diffusion coefficient and c is concentration. Considering diffusion into the
aligned pores of the pSiO; film as a one-dimensional process, the diffusion coefficient
can be derived based on the following boundary conditions: (1) at # = 0, ¢ = 0 anywhere
in the pSiO; film, and (2) at x = 0, ¢ = Cy, where ¢ is time, x is the distance from the pore
mouth in the direction perpendicular to the chip surface, ¢ = concentration and Cy =

initial concentraion. As previously solved by Crank,'® the one-dimensional solution to

eqn. (6.2) is given by:

c(x,t)=C,y|1- %;}%exp[—D(Zn + 1)2n2t/412]005M o

where c(x,?) is the molar concentration and / is the total thickness of the pSiO; layer (5.7
um) and n is an integer corresponding to the number of elements in the discretized
solution. In the present case, solutions to eqn. (6.3) converged for n = 10 finite
elements. To map this equation to the optical measurement, the total concentration of
analyte in the film at time ¢ was determined by summation of the concentration ¢ of
analyte in each finite element.

The data for diffusion of BSA into the mesoporous matrix for the case pH = p/
(Figure 6.6a) fits the one-dimensional diffusional model well (R* = 0.994), yielding an
effective diffusion coeffient of 2.3 x 10" cm?s. This value is 3 orders of magnitude

smaller than the diffusion coeffient for free BSA in solution, which is ~6 x 10~ cm?/s
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196
(reference

) The result of the fit indicates that transport of BSA is significantly
impeded in the 50-nm pores of the pSiO, layer and it is comparable or slightly greater

than the literature reports for diffusion of proteins and small molecules in confined

197, 198 200, 201

porous alumina, agarose gel,"” and silicon oxides, contributed to the flow-
through systems perfomed in the literature experiments, allowing a greater
concentration gradient between two compartments and faster diffusion. Although with
impeded diffusion rate, the diffusion within the pores appears to follow Fick’s 2™ law
when the protein exhibits an overall neutral surface charge. Furthermore, the charged

surfaces on the protein seem to influence the diffusion behavior, showing a deviation in

the fit for concentration based diffusion.
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Figure 6.6 Temporal responses of optical pSiO, sensor to the protein BSA, measured a.
at pH = 4.7 = p/ and b. at pH = 4.2 < p/l. Experimentally determined data points are
given as circles, and the lines provide the theoretical prediction of Fick’s law for the
indicated values of diffusion coefficient. Concentration of protein in solution (Cyp) = 1.0
mg/mL, introduced at ¢ ~ 2000 s. The y-axis for the theoretical curves, C/C), represents
the ratio of concentration of protein in the porous film to the concentration in the bulk
solution. The experimental data are presented as change in the quantity nL relative to
the final equilibrium value, DnL/nLriyan, where DnL = (nLyeasured - NLinitia) and nLpipa =
(nLeguitibrium — NLiniiar). lonic strength for buffer solutions = 0.01 M.
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6.4.5 Proposed Charge-Gated Binding and Transport Mechanism

Figure 6.7 describes a model to explain the observation that both the extent of
protein infiltration and the rate at which it is admitted to the mesoporous pSiO, film
maximizes at pH = p/. In the proposed model, the 50-nm pores are sufficiently narrow
and the ionic strength are sufficiently low that electrostatic protein-protein repulsions in
the nano-pores become significant. In order to provide an illustrative description, the
three-dimensional electrostatic potential around the protein BSA was calculated for
relevant solution pH and ionic strength values, using the computer program Adaptive
Poisson-Boltzmann Solver (APBS).*** The resulting charge distribution maps are
presented in Figure 6.8.

For pH values < p/ of the protein, the protein carries a net positive charge, and it
is expected to be strongly attracted to the negatively charged pore walls (Figure 6.7, left
image). This is consistent with prior studies of the loading of IgG antibodies,'* protein
AP 1761932083 and BSA'™ 17 into oxidized porous Si films, where protein loading is
maximized for pH values at which the protein carries a net positive charge. For
example, it has been reported that the anti-angiogenic antibody bevacizumab (trade
name Avastin) can be concentrated by > 400-fold relative to its solution concentration
in a porous SiO; film."* In that previous study, the ionic strength of the solution used to
load the protein was much larger (15 x) than the ionic strength used in Figs 3-4, and so
protein-protein repulsions were reduced. In the present case the protein feels a strong
electrostatic attraction to the negatively charged pore surface, but protein-protein

repulsions limit the rate and extent of infiltration.
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At pH values > p/ of the protein, the protein carries a net negative charge, and it
is expected to be repelled from the negatively charged pore walls (Figure 6.7, right
image). As in the case where the protein carries a net positive charge, protein-protein
repulsions are an important limiter of the rate and extent of infiltration. In addition, the
pore surface exerts a repulsive force on the negative portion of the protein, which is
expected to reduce the total amount of protein adsorbed. The data of Figure 6.3 and
Figure 6.4 support this interpretation; in particular, the smallest quantity of the protein
BSA is adsorbed at pH > p/, where the protein carries a net negative charge, rather than
at pH < pl, where the protein carries a net positive charge. In both cases the porous
SiO, surface is negatively charged. In the absence of adsorption, the change in index
expected when pure buffer (n = 1.333) is replaced with the solution of Img/mL protein
(n = 1.334) corresponds to < 0.1 % change in signal. The infiltration data (Figure 6.4)
indicate that negligible quantities of BSA adsorb at pH > 7, while significant adsorption
of BHb and EMD occurs even at pH = 7.5. The porous SiO, matrix used in these studies
is unstable (toward hydrolysis) at pH > 7.5, precluding the acquisition of data at pH
values > 7.5.

In all cases studied, protein binding appears to be maximal at pH values where
the net charge on the protein is zero (Figure 6.4). Although one might expect the
strongest binding between the negatively charged porous SiO, surface to be in a pH
range where the protein carries a net positive charge (i.e., pH < p/ of the protein), the
effect of protein-protein repulsions is significant, especially for solutions of low ionic

strength (Fig. 2). Thus the optical binding curves show maximal response at pH = pl.
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The diffusional behavior of the proteins in the pores (Figure 6.6) is also closest to the

ideal predictions of Fick’s law when the protein is neutral.

pH <p/ pH =p/ pH > p/

positively charged neutral negatively charged
‘ protein ‘ protein ‘ protein
3 3
Tl

3

\>" “v"@"

K negatively charged SiO, pores

Figure 6.7 Proposed mechanism controlling rate and extent of protein infiltration to
pSiO; pores. At pH < p/ for the protein (left), the positively charged protein feels a
strong electrostatic attraction to the negatively charged pore surface, but protein-protein
repulsions limit the rate and extent of infiltration. When the pH of the solution is equal
to p/ (center), the protein has no net charge, protein-protein repulsions are minimized,
and both the rate and extent of protein infiltration is maximized. Protein transport is
concentration-driven. At pH > p/ (right), the negatively charged protein is repelled by
both the pore walls and other proteins, and diffusion and adsorption are limited. In both
the left and the right cases, electrostatic repulsions are important contributors to the
diffusional process.
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Figure 6.8 Charge distribution on BSA as a function of pH and ionic strength. Three-
dimensional charge density maps resulting from APBS electrostatic calculations for
bovine serum albumin (BSA), determined for the indicated ionic strength and pH
values. Blue color indicates negative charge and red indicates positive charge. BSA

structure from crystallographic data®*’,
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6.4.6 Effect of Ionic Strength and Protein Surface Charge

In order to test the proposed charge-gated binding and transport mechanism, we
obtained optical binding curves and zeta potential data as a function of ionic strength for
the test protein BSA (Figure 6.3b, Figure 6.9). Ionic strength has a direct effect on the

197. 205 The effect of ionic

solution’s ability to screen the charges on dissolved proteins.
strength on the calculated charge distribution around the BSA molecule is shown in
Figure 6.8. These calculations are consistent with the observed rate and extent of
protein infiltration (Figure 6.3), which increase with increasing ionic strength
(decreasing Debye length)*®® for either the positive (pH < p/) or the negative (pH > pl)
protein, but remain relatively constant for the neutral protein (pH = p/). As expected,
the zeta potential tends toward zero with increasing ionic strength (Figure 6.9). The
data support the conclusion that charged proteins are less likely to enter (and they
diffuse more slowly in) nanopores when the solution is at a lower ionic strength.

Diffusion of neutral proteins (pH = p/) is driven mostly by the concentration gradient in

the pSiO; layer, and ionic strength exerts little influence in this case (Figure 6.3b).
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Figure 6.9 Influence of solution ionic strength on extent of infiltration and zeta
potential of BSA. a. Optical responses (percent change in the quantity nL) of a pSiO,
sensor to bovine serum albumin (BSA) as a function of ionic strength. A 1.0 mg/mL
solution of BSA is measured. b. Zeta potential of BSA as a function of ionic strength,

for the pH values indicated.
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Figure 6.10 Hydrodynamic diameter of BSA, BHb, and EMb, measured by DLS. a,
Hydrodynamic diameter of BSA, BHb, and EMb as a function of pH, obtained on
filtered protein solutions. b, DLS traces showing particle size distribution for filtered
and unfiltered BHb. Unfiltered BHb displays more than one group of hydrodynamic
sizes, indicating significant aggregation of the protein under the conditions of the study.
A single hydrodynamic size distribution is observed after filtration, yielding a
hydrodynamic diameter in agreement with the literature value. DLS data for EMb (not
shown) also indicated more than one set of hydrodynamic sizes. Similar to BHb, a
single hydrodynamic size distribution is observed after filtration, yielding a
hydrodynamic diameter in agreement with the literature value. BSA exhibits a stable
hydrodynamic diameter across the range of pH values studied, with a single peak in the
DLS hydrodynamic size histogram (not shown).
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6.5 Conclusions

The pores in the pSiO, sensor are sufficiently small that they are capable of
discriminating between isolated proteins and protein aggregates. IEF (Figure 6.5) and
DLS (Figure 6.10) data indicate that the proteins BHb and EMb form aggregates under
the conditions of the experiment. A single modal size distribution was obtained upon
filtering the protein solutions through a 100-nm cutoff membrane. Filtered and
unfiltered protein solutions yielded similar optical responses from the pSiO, films,
indicating that the nanostructure is rejecting these larger aggregates while still admitting
the individual proteins of interest. The ability of pSiO, to act as a size-selective sensor

has been reported previously.”® '"!

In the present case, the pSiO, film yields more
distinguishable p/ value than the IEF experiment. In addition, the sampling and
detection volumes in the present system occupy the same, very small (5 nL) physical
space; thus the approach requires significantly smaller sample volumes and analyte
quantities. The optical method reported here is complementary to traditional isoelectric

focusing as a means of quantifying pl/, and it provides real-time, nanostructure-

dependent diffusional data that are not accessible by other means.
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Analytical Chemistry, manuscript in preparation. The author of this dissertation is the

primary author of this manuscript.
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7 Electric Field Assisted Protein Transport, Capture and
Interferometric Sensing in Carbonized Porous Silicon

Films

7.1 Abstract

The fidelity of detection in a biosensor is limited by the ability of the device to
identify small quantities of analyte in the presence of much larger quantities of
interfering molecules. Analyte separation or preconcentration are key aspects of the
analysis, and the drive to decrease sample volumes and increase throughput, which has
led to chip-based microanalysis systems that combine both separation and sensing
components within a volume of a few cubic micrometers. Electric fields, applied via
external electrodes or photogenerated in a semiconducting matrix**®, are often used to
induce biomolecular separations in these systems. For example, electroadsorption
phenomena provide a means to concentrate charged analytes on electrode surfaces, and
electrophoresis induces field-driven migration of charged species. Here we describe an
electrically addressable optical biosensor that allows simultaneous separation, capture,
and detection of proteins within the same ultrasmall physical volume (5 nL). The
approach uses a high surface area, highly porous optical electrode based on a
carbonized porous Si Fabry-Perot film. An applied negative electric potential induces
concentration of the positively charged test protein, lysozyme within the porous
nanostructure to a level ~ 9600 times the free solution concentration. Diffusion and
adsorption of protein within the 40nm diameter pores is monitored in real time by

optical interferometry, providing a means to identify the protein based on its
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characteristic charge/size/diffusion characteristics. The captured protein can be held for
several hours, and it is released when the sensory electrode is returned to zero bias. The
released protein retains its enzymatic activity, and the optical electrode can undergo

multiple adsorption/desorption cycles.

7.2 Introduction

Since the first experiments demonstrating single-molecule transport in a
nanopore constructed from the natural membrane protein, a-haemolysin,”® many

3,27,49

. . .3 . . .. 207
artificial polymeric’, inorganic , and composite™ ' nanoscale porous structures have

been developed. The constricted environment in a nanopore has a substantial influence

51, 208 27, 209

on molecular transport that can be harnessed for biosensing , filtration ,
nanofluidic’, and other applications. A common means to induce diffusion or migration
of biomolecules is to apply an electric field, and this has been used to enhance the rate
and selectivity of ionic transport through nanotube membranes'”. Because of the high
voltages needed to produce electrophoretic transport (typically greater than 1KV
applied voltage is needed to achieve field strength in the range of 100 V/em to 500
V/cm), the electrodes in these experiments are usually far removed from the separation
matrix to avoid excessive heating or degradation.

Charged molecules can also be moved with much smaller voltages.
Electroadsorption involves the adsorption of ionized species onto an electrode surface
upon application of small potentials (typically < 1V) *'® ', The distance traveled by
the ions is relatively small (few nm), and the quantity of material that can be moved is

also small, usually corresponding to less than a monolayer on the electrode surface *'°.
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Nevertheless, in solutions containing low analyte concentrations, electroadsorption can

yield dramatic increases in sensitivity, especially when coupled to an immunological

212 213

, electrochemical, or elipsometric assay. Photoinduced -electroadsorption,
involving illuminated semiconducting electrodes, has been used to separate proteins

with high selectivity 2"

. In the present work, a modified porous Si (pSi) layer is used as
the electroadsorptive substrate. The high surface area of this three-dimensional material
provides a means to capture and concentrate significant quantities of protein.

Furthermore, if the pSi matrix is prepared as a conductive but semitransparent thin film,

the optical response provides a means to detect and identify the biomolecule.

7.3 Experimental Methods

7.3.1 Materials

Aqueous HF (48%) and ethanol (99.9%) were supplied by EMD and Gold
Shield Chemical Company, respectively. Porous Si samples were prepared from highly
doped p-type Si with resistivity ranging from 0.0008-0.001 Q-cm (polished on the (100)
face, boron doped, from Siltronix Corp). Chicken lysozyme (Lys, 14 kDa) was
obtained from Sigma-Aldrich, Cat. No. L6876. The protein was used as-received
without further purification. 5SmM buffer solutions were prepared by mixing ultrapure
(18 MW) water with monobasic sodium phosphate (Fisher Scientific, Cat. No. S369-
500). The pH was adjusted by addition of small quantities of aqueous HCI or NaOH.
The ionic strength of the prepared buffer solutions ranged from 0.001 to 0.15 M.

Lysozyme activity assay and bicinchoninic acid assay kits were received from
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Invitrogen, Cat. No. E33013 and Thermo Scientific, Cat. No. 23235, respectively.

Protein assay kits were used as-received.

7.3.2 Poros Silicon Preparation and Charaterization

Porous Si samples were anodically etched in a 3:1 solution of aqueous 48%
HF:ethanol. Si chips with an exposed area of 1.2 cm” were contacted on the back side
with a strip of aluminum foil and mounted in a Teflon etch cell. Samples were then
electrochemically etched in a two-electrode configuration using a platinum mesh
counter electrode. Single-layer samples were prepared by application of a current
density of 467 mA/cm” for 48 s. Samples were rinsed three times with ethanol and then
dried with nitrogen gas. Porosity was characterized using the nondestructive

spectroscopic liquid infiltration method (SLIM) as described previously'*.

7.3.3 Thermal Carbonization
Porous Si samples were thermally carbonized in a tube furnace (Lindberg/Blue
M) at 450 °C for 30 min with a constant flow of acetylene and nitrogen gas at a flow

rate of 1 L/min and allowed to cool to room temperature in a nitrogen atmosphere.

7.3.4 Interferometric Reflectance Spectra Collection and Data Processing
Reflectance spectra were recorded with an Ocean Optics USB-4000 CCD
spectrometer coupled to a bifurcated fiber optic cable. A tungsten halogen light source

was used to illuminate the surface of the sample via one arm of the bifurcated fiber.
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Both the spectral acquisition and light illumination were performed along an axis
normal to the surface of the pSi sample. The optical thickness quantity nL (where n =
average refractive index and L = sample thickness in nm), was obtained from the Fast

Fourier Transform (FFT) of the acquired reflectance spectrum as previously

o215
described”"".

7.3.5 Time-Resolved Biosensing Experiments

Buffer solutions with ionic strength ranging from 0.007 to 0.15 M, and pH
values of 6.7, were used in the experiments to study the effect of ionic strength on
protein loading. In the experiments to quantify loading and concentration efficiency as a
function of applied bias and bulk solution protein concentration, buffer solutions (pH
6.7) with ionic strength of 0.007 M was used. Optical data were acquired using a
custom-designed flow cell system fitted with a platinum electrode and an optically
transparent window to facilitate acquisition of reflectance spectra. The counter
electrode was a loop of platinum wire, and the carbonized pSi working electrode was
contacted on the backside with a strip of aluminum foil. In a typical experiment,
spectra were acquired every 10s and an initial baseline was established in pure buffer
solution (flow rate ~ImL/min). A solution containing SmL of the protein of interest,
dissolved in the identical buffer, was then introduced to the flow cell (flow rate
~1mL/min) and spectral data were acquired until equilibrium was established. The
buffer solution was circulated in a closed loop during data acquisition (total solution

volume = 5 mL).
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7.3.6 Lysozyme Activity Study

Three lysozyme solution samples were assayed: (1) buffered solution (pH = 6.7)
containing as-received lysozyme, (2) similarly buffered solution containing lysozyme
that had been circulated in the flow cell containing a carbonized pSi film held at an
applied bias of OV relative to the Pt counter electrode, and (3) buffered solution
containing lysozyme that had been circulated in the flow cell containing a carbonized
pSi film held at an applied bias of -2.75 V relative to the Pt counter electrode. After
120 min, the applied bias was changed to 0 V and the solution allowed to circulate for
an additional 60 min to ensure equilibration of the released lysozyme. The solutions
were collected from the flow cell and incubated at 37 °C with the lysozyme assay
reagents. Fluorescence was measured on a microplate reader using excitation/emission

wavelengths of 485/530 nm at five different time points (30, 60, 90, 120, and 150 min).

7.4 Results and Discussion
7.4.1 Optical and Physical Characteristics of Carbonized Porous Silicon
Sensors
Prepared by the controlled electrochemical etch of single crystal Si, porous Si
films can be designed with pore sizes ranging from 1 to several hundred nm, allowing
size-selective filtration®” or separation'’' of a wide range of molecular species. In the
present work, a 9.8um thick pSi film with nominal pore diameters of 40nm was

prepared (Figure 7.1). The pores are parallel to each other and propagate in the <100>
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direction, orthogonal to the face of the Si substrate. The chemical stability of as-formed
pSi films is poor, and most biosensor applications of pSi films require thermal oxidation
of the matrix prior to use *'®. Silicon oxide is an electrical insulator that was not suitable
for the electroadsorption experiments. Instead, a conductive carbon coating was applied
to the pSi surface using the thermal carbonization route developed by Salonen *'.
Synthesized by high-temperature decomposition of acetylene gas on as-formed pSi, this
surface has been shown to be stable in aqueous media and amenable to optical biosensor
applications *'®. In the present case, the carbonization reaction generated a partially
transparent, slightly hydrophobic surface (contact angle ca 90°) that was readily
infiltrated by aqueous solutions.

The pore dimensions in the pSi samples were smaller than optical wavelengths,
and so the thin films displayed Fabry-Pérot optical interference fringes in the white light
reflectance spectrum (Figure 7.1c). This interference spectrum provided a means to
perform label-free detection of biomolecules that entered the film, based on
characteristic changes in the refractive index of the porous medium **'”°. The observed
interference spectrum is determined by the average refractive index, n, and the physical

3

thickness, L, of the pSi sample via the Fabry-Pérot relationship '**. The value nL was

199 For the

determined from the Fourier transform of the spectrum (Figure 7.1d)
biosensing experiments, changes in nL corresponding to entry or exit of protein from

the pSi layer were recorded in real time using a fast CCD-based spectrometer.
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Figure 7.1 Physical and optical characteristic of carbonized porous silicon (pSi-C)
films. a-b, Representative top (plan) view (a) and cross sectional view (b), images of a
porous Si sample obtained prior to carbonization. Sample thickness is 9.8 mm, with a
porosity of 73 % and average pore diameter 40 nm. ¢, Reflected light spectrum of pSi-C
sample immersed in pH 6.7 buffer, showing the characteristic Fabry-Pérot interference
fringes. The sample is illuminated with focused white light, and reflected light is
collected through the same lens positioned along an axis normal to the sensor surface
and then transmitted to a CCD spectrometer. d, Fourier-transform of the spectrum in
(c) yields a single peak whose position along the x-axis is equal to the value 2nL
(product of average refractive index and thickness of the film.
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7.4.2 Field Assisted Protein Adsorption and Capture

Lysozyme (14 kDa, isoelectric point ~ pH 11°'%) was selected as a test protein
for this study. At pH=6.7, lysozyme exhibits a net positive charge. When the
carbonized pSi film was held at a negative potential relative to a Pt counter electrode in
the presence of aqueous lysozyme at pH=6.7, the optical response of the pSi film
indicated significant accumulation of protein within the pSi matrix. The potential-

dependent response is reported in Figure 7.2 in terms of the percent change in nL,

L .., —nL

t,AV t=0,AV=0 % 100 (71)

nL,_gav-o

Y%AnL = "

where nL; Ay is measured at a given time ¢ and applied bias AV; nL,=par=¢ is the value of
nL measured from the sample in pure buffer solution at a time immediately prior to
introduction of protein (¢ = 0) and at an applied bias (AV) of 0 V relative to the Pt
counter electrode. At a bias of 0 V in pure pH 6.7 buffer, a small, steady decrease in the
baseline value of % AnL was observed, indicative of slow oxidation and dissolution of
the carbonized pSi matrix. Lysozyme (10 mg/mL) was introduced to the flowing buffer
solution after 30 min, which resulted in an instantaneous increase in the value of % AnL
as protein infiltrated the pSi matrix. After a steady-state value was reached, the
negative bias on the pSi sample was increased in a series of discrete steps, from -0.5 to -
2.75 V. Bias was maintained at a given value for 10 min, after which the bias was
returned to 0 for 20 min. An increase in the value of % AnL was observed that was
roughly proportional to the applied negative bias with a slope ~ - 0.19 (Figure 7.3) and
the value returned to the baseline when the bias was set back to 0 V. Control

experiments using buffer solution that contained no protein (Figure 7.2, lower trace) or
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an anionic protein (bovine serum albumin, BSA) displayed minimal response. The
results are consistent with a voltage dependent protein adsorption/desorption process:
adsorption of protein to the pore walls of the electroactive pSi matrix depletes the
solution within the pores of protein, setting up a concentration gradient. Infiltration of
additional protein from the bulk solution then generates the observed increases in the
value of % AnL.

The total quantity of protein adsorbed on the pSi electrode increased with more
negative values of AV. A concentration factor (CF), defined as the ratio of the mass of
protein in the pSi film per unit volume to the mass of free protein remaining in the bulk
solution per unit volume eqn.. (7.2) was determined from the measured equilibrium nL

values for various values of the bulk solution concentration of lysozyme.

l
o _ Losoyme],,., 72)
[lysozyme]

solution
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Figure 7.2 Voltage dependent adsorption and infiltration of lysozyme, measured by
optical interferometry on a cabonized pSi film. a, Percentage change in optical
thickness as a function of time. The pSi film was immersed in pH 6.7 buffer. The top
trace represents the optical response of the sensor after introduction of 10 mg/mL
lysozyme at time t = 0, the bias values (A}) applied, relative to a Pt counter electrode,
are indicated. Bottom trace represents the control experiment in pure buffer, without
added lysozyme. b, Concentration factors representing the amount of lysozyme loaded
into the pSi film relative to the bulk solution concentration, calculated from eq. 3, as a
function of bulk solution concentration of lysozyme. Data for two values of AV are
shown. Lysozyme loading values calculated from the optical data, assuming protein
density of 1.36 g/mL (reference 229y and refractive index of 1.55(reference *')



1.3

121
1.1}

% AnL

091L
081

0.7

Figure 7.3 Percent AnL as a function of voltage.

25 2 15 -1 05
Voltage (V)

0

% AnL

1.3
1.2
1.1

0.9
0.8
0.7

155

-2.8

—2I.4 2 —ll.6 -1.2
Voltage (V)

Sensor response to discrete voltage
steps, from -0.5 to -2.75 V, preloaded with 10mg/mL lysozyme. a. An increase in %
AnL that is roughly proportional to the applied negative bias with a slope ~ - 0.19. b.
Without -0.5 V, shows a more linear relationship between negative bias and sensor
response with slope ~ -0.33 and R*~0.99.
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7.4.3 Concentration Dependent Transport

The protein displays time dependent transport within the carbonized pSi matrix
that is sensitive to concentration and applied voltage. At zero applied bias, the sensor
required ~10 min to reach a steady-state value when the concentration of lysozyme
introduced was 10 mg/mL, and ~2.5 h when the concentration of lysozyme was 0.1
mg/mL (Figure 7.4a). The interfacial capacitance of the device was measured to be 8
uF/cm?; the time constant or a 0.5 V (non-Faradaic) voltage step was ~ 0.4 sec (Figure
7.5). In order to compare characteristic timescales, the percent change in nL relative to

the steady state values was defined as

L, —nL
WAnL,, = sy = M=0av=0_y 100, (7.3)

NL,_ay =1L, _gav-o

where nL;ay and nL,—gay-¢ are as defined above and nL;- ay 1s the equilibrium value of
nL measured in the presence of lysozyme and with applied bias AV. Application of a
bias of AV’ =-2.75 V to a chip that had equilibrated with 0.1 mg/mL of lysozyme at AV
= 0 resulted in a doubling of the quantity of protein in the porous matrix (Figure 7.4a).
When AV was returned to a value of 0, lysozyme diffused out of the matrix and the
sensor returned to the original equilibrated (A} = 0) value. The temporal response of
the film under negative bias was highly dependent on protein concentration (Figure
7.4b). For a given value of AV, the approach to equilibrium after introduction of
lysozyme was slower at lower concentrations of the protein. These observations are in
accordance with Fick’s second law, which describes the time-dependent mass transfer

195

of molecules in a concentration gradient . The approach to equilibrium was faster the

more negative the applied bias (Figure 7.4c).
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The concentration factor increases with negative applied bias and with lower
concentrations of lysozyme in the bulk solution (Figure 7.2b). For bulk solution
concentrations of 25 pg/mL (the lowest concentration studied), lysozyme was not
detectable at zero applied bias. However, with an applied bias of AV = -2.75 V,
significant accumulation of protein was observed; the optical data indicated that 91
mg/mL of lysozyme accumulated in the pSi film, which reduced the total bulk solution
concentration of lysozyme to 9 pg/mL, or a concentration factor of 9600. These protein
concentration values were verified using a standard protein assay (micro BCA); the pSi
film was digested in aqueous NaOH (1M) overnight, the supernatant was neutralized
with aqueous HCI (1M) and subjected to the assay. The assay yielded a protein
concentration in the pSi film of 86 mg/mL, in good agreement with the optical
measurements. Whereas the total quantity of protein admitted into the pSi film scaled
with the bulk solution concentration, the concentration factor increased with decreasing
protein concentration in the bulk solution, such that the greatest degree of partitioning
into the pSi film occurred at the lowest values of bulk solution concentration (Figure

7.2b).
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Figure 7.4 Temporal optical responses of carbonized pSi sensors upon application of
bias in the presence of lysozyme. a, Optical response, % AnL,;, as a function of time.
Lysozyme (100 pg/mL) was introduced at time ¢ = 0s. At ¢ = 140 min, AV was switched
from 0 to -2.75 V. At ¢ =280 min, AV was switched back to 0. b, Expanded view of %
AnL,,; vs time, showing the temporal response of the film upon application of a step in
applied bias in the presence of the indicated concentrations of lysozyme. For each
trace, AV was switched from 0 to -2.75 V at time t = 0. ¢, Comparison of % AnL,.; vs
time profiles for addition of 100 pg/mL lysozyme to the carbonized pSi chip, held at AV
values of 0 and -2.75 V as indicated.
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Figure 7.5 Current transient (/ vs ) resulting from a -0.5 V non-Faradaic potential step.
a, Current transient after application of a -0.5 V step to the pSi film. The electrolyte
contained buffer at an ionic strength of 0.007 M. b, Natural logarithm of the current vs
time trace, used to calculate interfacial (double layer) capacitance, Cq4 (based on 1 =
R, *Cy, reference *'%). Based on three replicate -0.5 V steps, the average time constant, T
was 4220 ms, the resistance of the cell was 42 kQ/cmz, and interfacial capacitance was 8
puF/cm”.
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7.4.4 Eletroadsorption

A characteristic of electroadsorption is that the magnitude and sign of the charge
on the ion exerts a strong influence on the extent of adsorption *''; in the present case
this is manifested in the magnitude of % AnL. Control experiments using bovine serum
albumin (BSA) yielded no significant response in % AnL when the value of AV was
switched between 0 and -2.75 V. BSA carries a net negative charge at pH 6.7, and so
the data are consistent with an electroadsorption phenomenon driving protein diffusion
into the pores. BSA would be expected to adsorb to a pSi electrode held at a positive
bias. However, the pSi samples exhibited significant corrosion at values of AV > 0, and
although evidence of electroadsorption of BSA is expected at positive bias values, the

instability of the pSi electrode precluded quantification.

7.4.5 Ionic Strength Effect

The ionic strength of the electrolyte exerted only a minor effect on
electroadsorption. The equilibrium quantity of lysozyme adsorbed at the pSi electrode
increased slightly upon increasing the ionic strength (Table 7.1), and the rate at which it
achieved equilibrium (at pH 6.7) was unaffected for electrolyte concentrations in the
range 0.007-0.15 M (Figure 7.6). Thus the mechanism of transport of protein in the
electrified pSi matrix can be attributed to diffusion along a concentration gradient that is
driven by electroadsorption of protein within the electrical double layer, rather than

electrical field-driven ion migration such as that observed in electrophoresis.
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Table 7.1 Dependence of lysozyme concentration factor on ionic strength.”

=50 mM [=100 mM [=150 mM
CF,AV=0V 69 82 100
CF,AV=-275V 110 130 140

" Concentration factor CF, as defined in eq. 3 in the text. Ionic strength (I) corresponds
to total electrolyte concentration in the solution. Free lysozyme concentration (in
solution) was 1 mg/mL .
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Figure 7.6 Temporal responses of optical pSi-C sensors to lysozyme with applied bias
as a function of ionic strength. a, b, Optical response of a pSi-C sample after
introduction of 1 mg/mL lysozyme at time ¢ = 0 with an applied bias of -2.75 V at time
~ 60 min. At time ~ 120 min, bias was returned to 0 V, resulting in a decrease in the
optical response. For both experiments, initial baseline was achieved in pH 6.7 buffer
with ionic strength = 0.05 M (a) or 0.150 M (b). ¢, temporal response of the film with
an applied bias AV = -2.75 for the indicated values of ionic strength. For this
experiment, the bias AV’ =-2.75 V was applied at time ¢t = 0. The y-axis label, % AnL,.,
is as defined in Eqn. 7.3 in the text.
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7.4.6 Activity of Captured Protein

An important requirement of many bioassay or drug delivery applications is that
the collection, concentration, and immobilization processes not denature or otherwise
deactivate the biomolecule of interest. While it has been demonstrated that porous Si
matrices can release antibodies *** enzymes '/ %, or other biomolecules **° in their
active form, some compositions of porous Si are known to undergo irreversible

18, 231, 232
» 7> 27 In the present case, the

chemical reactions with drugs or other molecules
enzymatic activity of lysozyme provides a functional assay of the compatibility of the
carbonized pSi opto-electrochemical device with sensitive proteins. The activity of
lysozyme collected in and then released from the electrified pSi matrix (AV = -2.75 V)
was compared to the activity of as-received lysozyme and lysozyme exposed to the pSi
matrix at AV = 0 V. Activity was quantified using a standard fluorescence-based
lysozyme assay using Micrococcus lysodeikticus cells labeled with fluorescein (Figure
7.7). The activity of lysozyme was compared with a control that had not been exposed
to the pSi-C film and voltage. () shows the detected lysozyme activity after incubation
with the substrate for 30 min. Concentration of total collected lysozyme was detemined
using a BCA assay prior to lysozyme activity experiments. Pearson correlation
coefficient between the control and the sample released from the pSi device is ~ 99 %.

In comparison to the control, lysozyme retained ~ 81% of its activity after voltage-

induced loading and release of the protein from the pSi opto-electrochemical device.
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Figure 7.7 Determination of lysozyme activity after interaction with pSi opto-
electrochemical device. Lysozyme activity was measured by incubating lysozyme with
Micrococcus lysodeikticus cell walls labeled with fluorescein. Fluoresence is quenched
in the cell wall, and the action of active lysozyme disrupts the cell walls and releases
fluorescein into solution, where its fluorescence recovers. Fluorescence is thus
proportional to lysozyme activity. Here, the fluorescence was measured after 30 min of
incubation with the lysozyme solution samples. Three different samples are compared:
control (as-received), lysozyme that had been exposed to the carbonized porous silicon
sample at AV’ =0V, and lysozyme that had been loaded into pSi at an applied bias of AV
= -2.75 V for 120 min and then released into free solution. Concentration of lysozyme
(x-axis) determined independently by BCA assay. Lysozyme retains ~ 81 % activity
after the experiment.
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7.5 Conclusions

A unique aspect of the present work is that it demonstrates the first example of a
porous interferometric biosensor that utilizes electroadsorption for analyte capture.
Whereas electroadsorption is a well-established means to concentrate analytes

(including biologicals) on electrode surfaces 2'" 2323

, application of the method to
label-free optical biosensing has been limited by a lack of transparent porous conductors
that are stable in relevant aqueous media. The system demonstrated here was not
applicable to negatively charged molecules due to a lack of stability of the carbonized
pSi sensor under positive bias conditions, although this is not a fundamental limitation

236-239

of the carbon electrode , and more stable carbonization chemistries for porous Si

have recently emerged *** that may be applicable to voltage dependent diffusion and
adsorption experiments. A significant advantage of carbonaceous surfaces is their

241-245

compatibility with biological systems , which is manifested in the present case in

the observed retention of the functional activity of the protein lysozyme.
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Chapter seven, in part or in full, is a reprint (with co-author permission) of the
material as it appears in the following publication: Chen, M. Y.; Klunk, M.; Diep, V.;
Sailor, M.J., Electric Field Assisted Protein Transport, Capture, and Interferometric

Sensing in Carbonized Porous Silicon Films. Advanced Materials, accepted.  The

author of this dissertation 1is the primary author of this manuscript.
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