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ABSTRACT OF THE DISSERTATION

Amplified Detection of Protease Activity using Poro us Silicon

Nanostructures

by
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Doctor of Philosophy in Chemistry
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Professor Michael J. Sailor, Chair

This dissertation will focus on harnessing the optical properties of porous

silicon to sense protease activity. Electrochemical etching of polished silicon

wafers produces porous silicon with unique optical properties such as Fabry-

Perot fringes or a dielectric mirror reflecting specific wavelengths. Porous silicon
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optical transducers are coupled to a biochemical reaction (protease activity) and
optically measured in a label-free manner.

The first chapter is an introductory chapter discussing the current methods
of detecting protease activity. Also discussed is the use of porous silicon for
label-free sensing.

The second chapter discusses the use of thin protein layers that are spin
coated on the surface of a porous silicon film and excluded from the porous
matrix based on size. When active proteases are introduced to the protein layer,
small peptide fragments are generated, causing a change in refractive index from
low to high. This can be used as a tool to monitor protease activity and amplify
the signal to the naked eye.

To extend on the second chapter, a double layered porous silicon film with
the first layer have large pores and the second layer etched below having small
pores was used for sensing protease activity. Proteases are adsorbed into the
first layer and introduction of whole protein substrate produces small peptide
fragments that can enter the second layer (changing the effective optical
thickness).

The fourth chapter describes a method of using luminescent transducers
coupled to protein films. An “on-off” sensor using protein coated luminescent
porous silicon was used to detect a decrease in the intensity of luminescence
due to degradation of the protein film. An “off-on” sensor involved a fluorescent

dye housed in the porous film and capped with a protein coating. The release of

XVii



the dye is caused by the action of a protease causing an increase in fluorescent

intensity from the dye.
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1 Introduction to Detection of Protease Activity



1.1 Introduction

Proteases have gained much interest in the past 15 years because of their
vital role in regulation of gene transcription 2, cell metastasis® , and virulence
factors®. Proteases were initially thought of as nonspecific degradative enzymes
that were only associated with protein catabolism. Proteolysis is now being
recognized as a key player in biological processing in all living organisms. This
process achieves precise cellular control through specific cleavage of a peptide
bond. Activation of substrates through hydrolysis affords activation of cellular
pathways. For many years, scientists used colorimetric methods to study the
cleavage of peptide bonds and the kinetics involved. The scientific community
was limited by the sensitivity of the Folin-Ciocalteu regent until the use of
fluorescent dyes conjugated to synthetic substrates. The inherent sensitivity of
fluorescent dye substrates allowed for quantification of protease activity at small
protease concentrations. In general, there are two main methods used for
guantifying protease activity: Spectrophotometry and Fluorometry. A new
approach for quantification uses nano-porous silicon films to monitor mass
changes of the substrate due to peptide bond cleavage. Much of the thesis work
presented here uses changes in refractive index of porous silicon films to monitor
substrate cleavage. This chapter describes various assays for protease activity

as well as details the method used in each assay.



1.2 Spectrophotometry

UV-visible spectroscopy is the study of interactions between photons and
matter in the UV-visible region®.A spectrometer works by measuring the intensity
of light passing through a sample (1), and compares it to the intensity of light
before it passes through the sample (l,). This ratio (I/l,) is the amount of energy
that is transmitted (%T). The absorbance (A) is the —log (%T). Molecules absorb
photons from a light source and this allows an electronic transition of an electron
from an orbital in the ground state to an unoccupied orbital. Highest Occupied
Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) are
two important orbitals for absorption and fluorescence spectroscopy. HOMO and
LUMO are the ground states of molecules and they require the least amount of
energy in order to excite an electron (HOMO) to an anti-bonding orbital (LUMO).
Various transitions involving = bond, ¢ bond, and non- bonding orbitals can also
take place at different energy requirements. Some absorption transitions are not
allowed because they require a conversion of spin. Singlet-triplet and triplet-
singlet are not allowed but an excited singlet state (S;) can undergo intersystem
crossing to an excited triplet state (T;). Forbidden transitions can also be caused
by the symmetry of a molecule. Radiative and non-radiative transitions between
electronic states are represented in Figure 1.1. These processes are further
discussed in Section 1.3.

In the case of protease activity, spectrophotoscopic methods rely on the



differences in molar absorptivity between substrates and products. Proteins
contain aromatic amino acids that can undergo electronic transitions. This is a
useful means of quantifying the amount of protein in a sample. Beer’s law
correlates the molar absorptivity with the concentration of the sample. Crude
extracts and the enzymes themselves absorb in the UV range and quantification
of the products becomes difficult. It is thus desirable to have products absorb in
the visible region. Chromogenic chemicals allow protein substrates to be
assayed colormetrically by enhancing the absorption in the visible range. These
substrates minimize the signal due to impurities and employ similar work-up
techniques as regular protein substrates. Section 1.4 explains the different types

of protease assay that use spectrophotometry methods.

1.3 Fluorescence Spectroscopy

In fluorescence spectroscopy, the species are first excited, by absorbing a
photon of light, from its ground electronic state (Sp) to one of the various
vibrational states in the excited electronic state. Collisions with other molecules
cause the excited molecule to lose vibrational energy until it reaches the lowest
vibrational state of the excited electronic state (S1)°. A photon is emitted at a
lower energy as the excited molecule radiatively transitions from S; to So.
Although photon absorption is just as fast as photon emission, the excited
molecules stay in the S; state for a few pico to nano seconds before emitting a
photon or undergo de-excitation processes such as intersystem crossing or

internal conversion. The photon emission is measured by a fluorometer and



usually expressed as wavelength. It is often the case that vibrational levels are
similar in ground and excited states and the fluorescence spectrum mirror the
absorption spectrum. The gap between the first absorption maximum and the
fluorescence maximum is the Stoke shift. Depending on how large the Stoke shift
is, distinguishing between excitation and emission can become difficult.
Intersystem crossing allows excited states (S;) to non-radiatively transition to an
energetic vibrational level of a triplet state (T,). Vibrational relaxation of the T,
state brings it to the lowest vibrational state (T,). This crossing is forbidden if the
states have different spin multiplicities. T, can radiatively emit a photon to a Sy
but this rate is slower than S; relaxation because of spin conversion. This type of
emission is called phosphorescence. Typically, T; excited state undergoes de-
excitation non-radiatively by intersystem crossing (delayed fluorescence) and
vibrational relaxation in So.

Often times the excited states of molecules can interact with each other
and cause the transfer of energy. Forster energy transfer (sometime referred to
as fluorescence resonance energy transfer or FRET) has a donor in an excited
state (S;) and emits the energy radiatively. This emission excites an acceptor
from a ground state Sy to S;. Energy transfer of this type works through
coulombic interactions of dipoles of molecules and do not require molecules to
be within a close distance (Forster radius). The dipole of the excited state
induces a dipole on a neighbor molecule and causes the energy transfer. Forster
transfer could be used to harvest the excited states from non-efficient emitters to

efficient-emitters. Most quencher systems use the Forster energy transfer



process by measuring the efficiency in the energy transfer between two proximal
fluorophores (donor and acceptor). In a good quencher system, there must be
good spectral over lap between the donors fluorescence with the acceptors
absorbance. Commercial protease activity assays tend to use this system
because of its inherent sensitivity. Dexter energy transfer allows an excited donor
to transfer the energy to an acceptor in the ground state. In order for this to
happen, the energy levels of the donor and acceptor should be about the same
and there must be some intermolecular overlap. This type of energy transfer can
harvest the triple energy of a donor and give it to an acceptor that is an efficient
emitter. Figure 1.2 explains these two processes. Section 1.4.4 and 1.7 describe

different protease assay that use fluorescence.

1.4 Protease Assays with Natural Substrates

Proteases are enzymes that activate protein/peptide substrate through
specific hydrolysis of a peptide bond®. The scissile site has recognition elements
that the protease recognizes for activation. Natural substrates are less likely to
perturb the activity of the protease because of this reason. Although the work-up
procedures are time consuming, the enzyme kinetics and peptide cleavage
reflect the true kinetic values as opposed to synthetic substrates. Various assays

with natural substrates will be described in the next subsections.

1.4.1 Protein Substrates



This general method uses natural protein substrates to be assayed.
Typically, the substrate must be suitable for the protease of interest (e.g.
collagen substrate for collagenase). Inexpensive, easily purified casein and
haemoglobin are protein substrates used in most protocols for quantification of
protease activity. The protein substrates are incubated with the protease and
peptides fragments are generated. These fragments are soluble in trichloroacetic
acid (TCA) and whole protein substrates precipitate out. The solution is spun
down and the absorbance of the supernatant is measured at 280nm (absorbance
of tyrosine, phenylalanine, and tryptophan residues). Although the substrates are
inexpensive, there are relatively long workup times, sensitivity is limited by
solubility of peptides generated, and sensitive UV spectrophotometers are
needed. Also, large peptide fragments might be insoluble in TCA and whole
protein could be soluble in TCA. This could make it difficult to detect protease

activity.

1.4.2 Chromogenic Substrates

An alternative to measuring the absorbance at 280nm is to modify whole
protein substrates with chromogenic chemicals. Proteins can be modified with
azo dyes and still allow the whole protein substrate to have scissile sites for
peptide bond cleavage’. These chemicals are good candidates because of their
n-delocalization of electrons that allows measurements in the visible range.
Because the measurements are taken at 440nm, protein contaminants found in

enzyme extracts do not affect the measurement. These substrates tend to



precipitate in TCA and provide a more accurate measure of protease activity.
Extensive workup protocols are still required and modification of the whole
protein substrates is need. These modifications could potentially affect the rate of
cleavage.

The Folin-Ciocalteu reagent used in Lowry assays has been a standard
means of quantification of protease activity®. It works by measuring the amount of
the substance being tested needed to inhibit the oxidation of the reagent. Copper
(I1) enhances color formation by chelation with the peptide backbone, thus
facilitating the transfer of electrons to the chromogens. These complexes react
with Folin-Ciocalteu reagent that is a mixture of phosphotungstic acid and
phosphomolybdic acid in phenol and this reagent is used for the colorimetric
analysis of phenolic and polyphenol antioxidants. The product becomes reduced
to molybdenum/tungsten blue and can be detected by absorbance at 750 nm.
The main drawback to using Folin-Ciocalteu reagent is that it will react with any
reducing substance in the sample. The reagent therefore measures the total
reducing capacity of a sample, not just the level of phenolic compounds. This
becomes an issue for samples contaminated with some nitrogen-containing

compounds such as hydroxylamine and guanidine and other reducing reagents.

1.4.3 Colorimetric Assays

The previous hurtles of precipitating proteins for measurements was
solved by using Coomassie dyes®. These dyes bind to whole protein substrates

though charge interactions with amino acids. It is assumed that small peptide



fragments do not bind to the dye because there are less amino acids that can
interaction with the dye. The generation of peptide fragments causes a decrease
in the dye absorbance at 595nm. This dye exists in the different ionic states with
different absorption maximums: anion form (blue), neutral form (green), and
cation form (red). Protein tends to exclusively bind to the anionic form and this
causes a blue shift in the absorbance spectrum. This assay simplified the work-
up protocol and could be used with low cost colorimeters. The major drawbacks
to this system are that large/small peptides cannot be detected because the dye
will not bind to the peptides. A majority of proteases cleave just single peptide
bonds for the activation of substrates. An example of this is the polypeptide
amyloid precursor protein that, upon single cleavage, makes amyloid beta found
in the brain plaques of Alzheimer's disease patients'®. The detector and the range

of concentration the substrates are assayed limit sensitivity of this system.

1.4.4 Fluorescent Protein Substrates

Most of the systems described prior lack sensitivity needed for protease
assays. A fluorescent molecule can afford sensitivity just by excitation with single
photons from light. Fluorescent dyes such as fluorescein isothiocyanate (FITC) is
a good label for proteins because it is highly fluorescent and reacts with free
amino groups to yield a fluorescent protein derivative'. Modification of the
protein still allows the substrate to be soluble in most cases. This substrate is
incubated with the protease of interest, precipitated with TCA, and the

supernatant is assayed with a fluorometer. Although this assay affords sensitivity,
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supernatant volumes need to be carefully measured in order to minimize the
amount of background fluorescence. Protein modification with these dyes can
affect the rate of peptide cleavage by inhibiting certain scissile recognition sites.
Light scattering from the sample and quenching effects are also concerns in
these assays. These fluorescent dyes suffer from small stokes shifts, pH
sensitive, and photo bleaching of these dyes are inherent. The pH problems and
the high background were solved with a new class of dyes (BOPIDY)*. These
dyes have less ionizable groups so they are less affected by pH changes.
Quenching of the dye by the whole protein substrates allows for a low
fluorescence background. They also have narrow emission bandwidths and high
guantum yields. One major drawback is that quenching of the dye does not occur
with large/small peptides and this makes it impossible to detect protease activity

with a high background.

1.5 Protease Assays with Synthetic Substrates

Many commercial protease substrates are synthetic because the
manufacturing these substrates is relatively simple and scissile recognition sites
can be modified for each specific protease. Easy attachment of highly fluorescent
dyes to synthetic substrates makes them desirable for assay and readout.

Different synthetic substrates assays will be described in Sections 1.6 and 1.7.

1.6 Spectrophotometric Assays

1.6.1 4-nitroaniline

4-nitroaniline is conjugated to an amino acid to mimic a peptide bond*®.
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When the peptide bond is cleaved, the 4-nitroaniline is released and the
absorbance at 400nm increases. Real-time measurements can be taken by
measuring the increase in absorbance at 400nm. 2-napthylamine works in a
similar fashion as 4-nitroaniline but absorbs at 340nm**. Some concerns with the
use of these substrates are that they are carcinogenic and they are insoluble in
most aqueous solutions. The indicator can block recognition elements of the
substrate and this could affect rate of proteolysis. Many nitroanilide substrates
will hydrolyze spontaneously in basic solutions, give false positives, and create

high background.

1.6.2 Amide and Ester Containing Substrates

Amino/endopeptidase substrates are usually amino acid amides, esters of
amino acids, and N-blocked amino acids. The hydrolysis of amide substrates can
be measured at 230nm as a decrease in absorbance. Large amounts of protein
substrate and enzyme are needed and this could cause high background. Ways
around this is to uses chemicals that react with free amines. Ninhydrin is a
chemical used to detect ammonia or primary/secondary amines in solution™.
When the protein substrate is cleaved, amides are released and react with the
ninhydrin. A reading is taken at 570nm and a standard curve with -Leu is used
to determine the activity of the enzyme. Carboxypeptidase requires a free
carboxyl group for the cleavage of peptide bonds from the C-terminal end of the
peptide. These enzymes can also catalyze the cleavage of an ester bond. N-

dansylated peptides allow the COOH groups to be free for catalysis and the
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fluorescence measurements are taken after the cleavage'®. These substrates
suffer from false positives because the crude extracts might have esterase and

endopeptidases to facilitate the bond cleavage.

1.7 Fluorescence Assays

1.7.1 Fluorescent Dyes

A typical synthetic fluorescent substrate has a fluorescent molecule
flanking the peptide substrate with a quencher on the opposite end of the scissile
site. Cleavage of the peptide bond releases the fluorescent dye into the solution
and the fluorescence is measured. Conventional peptidase substrate consists of
a doubly blocked aminoacyl residue in which the acyl group is amine-bonded to a
group that yields a chromophore upon hydrolysis. Benzoyl, acetyl and succinyl
group are attached to the a-amino group of the peptide and they act as quencher
molecules. a-COOH groups are modified with a fluorescent substrate such as 7-
amin-4-methylcoumarin’. Other commercial dyes such as Cy3, Texas Red, and
Alexa488 give very bright fluorescence and are used in most synthetic substrate
protease activity assays. The drawbacks to using these substrates are that they
are pH sensitive, have narrow absorption bandwidths coupled to broad emission
spectra, some undergo photo/chemical degradation, and have small Stokes
shifts. Sometimes donor and acceptor have emission spectral overlap that can
complicate data analysis. Furthermore, direct acceptor excitation could occur if

the absorbance of the donor is similar to the acceptor.
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1.7.2 Quantum Dots

Quantum dots (Q dots) are semiconductors that can be tuned to emit at
various wavelengths. Unlike fluorescent molecules, Q dots have broad
absorbance bands that allow them to be excited over a large range®. This is
because semiconductors have bands of energy levels instead of distinct energy
levels. The ground state for semiconductors is the valance band (similar to
HOMO) and the excited ground state is the conduction band (similar to LUMO).
The emission of the Q dots is based on tuning the size. Increasing the size of the
Q dot lower the amount of quantum confinement and this increase the band gap
(the energy difference between the valance and conduction bands). This will blue
shift the emission spectrum. The spectrum can be red shifted by decreasing the
size of the Q dots. The ability to tune the wavelength of emission could be useful
for FRET based systems where the donor and acceptor emissions could overlap
and complicate the data analysis. Some concerns with Q dots are that synthesis
is complicated, molecules are larger than conventional dye, and they are toxic to

cells.

1.7.3 HPLC of Fluorescent Substrates

High performance liquid chromatography (HPLC) is a type of column
chromatography that is used to separate, identify, and quantify compounds™. It is
based on the interaction between the stationary phase and the mobile phase.
The amount of time the sample interacts with stationary phase is the retention

time. This time can be plotted versus the fluorescence of the product. 4-
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nitroanilide substrates are coupled to HPLC to get product separation and high
sensitivity. Several disadvantages to using HPLC: costly instrumentation for
analysis of products, long turn-around times, only single samples can be
measured at a time, and contamination of the column can yield low signal to

noise ratios.

1.8 Other Methods of Detecting Protease Activity

Some interesting methods for detecting protease activity are starting to
gain interest by scientist in this field. SDS-PolyAcrylamide Gel Electrophoresis
(SDS-PAGE) has been a powerful tool for separation of proteins based on their
electrophoretic mobility?®. After staining, the products will size separate into
bands on the gel. The products can then be extracted out of the bands and be
assayed further. This tool is useful if the size of the substrate is known. This can
be coupled to Matrix Assisted Laser Desorption lonization Mass Spectrometry
(MALDI-MS) to get a specific mass for the product?*. MALDI-MS uses an organic
matrix to harness the energy from the laser to ionize the sample. De-sorption of
the ionized sample is collect and measured by a mass detector. The read-out
gives mass signatures that correlate with a specific mass. This method allows for
the analysis of multiple samples with good reproducibility between samples.

A new fluorescent assay involves recombinant means to generate
polypeptides to Green Fluorescent Protein (GFP)?. The scissile site is N-terminal
to the GFP label and is expressed as a vector that contains histidine residues.

The expression of this modified gene yields a fluorescent substrate with a
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specific cleavage site of interest. This substrate is incubated with the protease
and metal beads are added to chelate the histidine residues. Un-reacted
substrate and chelated product are discarded and the supernatant’s fluorescence

is measured. Multiple samples can be analysis and the assay is very robust.

1.9 Optical Transducers

Optical transducers measure thickness and/or refractive index changes at
a liquid-solid interface of an analyte absorption layer in a label-free fashion. A
molecular recognition element (i.e. antibodies, oligonucleotides, sugars) is
usually coupled to the sensor surface through adsorption or chemical
attachment. Upon binding of target analyte to the recognition element, buffer
becomes displaced and the local index at that interface change to a higher index.
The differences in index of each analyte can be measured by this optical
transducer. This method can be useful for label-free sensing coupled to
specificity through specific molecular probes. This thesis work employs porous

silicon to exploit this method for detecting protease activity.

1.10 Sensing using Porous Silicon

All of the assays previously described use the interactions between
photons from light and matter. A relatively new method for studying protease
activity uses reflected light from materials. In particular, porous Si causes
interference of reflected light at normal incidence angle to the surface. This

reflection is governed by Bragg’s Law and the light interacting with porous Si.
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This interaction could be used as a transduction element for sensing. This
section describes the basic optical properties of porous silicon and how the
material is made. Subsequent sub-sections will explain how to harness these

properties for sensing.

1.10.1 Introduction to Porous Silicon

Porous Si was first discovered by Bell Laboratories as a failed attempt to
electrolytically shape and polish Si?3. Instead, they created intricate mesoporous
variation of silicon. The discovery of photoluminescence from porous Si
popularized the research in this field because of its potential use in electronic
displays®*. This discovery lead to a variety of applications ranging from
semiconductor processing technigues, microelectronic devices technologies, and
chemical and biological sensing. The ease of fabricating control pore size and
shapes makes porous Si an attractive material for further development of devices
and studies with this material.

Depending on the dopant used in Si wafers, electrochemical etching of Si
involves an appropriate electrolyte and possibly light to initiate etching.
Anodization of highly doped p-type Si etches pores at nucleated surfaces in the
z-direction of the silicon crystal lattice<100>. Polarization of the Si atoms at the
surface with an electrical current causes these atoms to be attacked by fluoride
ions in an electrolytic solution. This leads to the formation of SiFsand H; gas
evolution. The Si atoms are replaced with reactive silicon hydride and this allows

for further chemical attachments through conventional covalent chemistries.
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Herein, electrochemical etching was performed using 48% aqueous HF and
ethanol solution (3:1 HF/Ethanol). Although there is no specific mechanism
universally agreed upon, a general one is proposed in Figure 1.3 and

represented by the equation below (eq 1.1):

Si + 2h* + 6HF(aq)> SiFs” (aq) + H2 (g) + 4H'(aq) Eq. (1.1)

When porous Si is etched it leaves silicon hydride on the surface and
these hydrides are very reactive to environmental oxidation by oxygen and water.
Making the surface less reactive could be easily achieved through covalent
attachments of functional chemicals® or oxidation at high temperatures®® #’.
These treatments terminate the surface and cause the porous material to be
more resistant to environmental oxidation. Stability of the material is key to
making the transducing element robust for sensing applications. Control over the

physical and chemical features of porous Si allows this material to be used in a

variety of applications.

1.10.2  Optical Properties of Porous Silicon

There are two types of porous silicon structures used in this thesis work.
Each structure exhibits different optical properties that could be used as
transducing elements for sensing. The reflectivity spectrum can be
electrochemically tuned with either a constant current pulse or a sinusoidal

modulation of the current. When porous Si films are illuminated at normal angle
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incidence to the surface, an interference pattern is reflected and can be seen
with a charge couple device spectrometer. Using a constant current creates an
interference pattern known as Fabry-Perot interference?® (Figure 1.4). This
interference is governed by constructive and destructive interference of light
interacting with the porous Si/cSi and porous Si /air interfaces. Variation of the
current through sinusoidal modulation creates an interference pattern that
resonates a single reflection in the visible spectrum (Figurel.5). This type of
structure resembles a rugated structure that acts as a dielectric mirror. The
reflection of the peak can be easily tuned through prepared etching conditions.
Changes in the Fabry-Perot interference pattern can be used as a transducing
element for analytes infusing/diffusing out of the porous material. Fabry-Perot
interference is governed by the following equation®:
mA=2nL Eqg. (1.2)

For normal incidence, m is the spectral order of the fringe at wavelength A.
The refractive index, n, is a composite of the material (e.g. porous Si and air) and
L is the thickness of the film. The path length of the light traveled in and out of the
film is represented by the constant 2. The transducing element in this thesis work
is represented as the effective optical thickness (2nL). If an analyte enters
porous Si matrix, the refractive index of the composite changes and this causes a
spectral shift to either higher or lower wavelengths depending on the refractive
index of the analyte. 2nL is measured by making a Fast-Fourier transform (FFT)
on the reflected spectrum. The FFT gives a single peak that represents 2nL and

the position of the peak is monitored by changes in either n and/or L. A porous Si
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rugated film can directly measure the amount of analyte infusing/diffusing though
changes in refractive index of the composite. Further processing of the reflected
spectrum is not need because the sinusoidal etch makes the Fourier transform
already built into the nanostructure.

1.10.3 Chemical and Biological Sensing using Porous

Silicon

The two porous silicon nanostructures described above have been used in
a number of applications for chemical and biological sensing. In terms of
chemical sensing, a variety of chemical vapors can be sensed in a
nondestructive, label-free fashion. Early works with these types of sensors used
changes in refractive index of porous silicon composite with the replacement of
air with chemical vapor®® 3. The surface chemistries dictated the sensor
response and showed the importance of surface chemistry with the analyte of
interest.

Proof of concept papers detailing the use of porous Si as interferometers
provided a convenient methodology for biological sensing® 3. Tailoring the
surface with functional chemicals paved the way for highly specific and sensitive
biosensors®*. Pacholski’s work used double-layered porous Si structures for size
exclusion of large biomolecules®. Through prepared conditions, the size of the
pores can selectively exclude molecules based on size. These structures also
provide reference channels for suppression of background noise and changes in

matrix composition. Coupling antibodies to these surfaces adds extra specificity



20

needed for sensing in complex matrices®. The thesis work presented here trails
much of the previous work done with biological sensing and the optical properties

of porous Si will be exploited for use in detecting protease activity.

1.11 Summary

Spectrophotometry and fluorometry are two important tools used for the
analysis and quantification of protease activity. A different approach to
guantifying protease activity uses visible spectroscopy of reflected light from
porous Si. Much of the drawbacks in the previous assays were alleviated with the
use of porous Si interferometers. Harvesting the optical properties of porous Si
can provide a label-free, specific detection of proteases and relative substrates.
This thesis work will outline the various porous Si interferometers used for the

detection of protease activity.
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Figure 1.5 Rugate filter made from porous Si.  a. Scanning electron
microscope image of porous Si photonic crystals. This image was taken at 90°
angle to obtain a cross-sectional view. Bands of high and low density of silicon
represent the high and low current applied during the etch. b. Reflection from the
porous Si/cSi interface produces a single wavelength band with some Fabry-
Perot interference.
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2.1 Abstract

There is a need for rapid and fieldable assays that can detect protease
activity in samples because of their important roles in intra and intercellular
processes. Porous silicon is a promising material because it has been used in a
number of applications such as chemical and biological sensing, drug delivery,
and encoding technologies. In this work, porous silicon photonic crystals were
electrochemically etched from bulk crystalline silicon and further functionalized
using electrochemical reduction of CHjsl in acetonitrile. These chemically modified
surfaces were characterized by Fourier Transform Infrared spectroscopy (FTIR).
These samples were then coated with a hydrophobic maize protein, zein, to form
multi-layers of protein on top of the underlying photonic crystal. Pepsin, an
aspartic protease, was incubated with the protein coated- porous silicon samples
in a 1uL droplet for 1 hour after which the droplet was allowed to air dry. The
reflectivity spectra were measured before and after the incubation of protease
and the spectra were compared. The presence of an active protease will digest
the zein multilayer into smaller peptides that are then allowed to enter the porous
silicon film. This causes a measurable change in the refractive index of the
porous layer (from air to fragments, n=1 to n=1.42) that red shifts the reflectivity
spectra to higher wavelengths. These materials can be easily translated into
high-throughput screens for various proteases for a particular substrate and find
possible drug candidates for those proteases. A major advance to this method is

the use of natural substrates and the ability to measure protease activity in a
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label-free fashion. Ideally, this method can be employed by the bench-top
biochemist that would be interested in detecting enzyme activity (i.e. protease,
DNase, RNase) in samples without the use of expensive analysis equipment and

to amplify the enzyme activity to the naked eye.

2.2 Introduction

Conventional fluorescent and colorimetric assays must employ substrates
that have been modified from their native forms in order to incorporate the
relevant indicator chemistries. For example, a standard method to detect
protease activity uses a fluorescent molecule conjugated to casein or bovine
serum albumin substrates.*® Some concerns with the use of fluorescent-
conjugated substrates are that the presence of the dye may affect the proteolytic
cleavage rate, quantification requires a sensitive fluorimeter, and the reagents
are costly. The well-known colorimetric assay using the Folin-Ciocalteu reagent
operates on native substrates, but it is less sensitive than fluorescence methods
and it requires an extensive workup procedure.®’. In all cases, relatively large
guantities of time and reagents are required (See Section 1.4-1.8 for more
methods of detecting protease activity).

The unique optical properties of photonic crystals made from porous Si
have been harnessed to generate very sensitive chemical or biochemical
detectors.***° Precise control of the current used to etch porous Si provides
peaks in the reflectivity spectrum that are much sharper than can be obtained

with molecular dyes or quantum dots,** and allowing the use of such materials in
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high-throughput, multiplexed assays.** The present work takes advantage of
these features, using color changes induced in a porous silicon photonic crystal
as a sensitive probe of protease activity. Amounts of protease as small as a few
pmolin a 1 uL aliquot can be detected as a color change that is visible to the
unaided eye. By contrast, current colorimetric assays require the use of a
spectrophotometer, and require 100-500 uL aliquots to obtain comparable
detection limits (7 pmol, or 240 ng for pepsin).

Fabrication of the photonic crystal involves anodic etching of a p-type,
boron-doped silicon wafer polished on the (100) face (Figure 2.1).*® A sinusoidal
etch waveform produces a film with an alternating porosity gradient in the <100>
direction that acts as a one-dimensional photonic crystal; the film displays a
distinct optical diffraction peak in the white light reflectivity spectrum.*>**. The
wavelength of the peak is determined by the period of the waveform used in
preparation. The porous Si layer is then methylated to impart stability and
hydrophobicity using an electrochemical grafting procedure.*

A protease sensor is prepared from the porous Si photonic crystal
following the procedure of Figure 2.1. A solution of the hydrophobic, naturally
occurring protein zein in methanol (10 mg/ml) is spin-coated onto the methylated
porous Si film, creating an even protein coating. Zein tends to form multilayered
films on silicon surfaces through molecular and electrostatic interactions.*® In the
present case, spectral measurements indicate that a similar layer is produced on
the porous Si film; the pores are small enough (ca. 10 nm) that only a small

amount of the intact protein (24 kDa, 16 x 4.6 x 1.2 nm®)*® infiltrates the porous
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Sifilm (Figure 2.2). The presence of the zein coating is observed as a thin layer
that does not obscure the reflectivity spectrum of the underlying photonic crystal.
The wavelength of the spectral peak reflected from the porous Si photonic
crystal is dependent on the refractive index of the porous Si matrix. Changes in
refractive index (n) of the porous Si layer, as solution (n = 1.34) or protein
fragments (n = 1.42) replace air (n = 1) in the pores, result in a redshift of the
reflectivity peak, producing an observable color change®’ . This color change was

used to measure protease activity in 1uL droplets.

2.3 Experimental

2.3.1 Sample Preparation

Preparation of one-dimensional photonic crystals of porous silicon
involved anodic etching of degenerate p-type, boron-doped, (100)-oriented
silicon wafers (Siltronix, Inc.) with resistivity < 2 mQ-cm in a 3:1 (v/v), 49%
aqueous HF/ethanol (EMD Biosciences) solution. A Teflon etch cell that exposed
1.2 cm? of the silicon wafer was employed. The current density was modulated
with a sinusoidal waveform ranging between 8.3 - 38 mA/cm?, with a period of 9s
for 60 cycles, generating a multilayered optical structure known as a rugate
filter.*® Methylation of the porous Si film was achieved by passing a cathodic
current density of 5.4 mA/cm? through the porous Si film immersed in 3.5 ml of an
electrolyte solution containing 0.5 M iodomethane (99+%, Alfa Aesar) and 0.2 M
anhydrous lithium iodide (99%, Arcos Organics) in anhydrous acetonitrile (Fisher

Chemicals) for 2 min.*® Samples were illuminated with 200 mW/cm? of white
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(tungsten lamp) light during the methyl grafting procedure. The electrolyte
solution was removed and the sample rinsed sequentially with glacial acetic acid,
acetonitrile, and ethanol. A 200 uL aliquot solution of 10mg/ml zein (Sigma) in

methanol (Fisher Chemicals) was then spin-coated onto the photonic crystal film.

2.3.2 Enzymatic Digestion Procedure

Active pepsin solutions were prepared by adding pepsin A (150 units/mg
solid, Sigma) to a prepared 10 mM pH 2.0 buffer containing phosphoric acid
(99.9%, Aldrich) sodium phosphate monohydrate (enzyme grade, Fisher
chemicals), HCI (EM Science) and deionized water. Heat-inactivated pepsin
solution was obtained by heating the above solution to 100 T for 5 min. The pH-
inactivated pepsin solution was prepared in pH 10.0 buffer (Fisher chemicals).
Pepstatin inhibitor (Sigma) was dissolved in 9:1 methanol: acetic acid (v/v) and
mixed with activated pepsin solution. Pronase E (Type XIV, ~4 units/mg solid,
powder, Sigma) was added to Dulbecco’s phosphate buffered saline solution
containing calcium chloride and magnesium chloride (Sigma). Controls included
deionized water and Dulbecco’s phosphate buffered saline. Aliquots of 1 uL of
the pepsin solutions or controls were deposited onto the zein-coated porous Si
photonic crystal by microliter syringe. The sample was maintained in a humid
chamber at room temperature for one hour, after which the sample was removed

to the laboratory air and the solution allowed to evaporate in air for 10-20 min.
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before performing the spectroscopic or microscopic measurements. Samples

were not rinsed after the drying step.

2.3.3 Data Acquisition and Analysis

Interferometric reflectance spectra were obtained with an Ocean Optics S-
2000 CCD spectrometer fitted with a microscope objective lens. The lens was
coupled to a bifurcated fiber optic cable such that both illumination and detection
of reflected light could be performed on the same spot on the sample, along an
axis coincident with the surface normal. A tungsten light source was input to one
of the two fiber ends and focused onto the center of the sample surface with a
spot diameter of approximately 2 mm?. Reflectivity data were recorded in the
wavelength range 400-1000 nm, with a spectral acquisition time of 100 ms.

Spectral red shifts were determined from Gaussian fits to the spectral

peaks. The function used to fit each spectrum is a sum of two Gaussian curves:

f(x) = Y1+A*exp(-((x-offsety)/width,)?)+ Yo+As*exp(-((x-offset,)/width,)?) (1)

where Y is the baseline offset, A; is the amplitude, offset; is the wavelength
maximum, and width; represents the peak width of Gaussian #1. A,, offset,, and
width, represent the corresponding values for Gaussian #2. A non-linear least-
squares fitting routine involving iterative minimization of the sum of the chi-
squared values, using the Levenberg-Marquardt algorithm, was applied (IGOR

PRO program, Wavemetrics, inc.). The parameter Y; was set as a constant in the
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fitting routine. Initial input values were obtained from a single Gaussian fit of the
“in air” spectral peak (obtained before addition of protease). The quantity (offset,-

offset;) is the total red shift upon addition of a given amount of protease.

2.4 Results and Discussion

241 Porous Silicon Modification and Characterization

Freshly etched porous silicon tends to have issues of stability as it easily
corrodes and oxidizes in air and/or aqueous media. Chemical modification of a
hydride terminated surface is thus important to impart stability. The chemistry
used to functionalize the surface involved reductive electrolysis of alkyl iodide*
(Figure 2.3). The derivatization step may occur either by direct reaction of the
surface silicon radical with an alkyl radical [Figure 2.3, Eq. (3)], or by reduction of
the silicon radical to the anion followed by nucleophilic attack on the organo
halide [Figure 2.3, Egs. (4) and (5)]. Solution-based silicon radicals are known to
abstract halogen atoms from organo halides, to produce Si"X and the
corresponding organic radical®.

The FTIR spectrum of a freshly etched porous silicon sample (Figure 2.4)
indicates the presence of hydrides with bands assigned to Si-Hx stretching
modes at 2137cm™(vSi-H3), 2114cm™(vSi-H2), and 2087cm™(vSi-H). Bands
characteristic of Si-H deformations are also apparent at 910cm™. After
derivitazation of the surface, stretching vibrations of the terminal CHz group is

apparent at 2959cm™ and the formation of Si-C stretching mode at 766cm™.

Although most of the grafting procedure is done in a deoxygenated environment,
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there is the presence of vibration band in the region of 1200-1000cm-1 that

corresponds to the asymmetric Si-O-Si stretching.

The photonic-crystal sensor needed to contain hydrophobic functional
groups in order to more effectively exclude buffer solution from the porous
structure. Methyl groups are grafted to the porous Si layer by the electrochemical
reduction of CHj3l in acetonitrile as described above. After methyl grafting, the
position of the reflectivity peak red-shifts when a drop of buffer solution
containing protein digestion fragments is placed on the film (Figure 2.5). Pure
buffer solution produces no significant change in color. The peptide and amino
acid digestion products enhance the sensor’s response by facilitating solution
infiltration into the hydrophobic layer.

A secondary purpose of the methylation step is to improve the chemical
stability of the porous Si layer. As-prepared porous Si corrodes rapidly in buffer
solutions; the methylation step stabilizes the porous Si layer such that no
significant degradation of the spectral properties occurs on the timescale of the
present experiments®’. When the zein layer is cast onto the porous Si film, the
reflectance peak red-shifts by < 4 nm (Figure 2.2). If the zein protein is first
digested with pepsin and the solution then spotted on the porous Si film, the
reflectance peak shifts by a larger amount, 34 nm (Figure 2.5). This indicates that
the intact zein protein is effectively excluded, whereas the digestion products are

better able to infiltrate the porous Si film.
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2.4.2 Detection of Protease Activity with Porous Silicon
Photonic Crystals

The zein coating, combined with the methylation of the porous Si matrix,
effectively prevents infiltration of aqueous solutions and their contents until the
protein layer is digested by the action of a protease. In order to perform the
protease assay, a 1uL drop of aqueous buffer containing protease is placed on
the top surface of the zein layer and the chip is maintained in a controlled-
humidity environment at room temperature for 1 hour. The chip is then removed
from the chamber and allowed to dry. A visibly detectable color change in the
photonic crystal is observed for pepsin quantities as low as 7.2 pmol (240 ng)
(Figure 2.6A). The reflectivity spectra obtained upon exposure of the structure to
an analyte solution for 1 hour followed by drying allows quantification of protease
activity. Reflectivity spectra obtained from zein-coated porous photonic crystals
display a single strong peak corresponding to the stop band of the empty (air-
filled) photonic crystal (Figure 2.6B)*. Etalon fringes due to Fabry—Pérot
interference in the porous-Si film are also apparent in the spectra. The action of
pepsin on the zein layer results in the appearance of a second peak, red-shifted
from the first. This new peak is assigned to regions of the porous-Si photonic
crystal that contain protease digestion products.

Introduction of protein fragments produces a red-shift in the photonic peak
due to an increase in the total refractive index of the porous film. The
Bruggemann effective-medium model predicts that the peak shift will be larger in

spectra of samples containing larger quantities of protein fragments®'. Consistent
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with this, samples that have been exposed to higher concentrations of protease
show greater spectral shifts. For samples treated with 1 uL aliquots containing >
14 pmol of pepsin, the spectra display two distinct peaks (Figure 2.6B) and the
red-shift is clearly visible by eye (Figure 2.6A). For samples exposed to
concentrations of pepsin < 14 pmol in 1 uL, the spectral shift can be resolved by
applying a double Gaussian fit to the spectral profile, allowing reliable detection
of as little as 7.2 pmol of pepsin (Figure. 2.7). For protease quantities in excess
of 7.2 pmol, the peak corresponding to the presence of digestion products (at
longer wavelength in the reflectivity spectrum) is more intense than the shorter-
wavelength peak. As with the correlation of the spectral shift to the protease
concentration, the observed increase in peak intensity is consistent with an
increase in the quantity of digestion fragments produced by the larger
concentration of protease. The amount of protein infiltrated in the porous film can
be obtained from a quantitative fit of the shift in the Fabry—Pérot interference
fringes observed in the spectrum to the single-layer interference equation and the
Bruggeman effective-medium model®®. Assuming an average refractive index of
1.42 for the protease digestion products, the fractional filling of the film for a
sample exposed to 7.2 pmol of pepsin is calculated to be 20 £6%.

Several control experiments were performed, following the same protocol
as that used for the active pepsin assay described above. A 1 uL drop of the pH2
buffer solution placed on the zein methylated film produces no visible color
change and a spectral red-shift of <2 nm (see Figures 2.6A, 2.8). Controls using

heat-denatured pepsin, active pepsin in pH10 buffer (where pepsin has minimal
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activity[23]), or active pepsin in a solution containing the inhibitor pepstatin[24]
produce negligible changes in the observed color and peak positions (see Figure
2.8A, 2.8B). Use of the protease Pronase E produces similar results to those

observed with pepsin (Figure 2.9).

2.5 Conclusions

The simple protease-activity assay described here can detect picomole
guantities of protease at room temperature. The silicon-chip-based system could
be compatible with a high-throughput array configuration important for many
biotechnological applications, such as medical diagnostics, quality-control
testing, enzyme purification, cell-extract assays, or drug discovery. The main
advantage of this system is its ability to operate with natural enzymatic
substrates and amplify enzyme activity to the unaided eyed. Although
demonstrated with the maize-derived protein zein, in principle a variety of native

substrates, including those targeted by DNases and RNases, could be used.
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Figure 2.1Enzymatic assay using a protein-coated po  rous Si photonic
crystal. A hydrophobic, one-dimensional photonic crystal is prepared by
electrochemical etch of Si, followed by electrochemical grafting of methyl species
to the inner pore walls. A thin layer of zein is then added. The assay is carried
out by addition of a small drop of solution containing active protease (pepsin or
pronase E in the present work), which digests the protein layer. Infiltration of
proteolytic cleavage products to the photonic crystal leads to a color change that
is readily observable to the unaided eye.
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Figure 2.2 Reflectance spectrum of a methylated por  ousSi crystal film
before and after addition of the zein coating. Reflectance spectra were obtained
on the same spot on a methylated porous Si film before (green trace) and after

(red trace) addition of zein protein. The amount of red shift is less than 4 nm,
indicating that the zein protein does not infiltrate the pores appreciably.
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Figure 2.5 Control experiments using methylated por  ous silicon film

without zein coating. (a) Film spotted with a solution of zein fragments,
generated by digestion in a pH 2.0 buffer solution containing 1mg/ml zein with
1mg/ml of the protease pepsin (digestion for 1 h at room temperature); (b) Film
spotted with pH 7.4 PBS buffer; (c) Film spotted with pH 2.0 buffer; (d) Film
spotted with deionized H,O; (e) Film spotted with pH 10.0 buffer; (f) Film spotted
with active protease pepsin (Img/ml) in pH 2.0 buffer. All spotting experiments
used a 1 uL aliquot of solution, and the incubation protocol was the same as
described in the text.
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Figure 2.6 Dilution series for active protease pepsin, showing the effect of
pepsin concentration on the observed color change in the porous Si photonic
crystal. (a).One pl-aliquots of buffer solutions (pH 2.0) containing the indicated
amounts (in pmol) of active pepsin were placed on the zein-coated photonic
crystal wafer and allowed to react for 1h. A distinct color change of the photonic
crystal from green to red is observed for quantities of pepsin as low as 7 pmol.
The sample shown is 1.2 cm in diameter.(b).Each spectrum corresponds to a
spot in the dilution series indicated in Figure 2.4.a. A peak assigned to regions of
the porous Si photonic crystal that have become infiltrated with protease
digestion products appears to the low energy side of the original spectral band.
The original peak (unfilled with digestion products) is indicated with a vertical
dashed line. Amount of enzyme spotted is indicated above each trace. Spectra
are offset along the y-axis for clarity.
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Figure 2.7 Reflectivity spectra and the results of the double Gaussian fits
used to determine limits of detection for the method. The red trace is the
reflectivity spectrum of the zein-coated porous silicon photonic crystal. The blue
trace plots the result of the double Gaussian fit. The two individual Gaussian
peaks from the fit are shown as the black traces. Each spectrum was obtained
after the drying step discussed in the experimental section. Drying effects,
scattering, changes in incident angle of the probing optics, and other
experimental variables can cause shifts in the reflectivity spectrum. The presence
of two peaks in the spectrum allows compensation for such effects; the peak at
short wavelength derives from regions that are not infiltrated by protein
fragments, and provides an internal standard in the measurement.
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Figure 2.8 Control experiments using methylated porous silicon film with
zein coating . (a) Film spotted with a 1 ul solution of active protease pepsin
(Img/ml) in pH 2.0 buffer; (b) Film spotted with pH 2.0 buffer; (c) Film spotted
with de-ionized water; (d) Film spotted with pH 7.4 PBS buffer; (e) Film spotted
with pH 2.0 buffer solution containing 1mg/ml of pepsin that had been inactivated
by treatment with the inhibitor pepstatin (1:1 pepsin:pepstatin); (f) Film spotted
with pH 10.0 buffer solution containing 1mg/ml of pepsin (pepsin is inactive at pH
10); (g) Film spotted with pH 2.0 buffer solution containing 1mg/ml of pepsin that
had been inactivated by heat treatment. (h) A pristine region of the zein-coated
chip that was used to obtain the background spectrum of Figure S4. This region
has not been exposed to any of the sample or control solutions. All spotting
experiments used a 1 uL aliquot of solution, and the incubation protocol was the
same as described in this chapter. B. Reflectance spectra of the methylated
porous Si chip from Figure 2.8A, after completion of the reaction and drying of
the solutions. Spectra correspond to the lettered regions of Figure 2.8A.Spectra
are offset along the y-axis for clarity.
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Figure 2.9 Protease activity assay comparing pepsin with pronase E. Assay
protocol is the same as described in the text and above, using 1 ul aliquots of
solution. (a) pepsin (Img/ml) in pH 2.0 buffer; (b) pronase E (Img/ml) in
deionized H,O; (c) pH 2.0 buffer; (d) heat-denatured pronase E in PBS; (e) and
(f) represent replicate doses of pronase E (1mg/ml) in PBS; (g) deionized H0.
Note that the activity of the Pronase E used in these experiments is less than the
activity of Pepsin (4 unit/mg solid vs. 150 unit/mg solid, respectively). A unit of
pronase E is defined by hydrolysis of casein to produce a color equivalent to 1.0
mmole (181 ug) of tyrosine per min at pH 7.5 at 37 T (color by F olin-Ciocalteu
reagent). One unit of pepsin will produce a change in absorbance at 280 nm
(AA2g0) of 0.001 per min at pH 2.0 at 37 C, measured as th e TCA-soluble
products using hemoglobin as substrate. (Final volume = 16 ml. Light path = 1
cm)
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Chapter two, in part, is a reprint (with co-author permission) of the material
as it appears in the following publication: Orosco, M.M., Pacholski, C., Miskelly,
G., Sailor, M.J., Protein-Coated Porous-Silicon Photonic Crystals for Amplified
Optical Detection of Protease Activity. Adv. Mater. 2006, 18, 1393-1396. The

author of this dissertation is the primary author of this manuscript.
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3.1 Abstract

Proteases in biological systems are often red flags for various disease
1,3 1 10 52
states such as cancer™ °, stroke”, and neurodegeneracy . Means of
guantifying protease activity are based on fluoresence resonance energy

transfer'8: 3653, 54

of engineered peptides or whole protein substrates. Major
drawbacks to these substrates are that they require modification to the native
substrate in order to incorporate the relevant indicator chemistries. Screening for
potential drug candidates using these methods is time consuming and suffer from
small Stoke shifts, photochemical degradation, pH sensitivity and they are toxic.
This work involves porous silicon made with high and low current densities
(creating a double layered nano-reactor) that is able to detect protease activity.
The pore length and diameter can be tuned electrochemically to exclude large
proteins. Active protease is adsorbed into the first layer and excluded from the
second layer. Introduction of substrate to the first layer produces small fragments
that infiltrate the pores of the second layer. This produces an observable change
in effective optical thickness. Quantitative parameters such as Michaelis-Menten
kinetics and enzymatic activity can be extracted from this system. This system

can be used for high-throughput or clinical screening of inhibitors with patterned

arrays through standard lithography methods.

3.2 Introduction

A common method to quantify protease activity is based on Fluorescence
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Resonance Energy Transfer®®

(FRET) measurements using fluorescently
tagged protein substrates. A major drawback to this approach is that a
chemically modified substrate may not exhibit the same reactivity as the native
substrate. While fluorescent labels can provide high sensitivity, the attachment of
a probe requires an extra step that increases analysis time and complexity. In
addition, fluorescent probes can be subject to photochemical degradation and
pH-dependent responses. Porous Si-based interferometers operate by
measuring a change in refractive index in a volume of solution contained within
the porous nanostructure, and they have been shown to provide a simple, label-
free method for detection of proteins that minimizes the quantity of reagents
used® °>°8  Recently, the advantage of using more complicated porous Si
optical structures to correct for zero-point drift or non-specific binding has been
demonstrated®® *°. Additionally, recent work has shown how catalytic reactions
can be harnessed to improve sensitivity of these nanosensory systems®® %,
The two-layer porous Si nanostructure was prepared by electrochemical
etching of silicon in an HF-containing electrolyte. The double layer was then
thermally oxidized (600 € for 1.5 h, in air) to ge nerate a stable silicon oxide
(SiOy) surface. The size, shape, and population of the pores in a film are
determined by the current, allowing one to “dial in” a specific porosity pattern®.
Thus a double layer containing large pores on top of small pores is prepared by
decreasing the applied current density midway through the etch, resulting in the

abrupt decrease in pore size shown in the cross-sectional scanning electron

microscope (SEM) image of Figure 3.1. The tunability of the pore etching process
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provides a convenient means to build such nanostructured matrices that can act

©3.64 or size exclusion membranes® . The programmability can

as reservoirs
also be used to build optical structures with useful sensing properties.

The average diameter of the pores in the present structure is ~100 nm in
the top layer and ~6 nm in the bottom. Being smaller than the wavelength of
visible light, the features in this nanostructure do not scatter light, and the sample
displays well-resolved Fabry-Pérot interference fringes in the optical reflectivity
spectrum (Figure 3.2). The reflectivity spectrum displays an interference pattern
that arises from a combination of Fabry-Pérot interference from the very flat
interfaces bordering the two layers.

It has been shown that the Fourier transform of the reflectivity spectrum
yields peaks that correspond to the optical thickness 2niL; of each layer or
combination of layers, where n; is the refractive index and L; the thickness of
layer i in the stack®® ®°. The optical spectrum can be used to sense molecules
because it is sensitive to the refractive index of any substance filling the pores.
Most biomolecules and proteins have a refractive index of ~1.40, whereas
aqueous buffers posses an index close to 1.34. The introduction or removal of a
chemical or biochemical species from a porous layer is thus detected as a shift in
the value of 2nL?% 38596167 " piffarential responses between two stacked layers
have been used to correct for zero point drift in the detection of proteins and
antibodies?®® *°. The method is referred to as Reflective Interferometric Fourier
Transform Spectroscopy, or RIFTS. For the double-layer structure used in the

present work, it is found that the method can also quantify the partitioning of
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molecules between the two layers, by measurement of the position of the peaks
in the Fourier transform spectrum that correspond to each layer.

The nano-reactor layer is loaded with an enzyme by electrostatic
adsorption from an aqueous buffer solution at pH 2.0 (Figure 3.3). Pepsin was
chosen as a model protease because it and its reaction kinetics are well-
characterized®® ®°. Pepsin is continually cycled through a flow cell containing the
porous Si sample for 90 min, at which point the cell is flushed with pure pH 2.0
buffer to remove excess pepsin not adsorbed to the sample. The adsorption of
pepsin into the nano-reactor layer is detected as a ~15 nm increase in the value
of 2nL in the Fourier transform spectrum, corresponding to a loading of 200 ng of
enzyme in the 5 nanoliter volume probed by the optic (Table 3.1). The surface of
oxidized porous Si is negatively charged at pH 2.0°°, leading to a strong
attraction between the surface and pepsin, which carries a net positive charge at
this pH’®. Because of this non-specific adsorption, the effective concentration of
enzyme in the pores is ~ 2 mM, representing an increase by a factor of 70
relative to the free solution concentration. The relatively large pepsin molecule
(35 kDa, 10 x 6 x 20 nm)"* is excluded from the smaller pores in the second layer

of the porous Si double layer.
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3.3 Experimental

3.3.1 Sample Preparation

Porous Si samples were prepared by anodic electrochemical etch of
highly B-doped (p**-type), (100)-oriented silicon wafers with resistivity of ~ 1 mQ-
cm (Siltronix), in a 3:1 (v/v), 49% aqueous HF/ethanol solution. A Teflon etching
cell that exposed 1.2 cm? of the silicon wafer was employed. The exposed
polished surface was etched at a current density of 707 mA/cm? for 10 s followed
by a current density of 44 mA/cm? for 170 s. Samples were then thermally
oxidized at 600 € for 1.5 h. Pepsin (150 units/mg sol id, Sigma Chemicals) was
dissolved in a 10 mM pH 2.0 buffer containing phosphoric acid (99.9%, Aldrich
Chemicals), sodium phosphate monohydrate (enzyme grade, Fisher chemicals),
HCI (EM Science), and de-ionized water. The nano-reactor was loaded with
pepsin by cycling 3.5 mL of a pH 2.0 solution 28 uM pepsin through a flow cell
fitted with a 1 cm-diameter optical window through which the reflectivity spectrum

of the nano-reactor could be monitored.

3.3.2 Enzymatic Digestion Procedure

The a-casein substrate (Sigma-Aldrich Chemicals) was dissolved in pH
2.0 buffer and heated to 37 C until fully dissolved. For each experiment, 3.0 mL
of solution of the requisite concentration was cycled through an airtight flow-cell.

For the enzyme inhibition studies, pepstatin A inhibitor (Sigma-Aldrich
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Chemicals) was dissolved in a minimal amount of 9:1 methanol: acetic acid (v/v)
solution. The solution was diluted with pH 2.0 aqueous buffer to the desired
concentration. The pepsin-loaded nano-reactor in the flow cell was then
incubated with a continuously flowing solution of the inhibitor and the casein

substrate.

3.3.3 Data Acquisition and Analysis

Interferometric reflectance spectra were collected by using an Ocean
Optics S-2000 CCD spectrometer fitted with a microscope objective lens coupled
to a bifurcated fiber optic cable. A tungsten light source was focused onto the
center of the porous Si sample surface with a spot size approximately 1.5 mm in
diameter. Both the illumination of the surface and the detection of the reflected
light were performed along an axis coincident with the surface normal.
Reflectivity spectra were recorded in the wavelength range 400-1000 nm, with a
spectral acquisition time of 20 ms. Typically 100 spectral scans (2 s total
integration time) were averaged for Fourier transform processing. Details of the

Fourier transform and spectral data fitting routines are published elsewhere?®.

3.34 Enzyme Kinetics

Initial reaction velocity (V,) was obtained using a linear fit of the A2nL vs
time plot, obtained from Layer 2 of the structure. Data acquired between 1200
and 1800 s after addition of a-casein were used in the fit (the dead-time in the

tubing leading to the cell was ~360 s). The initial rates for each concentration of
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substrate were plotted against the concentration of a-casein. A non-linear least-
squares fit was used to determine the Michaelis-Menten parameters. It was
assumed that the steady-state value of A2nL is directly proportional to the
steady-state product concentration in the layer. The Vhax value from the least-
squares fit is then converted from units of A2nL second™ to uM min™ using the
linear relationship of Figure 3.7b For inhibition studies, initial velocity rates were
determined by a linear fit of the A2nL-time plots at the point of inflection (typically

360 s after addition of substrate). Errors quoted are > 95% CI.

3.4 Results and Discussion

34.1 Relationship Between 2nL and Products

Reactions were carried out in the enzyme-loaded nanoreactor by
introducing various substrate/inhibitor combinations into the flow stream of the
cell. The reactions were monitored in real-time by acquisition of reflectivity
spectra from the double-layer; the Fourier transform provides a direct measure of
the amount of protein infiltrated in each layer. Figure 3.4 (and Figures 3.5, 3.6)
shows the effect of introduction of the protein substrate a-casein into the
nanoreactor. The top layer of the nanostructure (Layer 1), containing 100 nm-
diameter pores, admits a-casein and the value of the optical thickness, 2nL,
initially increases as protein accumulates in this layer. The value of 2nL
decreases as pepsin digests the protein and the digestion products escape into

solution and into Layer 2 of the reactor. The value of 2nL for this lower layer
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increases as the smaller products of enzymatic digestion diffuse into the ~6 nm-
diameter pores of the lower nanostructure. Control experiments performed with
no pepsin (or with an inhibitor present) verify that intact a-casein does not enter
the small pores of Layer 2. The digestion results are similar if the enzyme is
loaded from a more complex buffer solution resembling Eagle’s medium, that
contains a mixture of amino acids, sugars, and vitamins (Figure 3.6). Itis
important to point out that the temporal behavior of the two layers, in particular
the transient of Layer 1, is a characteristic of the action of the enzyme on the
substrate. Introduction of small molecules that are not digested by the enzyme
produce a signal-time characteristic in both of the layers that are similar to that

observed in Layer 2 for the digested substrate.

3.4.2 Michaelis-Menten Enzyme Kinetics

The optical spectra can be used to quantify the kinetics of the enzymatic
reaction. Figure 3.7(a) shows A2nL vs time traces obtained for several different
initial concentrations of a-casein. The response of Layer 2 is monitored; its small
pores exclude the intact protein and the protease while admitting the smaller
digestion products generated by the action of the protease. The quantity 2nL is
proportional to mass®®, and so the increasing value of A2nL as a function of time
depicted in Figure 3.7 is indicative of the entry of protein fragments into Layer 2.
As expected, the initial slope and the final steady-state value of the traces in

Figure 3.7(a) increase with increasing concentration of a-casein. A double
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reciprocal plot of the steady-state value of A(2nL) and [a-casein] is linear (Figure
3.7(b)), consistent with a reaction that is 1% order in substrate.

Analysis of the data involves an assumption that the change in the optical
measurement 2nL relates to mass of material entering or leaving the porous
layer. The relationship is established by Figure 3.7b. These data are used to

convert A2nL into concentration of casein by the following:

A2nL from the 2™ Layer were converted using the linear fit in the plot 1/A2nL vs
1/(casein concentration), Figure 3.7(b):
y=mx + b
y=1.0609e-7x + 0.0081304
The value of x is the inverse of the substrate concentration and can be solved by
rearranging the equation:
x=m/(y-b); y=1/A2nL Eq. 3.1

The converted concentration values were then plotted versus time in minutes.

The data are consistent with the known kinetics of the enzyme in free
solution. Initial reaction velocity (V,) is typically characterized as the mass of
product formed per unit time during the initial stage of conversion of substrate to
product. In the case of the nano-reactor, the mass of products generated is
proportional to the value of A(2nL) measured in Layer 2. V, was obtained by a
linear fit of the initial phase of the curves depicted in Figure 3.7(a). A non-linear

least-squares fit of V, vs concentration of substrate a-casein (Figure 3.8) was



58

performed. Higher concentrations of a-casein produce larger changes in the
guantity 2nL measured from Layer 2 because a greater mass of substrate is
digested per unit time. The reaction velocity (V,) is taken as the slope of the
initial, linear region of the curves shown in Figure 3.7(a) of the main text (first 30
min). The initial reaction velocity (Vo) is then plotted versus the concentration of
a-casein substrate. The data are then fit (non-linear least-squares) to the

Michaelis-Menten relationship:

where (V) is the initial velocity, K, is the Michaelis constant, Vmax is the maximum
velocity, and [S] is the concentration of substrate a-casein. This calculation yields
a value of 0.35 uM/min for the maximum reaction velocity (Vmax) and 18 uM for
the Michaelis-Menten constant (K,). These kinetic parameters are somewhat
smaller than the literature values for pepsin (Vmax = 1.20-2.69 uM/min; K, = 37-
109 uM)72. The enzymatic reaction in the nanoreactor is thus apparently slower
than in free solution, which may be a result of the restricted dimensions in the

porous matrix or adsorption of substrate to the pore walls.

3.4.3 Enzyme Inhibition

Aspartic protease inhibitor pepstatin A was used to perform enzymatic

inhibition studies. Pepstatin A is a competitive inhibitor of pepsin. This means
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that pepstatin A will compete for substrate as it can freely difuse in and out of the
active site. A good competitive inhibitor would signifantly lower the rate of
catalysis. In this system, the amount of turn-over to product (A2nL) over time
should be less. The initial rate of digestion of a-casein was quantified using a
series of pepsin-infused nano-reactors that were treated with solutions containing
various concentrations of a-casein and a fixed concentration of the inhibitor
(1uM). In order to get the rate of inhibition (Ki), a non-linear least-squares fit of V,
VS. a-casein in the presence of 1uM pepstatin A was performed. The reaction
velocity (Vo) is taken as the slope of the initial, linear region of the curves at the
point of inflection shown in Figure 3.9. The initial reaction (V,) is then plotted
versus the concentration of a-casein substrate. The data are then fitted to a non-

linear least-squares fit using the following Michaelis-Menton relationship:

V= Vmax app [S]/(Km app *+ [S]) Eqg. 3.3

where (V) is the initial velocity, Km app is the apparent Michaelis constant, Vimax app
is the apparent maximum reaction velocity, and [S] is the concentration of
substrate a-casein. The fit yields values of K, (apparent) of 0.30 mM and Vmax
(apparent) of 0.40 uM/min. In a competitive inhibitor model, the value of Viax
(apparent) should be equal to Viax (= 0.35 uM/min), and K, (apparent) should be
larger than K, (= 18 uM). Thus the values obtained from the nano-reactor are

consistent with a competitive inhibition model.
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For pepstatin A inhibition, a competitive inhibition model was used to find
the inhibition constant, K;:

Km app= Km(1 + [1J/K3) Eq.3.4

Where Ky, app iS the Michaelis-Menten constant in the presence of an
inhibitor I, Ky, is the Michaelis-Menten constant, [I] is the concentration of
inhibitor, and K; is the inhibition constant. The calculation yields a rate of
competitive inhibition K; of 84 nM, somewhat larger than the literature value of 1
nM”3. The larger value of K; relative to the literature is attributed to adsorption of
the inhibitor in the porous nanostructure, leading to a reduction in the effective
concentration of inhibitor available to the enzyme.

To show the extent of inhibition as a function of inhibitor concentration,
different concentrations of Pepstatin A was cycled over the nano-reactor and
then incubating with a-casein substrate. The A2nLwas monitored over time
(Figure 3.11). As expected, increasing concentrations of inhibitor cause less
A2nL over time. Although pre-incubation with inhibitor does inhibit the amount of
protease activity, it could not be analyzed with a competitive enzyme model

because both substrate and inhibitor have to be incubated together.

3.5 Conclusions

In summary, a self-reporting nano-reactor that is able to capture enzymes,
host a catalytic reaction in a mesoporous cavity, isolate and quantify the reaction
products, and provide information on the reaction kinetics in a volume of ~5

nanoliters has been demonstrated. This work provides a general method to
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guantify kinetics of an immobilized enzymatic reaction. The specific example in
this work involved quantification of protease activity, but the approach is
applicable to a range of reactions of interest to the high-throughput analytical and
synthetic communities, such as DNA amplification, polymerization, enzyme-

linked assays, and protein purification.
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Figure 3.1 Scanning electron micrographs  (secondary electron image, 5 kV)
of the porous Si double-layer structure used in this study. (a) Image showing
both porous layers, the top interface, and the Si substrate. (b) Close-up view of
the interface between the two porous layers. The 1% layer contains pore sizes
ranging from 80-120 nm and acts as a host layer for the protease pepsin in the
present work. The 2" layer has pores sizes ranging from 2-10 nm. This lower
layer excludes the protease and large proteins such as a-casein (25 kDa) but
admits the degradation fragments resulting from action of the enzyme on casein.
Top layer is 3.2 um thick, 75% porous; bottom layer is 4.4 um thick, 37% porous.
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Figure 3.2 Reflectivity spectrum (a) and correspond  ing Fourier transform
(b) of a porous Si double layer film . The peaks in the FT spectrum are
assigned to the porous layers indicated in the inset. The three reflected
interfering beams are indicated with the letters a, b, and c. Reflectivity trace is
measured in air and is not corrected for instrumental spectral response.
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1st layer { protease
2" layer —__ T

Porous silicon

double layer
Figure 3.3 Nanoreactor used to process protein and quantify pr oteolytic
activity. Active protease (pepsin) is absorbed into the first layer. The assay is
then carried out by addition of substrate (a-casein). The pores of the second
layer are too small to admit the protease or its substrate. However, digestion of
the substrate by pepsin produces fragments sufficiently small to infiltrate the 2™
layer. The entire structure is probed by optical reflectivity, and the enzymatic
reaction can be monitored in real-time.
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Table 3.1 Calculation of Mass Loading of Pepsin..  The mass loading of pepsin
was determined from the optical reflectivity spectrum by application of the
Bruggeman effective medium model. Table S1 contains the assumptions and
measurements that went into the calculation. A three-component Bruggeman
approximation was applied to model the refractive index of the layer (see:
Pickering, C., Beale, M.I.J., Robbins, D.J., Pearson, P.J. & Greef, R. Optical
studies of the structure of porous siicon films formed in p-type degenerate and
non-degenerate silicon. J. Phys. C 17, 6535-6552 (1984)), and the resulting %
loading of protein is 3%, the mass loading is 192 ng in the volume element in the
path of the 0.15 cm-dia optical beam, or a total loading of 13 mg of pepsin in the
(1.2 cm?) chip.

TABLE S1: Parameters used to determine pepsin loading in nanoreactor

Parameter Value Comment
Pepsin molecular 34.5 kDa Fujinaga, M., Chernaia, M. M., Tarasova,
weight N. I., Mosimann, S. C. & James, M. N.

Crystal structure of human pepsin and its
complex with pepstatin. Protein science : a
publication of the Protein Society 4, 960-

72 (1995)
Pepsin refractive 1.43
index
Buffer refractive 1.33
index
Porous SiO; 1.90
refractive index
Pepsin density 1.42 g/mL Fischer, H., Polikarpov, I. & Craievich, A.F.

Average protein density is a molecular-
weight-dependent function. Prot. Sci. 13,
2825-2828 (2004).

Optical probe spot | 0.15 cm

size (dia)
1% thickness 3104 nm
1% porosity 75.5%

2nL value in buffer, | 9104 nm
before loading
pepsin

2nL value in buffer, | 9119 nm
after loading
pepsin
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Figure 3.4 Optical response of the two layers in a pepsin-loaded

nanoreactor to a-casein. The solid trace (“Layer 1”) represents the top layer of
the nanostructure containing 100 nm-diameter pores. The dashed trace (“Layer
2") corresponds to the bottom layer, which contains much smaller 6 nm-diameter
pores. A solution of the a-casein protein substrate is introduced to the system at
time = 0. The value of 2nL for Layer 1 initially increases as intact casein
infiltrates the layer, and then it decreases as casein is digested by pepsin. The
value of 2nL for Layer 2 increases as the smaller products of enzymatic digestion
diffuse into the small pores of the layer.
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Figure 3.5. Time course of the optical response of both porous Si layers
during enzymatic loading and subsequent digestion. In the beginning of the
experiment, the porous Si double layer sample is flushed with pH 2.0 buffer. A 28
uM solution of pepsin in pH 2.0 buffer is then introduced, and the optical
thickness of Layer 1 is observed to increase, corresponding to ~3 % loading of
pepsin (see calculations above). The enzyme is effectively excluded from Layer
2 due to its much smaller pore dimensions. The system is flushed with pH 2.0
buffer and the rest of the experiment proceeds as described in Fig 3 of the main
text. The y-axis records the value of nL in the 1% (top, large pore) or the 2™
(bottom, small pore) layers, as indicated. The slight increase in optical thickness
of the 2" layer upon addition of pepsin indicates accumulation of pepsin at the
interface between the two layers.
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Figure 3.6 Time course of the optical response of b oth porous Si layers
during enzymatic loading and subsequent digestion, enzyme loaded from a

complex mixture. Experiment similar to that described in Figure 3.5, but the
enzyme is loaded from a complex mixture. An array of amino acids, sugars and
vitamins were mixed in a pH 2.0 buffer (closely resembling Eagle’s Medium).
Pepsin was then spiked into the media and the enzyme loading and substrate
digestion experiment similar to that shown in Figure 3.5 was performed. The y-
axis records the value of nL in the 1% (top, large pore) or the 2" (bottom, small
pore) layers, as indicated. The slight increase in optical thickness of the 2" layer
upon addition of pepsin indicates accumulation of pepsin at the interface
between the two layers.
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Figure 3.7 Kinetics of digestion of a-casein by pep  sin in the nanoreactor as
a function of protein concentration. (a) Appearance of digestion products in
Layer 2 of the nanoreactor as a function of time, measured as the change in
optical thickness of the layer. The action of pepsin generates small peptide
fragments from a-casein that enter Layer 2. The quantity A2nL represents the
change in 2nL relative to its value immediately before introduction of casein,
nominally 16,000 nm for this series of experiments. The initial slope of the
curves and the steady-state values of A(2nL) correlate with the initial
concentration of casein used in each experiment. (a) Double reciprocal plot of
A(2nL); and [a-casein], where A(2nL); is the steady-state value of A(2nL)
measured 140 min after introduction of a-casein. Each data point represents
triplicate measurements.
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Figure 3.9 Inhibition of the Activity of Pepsin in the Nano-Reactor using
Pepstatin A. As in Figure3.7, data are presented in terms of the response of the
size exclusion Layer 2 as a function of time. The quantity A2nL represents the
change in 2nL relative to its value immediately before introduction of the a-casein
substrate and inhibitor. The initial slope of each curve is indicated by a dashed
lined. Each curve corresponds to a fixed concentration of inhibitor (1 uM) and a
different concentration of substrate as indicated in the legend
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Figure 3.11 Inhibition of the Activity of Pepsin in the Nano-Reactor using
Pepstatin A . As in Figure 3.7, data are presented in terms of the response of the
size exclusion Layer 2 as a function of time. The quantity A2nL represents the
change in 2nL relative to its value immediately before introduction of the a-casein
substrate and inhibitor, nominally 15,500 nm for this series of experiments. Only
the initial slope of each curve is shown. Each curve corresponds to a different

concentration of inhibitor with a fixed concentration of substrate (40uM) as
indicated in the legend.
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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: Orosco, M.M., Pacholski,
Sailor, M.J., Real-time monitoring of enzyme activity in a mesoporous silicon
double layer. Nat. Nanotech. 2009, in press. The author of this dissertation is the

primary author of this manuscript.
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4.1 Abstract

Protease activity can be detected by a number of methods described in
the earlier chapters. Specifically, Chapter 2 described a method of which thin
films of protein are spin coated on a porous silicon surface and assayed for
protease activity. Although this method is useful for label free detection of
proteases, it lacks in sensitivity (when compared to fluorescent dyes conjugated
to synthetic substrates). In this work, protease activity was measured by coupling
protein multi-layers to changes in luminescence (either from porous silicon or
fluorescent dye). P-type porous silicon was electrochemically prepared to have
intrinsic luminescent nanostructures and whole protein substrates were spin
coated on top of the surface. Depending on the specific etch conditions, the
protein would either line the porous matrix or be excluded from it. One of the p-
type methods involves using a luminescent thin porous silicon film coated with
protein substrate to detect protease activity. When the protein gets digested, the
thin silicon film is susceptible to degradation and the luminescence of that film
will decrease. A number of issues arose when using porous silicon as
luminescence transducing element and more sensitive approaches were
necessary. A fluorescent dye was impregnated into a porous silicon film and is
guenched by the porous silicon acceptor. A protein coating is used to trap the
dye into the porous matrix and gets released in solution by the action of a

protease.
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4.2 Introduction

Fluorescence has always been the gold standard for achieving sensitivity
on the molecular level and typical protease assays incorporate these fluorescent
molecules. A commercial protease assay kit usually involves a fluorescent dye
attached to peptide with a quencher flanking the substrate'®. The action of a
protease will cleave specifically at the scissile site allowing the fluorescent dye to
fully fluoresce. This general method is good for detection of a small concentration
of protease. Some major drawbacks are that the substrates are chemically
modified in order to incorporate the fluorescent dye and the natural substrate is
not used. Other systems use the natural substrates to incorporate dyes but
cross-linking of the protein substrate is required*.

Porous silicon has been used as a transducing element for protease
activity in a label free manner®. The sensitivity, however, is limited by changes in
index of refraction (n). Most biological assays are done in solution and measuring
changes of n can become difficult since buffers are closely matched in index to
biomolecules. To overcome the sensitivity issue, protein coatings were added to
a luminescent transducing element (from either the porous silicon or dye). Spin
coating provides an even coating and allows the protein to forms multi-layers on
the surface. This protein substrate can also act as a cap to protect the silicon
from degradation and can be used to trap molecules within the pores.

The first method employs luminescence from porous silicon itself (Figure

4.1). The luminescent structures are generated by quantum confinement and
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oxide defects at the surface. The porous material at the surface forms a layer of
oxide that allows quantum confinement of the silicon nano-clusters within. As the
clusters get exposed to more oxidant, the band gap of porous silicon changes
and causes a blue shift in the luminescent spectrum. It has been shown
previously that protein matrix can be used to protect silica dissolution in
seawater®. The process of dissolution in this work involves oxidation and
corrosion of the porous silicon layer by various buffers. These luminescent
structures were spin-coated with naturally occurring zein maize protein to form
multilayers on the surface. These samples were then incubated with a model
protease, Pronase E, to digest the protein substrate layer. Digestion of the layer
will expose the surface to further corrosion and this will cause the luminescence
from the porous silicon to blue shift and the intensity will decrease. This general
design is based on the “on-off” method in which a fluorphore (porous silicon in
this case) that is excited and after exposure to a protease, the luminescence
signal decreases in intensity.

The second method involves the fluorescence from a molecular dye
coupled to an acceptor (porous silicon). A slightly oxidized porous silicon film is
infused with fluorecene and the solvent is allowed to evaporate. The dye
becomes trapped within the porous matrix and capped with zein protein via spin
coating. When the protein layer is exposed to a protease that is able to cleave
the substrate, the dye is released into solution and turning on a strong
fluorescence signal. The response is quantified by measuring the restoration of

fluorescence of a dye impregnated in the porous silicon matrix—a solid-state
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analog of Fluorescence Resonance Energy Transfer (FRET). The dye itself is not
coupled directly to the substrate making it a facile, label-free method for detecting
proteases in solution. This general design is based on the “off-on” method in
which a fluorphore is quenched and after exposure to a protease, the

fluorescence signal restores in intensity.

4.3 Experimental

4.3.1 Sample Preparation

Porous silicon samples for dye infused experiments were prepared by an
anodic electrochemical etch of boron doped p-type silicon wafers (4-5 W cm
resistivity, <100> orientation, Silicon Quest International, Inc.) in a 1:1 (v/v) 48 %
aqueous hydrofluoric acid (EMD Chemicals, Inc.) to ethanol solution in the dark.
A Teflon etch cell with 1.1 cm? of silicon wafer exposed was used. Samples were
etched at a constant current density of 18 mA/cm? for 5 min. Porous silicon
samples were then placed in a tube furnace (Lindberg/Blue M) and heated to 300
°C for one hour under ambient atmosphere, resulting in a slightly oxidized porous
layer. 0.8 uL of an ethanol (99.5 %, PHARMCO-AAPER) solution 0.1 mg/mL in
fluorescein (95 %, Sigma-Aldrich) was added to the porous film and the solvent
was allowed to dry at room temperature under ambient atmosphere. A 200 uL
aliquot of 5 mg/mL zein (Sigma) in methanol (99.9 %, Fisher Chemicals) was
then spin-coated (2000 rpm, 30s) onto the porous film to seal the dye into the
porous Si matrix. Highly doped p-type luminescent porous silicon was etched at

707mA/cm2 for 10 seconds, rinsed with ethanol, and dried with a stream of
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nitrogen. These samples were then oxidized at 450 °C for 1.5 hours. Sample
were then rinsed with 3:1 HF: Ethanol to remove the porous layer, aged in air for
1 day, and spin-coated (2000 rpm, 30s) with 200 uL aliquot of 5 mg/mL zein in

methanol.

4.3.2 Enzymatic Digestion Procedure

Pronase E solution was prepared by dissolving Pronase E (Type X1V, ca.
4 units mg™ solid powder, Sigma) in various buffers. Controls included deionized
water and heat-denatured Pronase E solution. Heat-denatured Pronase E
solution was obtained by heating the above active Pronase E solution to 95 °C
for 25 minutes. Aliquots of 7 uL of the Pronase E solution or controls were
deposited onto the zein-coated porous Si film. The sample was maintained in a
humid chamber at room temperature for 30 minutes. For “on-off” sensor, the

protein coated porous silicon chip was exposed to 100uL of protease.

433 Fluorescence Measurements

Fluorescence spectra were obtained with a liquid nitrogen-cooled charge-
coupled device (Princeton Instruments, LN/CCD-1152) and a dual grating
monochromator (Acton, SpectrPro-150) coupled with an optical fiber and
focusing lenses. A blue LED with peak emission at 470 nm (Nichia, NSPB500S)
was used as the excitation light source. A 480/40 nm bandpass filter and a 510

nm long pass filter were used as the excitation and emission filters, respectively.
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4.4 Result and Discussions

4.4.1 Protein Coated Highly Doped P-type Luminescent
thin films

The preparation and use of the protease sensor follows the procedure
shown in Figure 4.1. The sample must be partially oxidized in order to obtain thin
luminescent film. If the sample is fully oxidized, the porous silicon goes from a
semiconductor to an insulator and no luminescence will be observed. It is
possible to achieve a p-type luminescent porous silicon film by electrochemical
etching and activating visible photoluminescence is based on the specific etch
conditions and aging of sample. This method of generating p-type luminescent
structures is much quicker and the layer is thin enough for faster corrosions
times. These samples were then spin-coated with protein biopolymer zein. The
coating serves two purposes: to protect the thin film from corrosion by aqueous
media and acts as a substrate for proteases. As a consequence of the protein
coating, the luminescence intensity decreases by 35%. This could be due to the
protein layer acting as a quencher of the porous silicon luminescence. The
decrease in luminescence intensity is also seen aqueous solutions partly due to
high concentrations of salts that can quench the luminescence and absorption of
UV light by the solution. The intensity decreases with various aqueous solutions
(Table 4.1). The % guenched ratio is calculated by the final luminescent intensity
at 30 minutes over the initial intensity (O minutes). The amount of aqueous media

guenching highly depends on type of solution (ranging from 23-96%)
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These zein-coated samples were tested for their ability to quench in the
presence of an active protease. If there is protease activity, the zein multi-layer
will degrade and the thin film will be exposed to corrosion by aqueous solution.
This destruction of the porous silicon nano-structure leads to a faster decrease in
luminescence intensity that can be measured over time. Pronase E has a higher
% quenched ratio (%88) than solution because the protein layer is degrading and
corrosion is taking place at a faster rate (after 30 minutes). This change,
however, is not very significant and could not be useful in detecting small
guantities of protease.

The main drawback to this method was the changes in luminescence were
based on the amount of oxidation a specific solution can have. If the aqueous
solution is a higher pH, the rate of dissolution of porous silicon is greater and a
rapid decrease in intensity will occur. This could become an issue at lower pHs.
Also, the luminescence of the thin film is not exactly uniform and can cause
variations in intensity (see Figure 4.2). This method, in part, leads to a new
design where the transducing element does not come from the porous silicon

itself but rather a fluorescent dye.

4.4.2 Protein Coated, Dye Infused P-type Porous Silicon

The preparation and use of the protease sensor follows the procedure
shown in Figure 4.3. A solution of the naturally occurring protein zein in methanol
(5 mg/mL) is spin-coated onto of the slightly oxidized porous silicon film loaded

with fluorescein to form a thin protein layer and to seal the dye into the porous



83

nanostructure. Zein tends to form multilayered films on surfaces through
molecular and electrostatic interactions®. The porous Si film was prepared by
electrochemically etching of p-type Si wafer using a low current density (18
mA/cm?). The porous structure has pores (< 10 nm) that are small enough to
exclude most of the intact zein protein (24 kDa, 16 nm x 4.6 nm x 1.2 nm)
infiltrates the porous Si film®* 8.

Initial fluorescence from fluorescein is negligible because of the quenching
of the dye by the porous Si matrix. Porous Si has a high quenching efficiency
because of its relatively high density of electronic states and the large surface
area of the porous structure®’. It was found that the degree of quenching could
be adjusted by changing the distance (thickness of the silicon oxide layer)
between the fluorescent dye molecules and the silicon matrix. Figure 4.4 shows
the residual intensity of fluorescence from fluorescein incorporated in porous
silicon films as a function of the degree of oxidation. To test if the low
fluorescence intensity arises from self-quenching of fluorescein, controls were
carried out using a fully oxidized porous silica film (Fig. 4.4(d)) and a polished
quartz slide (Fig. 4.4(e)). The same fluorescein loading protocol was followed.
Significant self-quenching is expected from fluorescein dried on a quartz slide,
and as expected, negligible fluorescence is observed from this type of sample.
On the other hand, the fully oxidized porous silica sample possesses ~1000x
larger surface area, increasing the separation between adsorbed fluorescein
molecules and reducing the likelihood of self-quenching. Oxidation converts the

porous silicon semiconductor to a porous SiO; insulator, significantly reducing
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the free carrier concentration and density of free electronic states. The relatively
high fluorescence intensity observed on the fully oxidized samples is consistent
with emission from isolated, unquenched fluorescein. Thus the fluorescence
guenching observed with the freshly etched or slightly oxidized porous silicon
samples is attributed to energy transfer between fluorescein and semiconducting
silicon.

The surface of freshly etched porous silicon is hydrogen-terminated which
makes it hydrophobic. This surface effectively repels aqueous solutions in the
absence of a surfactant [9], so a mild oxidation (300 °C, 1 hour) was employed to
generate a very thin oxide layer on the surface. The oxide layer is thin enough
that the porous silicon matrix can still quench the fluorescein molecules (Figure
4.4(b)), and it imparts a more hydrophilic nature to the porous matrix>* &,
allowing the analyte solution to enter the pores and release the trapped
fluorescein (Figure 4.5).

There is a possibility that the observed lack of fluorescence from
fluorescein loaded in porous silicon arises from a chemical reaction with the
reactive hydrides on the porous silicon surface. To eliminate this possibility, films
loaded with fluorescein were rinsed with ethanol to extract the free fluorescein.
The ethanol solutions display similar fluorescence intensity from either the freshly
etched or the oxidized samples. The result of Figure 4.5 also indicates that the
fluorescein molecules trapped inside the pores can be leached out of the matrix
intact, and that the fluorescein loads into the pores rather than aggregating on

the top of the porous films.
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Detection of Pronase E activity was performed on the sensors prepared
following the procedure used in Figure 4.3. An aliquot of 7 uL of 0.5 mg/mL
Pronase E was deposited on the zein-coated porous silicon film. Deionized water
and heat-denatured Pronase E solutions were used as controls. The sample was
maintained in a humid chamber at room temperature for 30 minutes. The
fluorescence of the samples was then measured in situ. No significant increase
in fluorescence intensity was detected from the water blank (Figure 4.6(a)).
Taken with the result of Figure 4.5(b), it can be concluded that the zein layer
effectively forms a barrier between an added water drop and fluorescein trapped
in the partially oxidized porous silicon film. Addition of active Pronase E results in
the appearance of a strong fluorescence signal within 30 min (Figure 4.6(b)),
resulting from the action of Pronase E on the zein layer. The heat-denatured
Protease E sample displays a smaller increase in fluorescence intensity (Figure
4.6(c)), though it is still much larger than the water blank. One possibility is that
there is still residual activity in the denatured protease. The sensor was also
tested with different buffers. Some of the buffers also produced an increased
fluorescence signal, suggesting that under certain conditions some fluorescein

can leach through the intact zein layer.

4.5 Conclusion

This work represents a new method for detection of protease activity using
both luminescent structures of porous silicon and fluorescent dye infused in

porous silicon. The main advantage of the system is the use of natural substrates
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for the assay coupled to changes in luminescence. This system could provide
sensitive detection of protease activity without the use of chemical modifications
to substrates. Particularly, the “off-on” sensor is most useful because it works on

the principle of sensitive detection with fluorescent probes with low background.
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Table 4.1 Quenching effects of different aqueous so lutions. The %
guenching ratio is calculated as the final intensity after 30 minutes of incubation
with solution over initial luminescent intensity. The peak shift is calculated as the
peak max position at 0 minute subtracted from the peak max position at 30
minutes.

pH 2.0 | pH4.0 Millipore PBS Seawater pH 10.0
Buffer Buffer water Buffer
% 33% 56% 29% 59% 63% 93%
Quenching
(Uncoated)
Peak Shift +4nm +2nm +3nm -5nm -14nm -13nm
(Uncoated)
% 24% 27% 29% 66% 76% 96%
Quenching
(Zeincoated)
Peak Shift +6nm Oonm +3nm -39nm -11nm -3nm
(Zein coated)
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Figure 4.4 Fluorescence intensity observed from por  ous Si films oxidized

to different degrees. An aliquot of 0.8 uL of 1 mg/mL fluorescein in ethanol was
added onto each of the porous Si films and dried at room temperature under
ambient atmosphere. Fluorescence from the samples was then measured: (a)
freshly etched porous Si; (b) porous Si oxidized at 300 °C for 1 hour; (c) porous
Si oxidized at 500 °C for 1 hour; (d) porous Si oxidized at 950 °C for 1.5 hours;
(e) polished quartz slide control.
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Figure 4.5 Comparison of fluorescence intensity fro m fluorescein released
into water from (a) freshly etched and (b) partially oxidized porous Si films. A 7
uL aliquot of deionized water was deposited onto each of the fluorescein-loaded
samples. The fluorescence intensity in the water droplets was measured after O
and 30 minutes. The partially oxidized sample displays strong fluorescence after
30 minutes, whereas the freshly etched sample displays little change.
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Figure 4.6 Protease-triggered increase in fluoresce  nce intensity from a dye-
impregnated, zein-coated porous Si substrate. Relative fluorescence intensity
of (a) 7 uL H20 blank control, (b) 7 uL 0.5 mg/mL Pronase E, and (c) 7 uL 0.5
mg/mL heat-denatured Pronase E solution. All measurements performed after 30
min room-temperature incubation on the sensor. A unit of pronase E is defined
by hydrolysis of casein to produce a color equivalent to 1.0 mmole (181 pg) of
tyrosine per min at pH 7.5 at 37 T (color by Folin-C iocalteu reagent).
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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: Gu, L., Orosco, M.M., Sailor,
M.J., Detection of protease activity by FRET using porous silicon as an energy
acceptor. Phys. Stat. Sol. A, 2009, in press. The author of this dissertation is the

co-author of this manuscript.
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A.1 Abstract

In this work, protease activity in a marine Flavobacteria sp. BBFL7 was
measured by changes in local refractive index of the porous silicon layer. Porous
silicon samples were oxidized for stability in high salt and pH conditions. The first
method employs the use of large nanometer sized pores prepared from
electrochemical etch of polished silicon wafers. The large dimensions of the
pores (>100nm) allow large protein (in the present case, a casein) to adsorb to
the inner pore walls. Removal of a-casein is caused by protease activity that
changes the local index of refraction (n) from protein (n~1.40) to seawater
(n=1.34) resulting in a blue shift. The other approach follows the method
described in Chapter 2 in which protein substrate is excluded from the porous
silicon matrix. When active proteases are present in solution, the protein
substrate is cleaved into small peptide fragments that can then infiltrate the small
pores. This will result in a red shift due to index changes from seawater (n=1.34)
to peptide fragments (n~1.40). The data shows some promising results but the
utility of this method for measuring protease activity is limited when compared to

standard proteases detection assays for cells.
A.2 Introduction

There is a need for rapid detection of protease activity in whole bacterial
cells. Some bacterial cells use proteases for virulence factors®, gene

activitation?®, and protein catabolism®®. Most methods for the detection of
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protease activity involve fluorogenic substrate that fluoresce when cleaved®. The
issue with using this kind of substrate is the engineered peptide bond does not
represent the real kinetics of its natural substrate especially for protein
substrates. Also, peptide substrates can be costly, as analysis requires sensitive
fluorometers.

The drawbacks of fluorescent peptides lead to developing an on-chip
protease assay to detect protease activity in marine isolate BBFL7. This isolates
was isolated from waters nearby Scripps Institution of Oceanography, La Jolla,
Caifornia, USA. It exhibits high ecto-protease activity and has proteolytic enzyme
activity making it a good candidate for a proof of concept for development of a
method for protease activity. Protease activity plays an important role in the
ocean'’s cycle of various elements ( i.e. carbon, nitrogen, silicon) and has been
an indicator of gene activation in biofilms®°. Building an on-chip, label-free sensor
for detection of protease activity in marine bacteria can include patterned arrays
with various substrates for high throughput screening.

In the present work, two methods for the detection of protease activity are
employed. The first method uses large pores (>100nm) electrochemically
prepared by etching polished silicon wafers at a high current density (close to the
electropolishing regime) and then oxidized to impart stability of the porous
structure (see Figure A.1). The large pores are necessary for proteins to be able
to diffuse readily and adsorb into the inner pore walls. As protein enters and
adsorbs to the pore walls, the local index of refraction (n) changes from seawater

(n=1.34) to protein substrate (n~1.40) causing a red shift (increase) in the
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effective optical thickness (2nL). This shift can be measured as a function of
time. Prior to adding protein substrate, porous silicon was loaded with seawater
to change the index of refraction of porous silica. Now, when the protein solution
is added, the index changes are only produced by the protein itself and not by
the seawater. Protein substrate was cycled through the porous film with a flow
cell and the relative change in 2nL was allowed to equilibrate (until there is a
baseline for 2nL). Excess protein that is not adsorbed was removed by a rinse
cycle and as a consequence, some of the adsorbed protein is removed as well.
In this case, it is important to measure the protein diffusion out of the pores
(characterized by the change in 2nL/time). If protein is removed (i.e. diffusion or
removal by proteases), the 2nL value will decrease as a result of the porous layer
shifting to a lower index. This rate can be measured in real-time and would
provide label-free detection of bacterial proteases.

The second method is similar to the method described in Chapter 2 except
a protein layer is not used on the surface of porous silicon (Figure A.2). Marine
bacteria BBFL7 was directly incubated with protein substrate in solution and
allowed to digest the substrate into small peptide fragments. This solution was
added to the porous silica that was etched with small pores (to exclude whole
protein substrate) and oxidized to impart stability. The peptides produced from
the digestion can freely diffuse into the small porous layer. This cause a change
in local refractive index as peptides (n~1.40) displaces seawater (n=1.34) and an
increase (red shift) in 2nL. This measurement just shows the extent of protease

activity in a given concentration of BBF7 in a label-free manner. A caveat is that
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any peptides released from the metabolic pools of bacteria would cause an over

estimation of the protease activity.

A.3 Experimental

A.3.1 Sample Preparation

Porous Si samples were prepared by anodic electrochemical etch of
highly B-doped (p**-type), (100)-oriented silicon wafers with resistivity of ~ 0.8
mQ-cm (Siltronix), in a 3:1 (v/v), 49% aqueous HF/ethanol solution. A Teflon
etching cell that exposed 1.2 cm? of the silicon wafer was employed. For porous
silicon with large pores, the exposed polished surface was etched at a current
density of 707 mA/cm? for 10 s. Making porous silicon with small pores involved
etching at a current density of 44 mA/cm? for 170 s. Samples were then
thermally oxidized at 800 <C for 1.5 h. Each sample s was mounted in a flow cell
chamber and was exposed to a 1 cm-diameter optical window through which the

reflectivity spectrum of the porous silicon film could be monitored.

A.3.2 Data Acquisition and Analysis

Interferometric reflectance spectra were collected by using an Ocean
Optics S-2000 CCD spectrometer fitted with a microscope objective lens coupled
to a bifurcated fiber optic cable. A tungsten light source was focused onto the
center of the porous Si sample surface with a spot size approximately 1.5 mm in
diameter. Both the illumination of the surface and the detection of the reflected

light were performed along an axis coincident with the surface normal.
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Reflectivity spectra were recorded in the wavelength range 400-1000 nm, with a
spectral acquisition time of 10 ms. Typically 100 spectral scans (2 s total
integration time) were averaged for Fourier transform processing. Details of the

Fourier transform and spectral data fitting routines are published elsewhere?®.
A.3.3 Measuring Protease Activity

An overnight culture of BBFL7 was grown in DIFCO media and
centrifuged at 150009 in an Eppendorff centrifuge and washed 3x with a 0.2um
filtered autoclaved seawater. The washed pellet was resuspended in 0.2um
filtered autoclaved seawater to various optical densities. The optical density was
measure to calculate the concentration of BBFL7. Measurements were taken in
an airtight flow cell chamber connected to a peristaltic pump which pumps in one
direction. For porous silica with large pores, a solution of a-casein (1mg/ml)
mixed in seawater was flowed at a rate of 500uL/minute through the porous silica
layer and the 2nL was allowed to equilibrate. Excess substrate was removed by
subsequent rinsing with seawater. After a stable baseline had been achieved
with seawater, a specific concentration of BBFL7 was then cycled through the
protein loaded porous silica layer (total volume cycled=3.5ml). The value of a 2nL
was monitored over time. The slopes (2nL/sec) are a measure of protease
activity and are compared to the rate at which the protein is diffusing out of the
pores. For porous silica with small pores, a solution of a-casein was directly
mixed with BBFL7 at a specific concentration and incubated for 1 day at room

temperature. After a stable baseline had been achieved with seawater, the
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mixture of bacteria/substrate was cycled through the flow cell (cycled rate=

500uL/min, total volume =3.5mL) and the change in 2nL was monitored.

A.4 Results and Discussion

A.4.1 Porous Silicon with Large Pore Dimensions

This method uses porous silica with large pores to detect protease activity
in BBFL7 (see Figure A.1). Because seawater has high pH (~8.1) and salts, the
surface of the porous film was thermally treated to create a stable SiO, surface.
This type of surface resists corrosion from solutions on the timescale of the
experiment (Figure A.3). One factor that must be considered is that bacteria cells
have an index of refraction and this could interfere with the change in 2nL
measurement. As an example, the cell’'s index might be close to that of the
protein since the cells themselves have various proteins, sugars, and lipids. If
BBFL7 was able to enter the pores, the local refractive index of the pores will
increase and this could be construed as a false positive. Figure A.3 shows that
there is no change on 2nL when incubated with BBFL7 alone in seawater
suggesting that the bacteria don’t enter the pores (bacteria size ~1um, see
Figure A.4). The loading of substrate a-casein causes a change in local refractive
index of the porous layer as the substrate adsorbs to the inner pore walls and
displaces seawater. For a-casein (1mg/ml), this shift is typically 80-110nm
(Figure A.5). The slope of the seawater rinse is characterized by the change in
2nL over a given amount of time (30 minutes in this case). This slope represents

the amount of substrate that is able to diffuse out of porous layer. It is assumed
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that if proteases were available they would be able to cleave the substrate to
peptide fragments. These fragments are less likely to adsorb to the inner pore
walls because there is less chemical interaction causing a decrease in the 2nL
value. BBFL7 (OD=0.180) was then incubated with the a-casein loaded porous
silicon sensor and the change in 2nL over time was measured. The ratio of
these slopes (slope of BBFL7/slope of seawater) represents the protease activity
of BBFL7. If the ratio is greater than 1, then this would suggest that there is
protease activity. This ratio actually turns out to be lower than 1(0.824). There
are a number of reasons why a higher ratio was not seen (corresponding to high
protease activity). One reason could be that bacteria are excluded from the pores
and most of the proteases are located on the cell surface. This could be an issue
if the proteases cannot reach the substrate deep within the pores. Another
reason for a low ratio could be that in fact the BBFL7 suspension had low
protease activity. Achieving a high ratio strongly depends on the assumption that
products will be removed from the pores. If they remain there, the 2nL value will
not shift very much. Another possibility is that the hydrolysis and uptake of
hydrolysis products are tightly coupled processes. There is also the possibility
that the cells are attached to the surface and keeping the substrate/products
inside the pores.

An experiment was done with heat-killed BBFL7 to show that there should
be little protease activity characterized by a small change in 2nL/time. This ratio
is close to rate of diffusion of substrate (1.34) but larger than live BBFL7 (0.824).

The heat treatment could affect the shape of the cell and its ability to attach to
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the surface. This would favor the idea that BBFL7 cells are keeping the
substrate/products inside the pores. To test that these sensors can detect
protease activity, Pronase E was cycled through and the change in 2nL was
measured over time (Figure A.6). Almost immediately, there was a large change
in 2nL for Pronase E (1mg/ml, ratio=27). To show that only active protease can
remove the protein substrate, heat-treated Pronase E (1mg/ml) was flowed over
these sensors. No significant change in 2nL was observed suggesting that only
active protease can remove the protein layer. The large change in 2nL can be
attributed to the enzyme being able to freely diffuse in and out of the pores and
its high protease activity (a combination of 10 proteases). Although the idea of
having an on-chip, label free, real time protease sensor for cells could be
possible, the methods lacks, at the present time, sensitivity when compared to
synthetic peptide substrates. It is also possible that the method is suitable only

for bacteria that release proteases into the environment

A.4.2 Porous Silicon with Small Pore Dimensions

The issues with the method described above lead to a new approach
similar to that described in Chapter 2. Rather than porous silica housing the
substrate, it excludes it with small pores (see Figure A.2). Natural protein
substrate is incubated with BBFL7 in solution for 1 day. After a baseline with
seawater, the mixture was cycled through and the change in 2nL was measured.
Figure A.7 shows the changes attributed to loading of peptides fragments

generated by BBFL7 when incubated with substrate. As a control, a-casein
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(Img/ml) was cycled through and change in 2nL was measured. This change is
less when compared to BBFL7 plus substrate solution. The change in 2nL from
protein substrate could be attributed to a-casein adsorbing to the surface and
changing the local refractive index of the porous silicon layer (a combination of
higher n and increased thickness of the porous film). There is no 2nL shift for
BBFL7 alone showing that the index changes come from the protein substrates
and products generated. This work shows promising results but only shows the
extent of protease activity in these cells. The drawbacks are that this assay does
not work in real-time and the kinetics of the enzymes cannot be measured. The
time it takes for the digestion is significantly higher when compared to typical
protease assays. Time of incubation with bacteria and substrate was also varied
(1 and 12 hours) however, this timescale is below the detection limit in this
method that cannot be seen. It is possible that BBFL7 initially have high
protease activity and they uptake the peptides generated. It would appear then
at some point BBFL7 is unable to uptake the peptides generated and the
products accumulate in solution (noticed after 16 hours).

A.5 Conclusions

This work was a large effort to detect protease activity in marine bacteria
BBFL7 without the use of synthetic peptide substrates. Porous silica was
considered a good candidate because the nanostructure could provide
interfermetric measurements and this could possibly be integrated into
microarray technologies. These optical transducers respond to the presence of

bacterial proteases but that response is not amplified (which is the trade-off for
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most label-free biosensors). The main goal of this work was to have an on-chip,
label free protease sensor that can interface with bacteria. If fully realized, this
method could be used to study cycling of organic compounds and the behavior of

bacterial communities in biofilms.
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Figure A.1 Protease biosensor using protein coated porous silica. Porous
silica with larger pores (>100nm) was coated with a-casein protein substrate. In
this schematic, the protein is digested by proteases produced by marine
Flavobacteria BBFL7. Digestion of protein substrate by proteases generates
peptide fragments that can be uptaken by BBFL7 or become free in solution. If
there is significant cleave of substrate, then larger changes in 2nL will be
observed.
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Figure A.2 Protease biosensor using porous silica w ith small pores Porous
silica with small pores (<10 nm) was coated with a-casein protein substrate. In
this schematic, the protein is digested by proteases produced by BBFL7 and then
introduced to the porous silica film. If the proteases are about to cleave the
protein substrate sufficiently, small peptides will be generated and these peptides
can enter the small pores.
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Figure A.3 2nL changes due to BBFL7. After baseline with seawater, BBFL7 of
a given concentration was incubated with a porous silica film. The presence of
BBFL7 does little changes to the 2nL value.
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Figure A.4 BBFL7 lawn on top of a protein coated po  rous silica film.  This
image was obtained on an Oplympus 1X-51 epifluorescence microscope at 200X
final magnification. Prior to imaging, BBFL7 were stained with DAPI for
visualization of the nucleus and excited with a UV light source. The width of the

image is 80um.
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Figure A.6 Protease sensor incubated with Pronase E . After loading with
substrate, a solution of inactivated Pronase E (1mg/ml) was cycle through and
the change in 2nL was measured. After rinsing, a solution of active Pronase E
was cycled which caused a large decrease in 2nL. A unit of pronase E is defined
by hydrolysis of casein to produce a color equivalent to 1.0 mmole (181 pg) of
tyrosine per min at pH 7.5 at 37 T (color by Folin-C iocalteu reagent).
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substrate and allowed to digest into small peptides fragments. These products

can enter the small pores and a measurable change in 2nL is observed.



Appendix B. Effect of Porosity and Thickness on
Nanostructure-Initiator Mass Spectrometry.
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B.1 Abstract

A challenge to label-free detection of protease activity is achieving high
sensitivity. Matrix-Assisted Laser Desorption/ lonization (MALDI) is a useful mass
spectrometry technique used for measuring masses for charged molecules. This
method can be directly used to study enzymatic cleavage of a peptide or protein
substrate although this method limits the sensitivity of detection of masses
<500Da because the organic matrix mass is within than range.
Desorption/ionization on Silicon (DIOS) has advanced mass spectrometry
because of its ability to detect small masses without the use of an organic matrix.
Nanostructure-Initiator Mass Spectroscopy (NIMS) provides detection of a wide
range of masses and still affords high sensitivity with the use of an initiator.
Analyte materials adsorb onto the surface and are released by laser irradiation
for mass analysis. This general method can produce high signal-to-noise ratios
and low background noise allowing for sensitive measurements. NIMS mainly
has been use detect masses of small molecules by coupling laser desorption to
nanostructed membranes such as porous silicon. This approach allows for
desorption/ionization without the use of an organic matrix. In this study, the
porosity and thickness of porous silicon samples were investigated as a function
of desorption/ionization of analyte. Fine tuning such factors can give greater
sensitivity of analyte and could be used to detect specific masses of enzymatic

digests.
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B.2 Introduction

Typical desorption/ionization is matrix assisted by co-crystallization of the
molecule of interest with an organic molecule’. The energy generated from the
laser is absorbed by the organic molecule and the charge is transferred to the
molecule of interest. This process protects the molecule from being directly
damaged by the laser and also facilitates desorption/ionization of the molecule.
lons observed after this process consist of a neutral molecule [M] and an added
or removed ion. Together, they form a quasimolecular ion, for example [M+H]+ in
the case of an added proton, [M+Na]+ in the case of an added sodium ion, or [M-
H]- in the case of a removed proton. MALDI is capable of creating singly-charged
ions, but multiply charged ions ([M+nH]n+) can also be created, as a function of
the matrix, the laser intensity and/or the voltage used. Determination of the
masses of each molecule is based on the mass to charge ratio characterized by
Time of Flight (TOF) spectrometry. lons are accelerated by an electric field of a
known strength and results in having the same kinetic energy as any other ion
with the same charge. The time that it subsequently takes for the ions to reach a
detector at a known distance is measured. This time will depend on the mass-to-
charge ratio of the ion (heavier ions are accelerated to slower velocities). From
this time and the known experimental parameters one can determine the mass-
to-charge ratio of the ion (directly proportional to m/z). The main disadvantage to
MALDI-MS is that background ions from the organic matrix itself can flood the

detector making smaller masses harder to detect. Also, the molecules of interest



116

must be able to co-crystallize with the matrix itself in order to get
desorption/ionization.

A relatively new approach uses porous silicon to generate
desorption/ionization”>"”. Porous silicon is used because of its high surface area
and its ability to absorb strongly the UV laser energy. Hydride terminated silicon
can further be functionalized to facilitate desorption/ionization of a variety of
molecules. First demonstrated by Siuzdak et. al, porous silicon could be could
coupled with TOF spectrometry to detect masses of small molecules”. This
technique was useful in finding masses of small molecules but limited because
larger masses (>3000Da) could not be detected. This was due to the fact that
porous silicon cannot absorb enough laser energy to desorb larger masses.
Recently, Siuzdak et. al published a new approach to get better
desorption/ionization with a wide mass range®. Nanostructure-initiator mass
spectrometry (NIMS) is a new surface-based mass spectrometry technique that
uses a nanostructure surface (i.e. porous silicon) to trap initiator compounds.
Upon laser induced surface heating, the fluorinated siloxane initiator is released.
The molecule(s) of interest are subsequently absorbed on the initiator surface
then desorbed when the initiator is vaporized by laser induced irradiation. These
initiators are typically do not ionize on their own and are transparent to the UV
laser. This technique does not require the analyte to be co-crystallized with the
initiator allowing for a wide range on analyte to be detected and improves signal-
to-noise(S/N) ratios with minimal background ion interference. lon-NIMS is

similar to laser-NIMS except it uses nanoparticles trapped in the porous silicon



117

matrix and desorption/ionization occurs by a thermal driven process79. NIMS thus
allows for a versatile platform for sensitive detection of analyte that can be easily
translated into high-throughput mass analysis.

One topic with NIMS that has not been fully investigated is the effect of
nanostructure on the desorption/ionization of the analyte. In one study, the
authors varied the current etch time to change the thickness of the film while
keeping the current constant (See reference 79). They state that the thickness is
changing but there is no mention of the porosity changing. Although the
thickness is changing as a function of time, the porosity will change as well. To
address the issue of which factor has a greater influence on NIMS, a nano-
engineered porous silicon gradient was used for desorption/ionization of
Angiotensin Il (1046.6 m/z, Asp-Arg-Val-Tyr-lle-His-Pro-Phe).This porous silicon
gradient varies in porosity and thickness along the x-direction and is
electrochemically machined by asymmetrically etching of bulk silicon®’. The
potential at the silicon electrode-solution interface varies as a function of distance
from Pt counter electrode due to solution resistance, leading to a decrease in
current density as the distance from the counter electrode increases. Porosity
and thickness are affected by a number of factors such as HF concentration,
dopant type and density in the silicon substrate, and current density used in the
electrochemical etch. The asymmetric arrangement of the electrode results in a
distinct variation in pore morphology and thickness. In this work, the ion signals
produced by desorption/ionization of analyte is directly compared to porosity and

thickness of the film along the x-direction. Separate samples with fixed thickness
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and various porosities (and vice versa) were also analyzed to determine if the

porosity or the thickness (or both) have an effect the desorption/ionization.

B.3 Experimental

B.3.1 Sample Preparation

Prior to etching, silicon wafers with resistivity of >1 mQ-cm (Siltronix),
<100)>oriented, highly B-doped (p**-type) were cleaned using a mixture of
sulfuric acid and hydrogen peroxide (2:1) and allowed to sit for 1 hour. Samples
were subsequently rinsed with nano-pure water (x3), methanol (x3), and dried
with a stream of nitrogen. These samples were then electrochemical etched in a
1.5:1 (v/v), 49% aqueous HF/ethanol solution. A Teflon etching cell that exposed
1.2 cm? of the silicon wafer was employed. The Pt counter electrode was placed
1.5mm above the silicon wafer as described in Figure B.1. The exposed polished
surface was then asymmetrically etched at a current density of 22mA/cm? for 1
minute, 30seconds for samples with same porosity and varying thickness.
Samples were then rinsed with methanol (x3) and dried with nitrogen after it is
taken out of the etch cell to remove any HF residue. For samples with a fix
thickness, a mesh Pt electrode was used to provide an even etch throughout the
silicon wafer The dried samples were then incubated with initiator
Bis(tridecafluoro-1,1,2,2-tetrahydrooctyl) tetramethyldisiloxane(Bis-26) for 30
minutes and excess was removed via a cycle of heating and drying by a stream

of nitrogen.
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B.3.2. Desorption/lonization of Analyte

600uL of 1pmol/uL of analyte was applied to the prepared samples
described above and incubated for 5 minutes. The excess solution of analyte
was removed by pipetting the solution up into the pipet tip (z-touch method)”®.
This amount of solution was used to ensure that the whole porous film is covered
with analyte. Samples were then placed in a modified AnchorChip 600 aluminum
MALDI-target plate (Bruker Daltonics) which were used to house the porous
silicon samples. These porous silicon samples were fixed to the target plate
using clear scotch tape around the edges. The target plate was engineered to
have a recess (0.5mm) so that the laser was able to focus for better for ion
extraction efficiency (See reference 79). Mass profiling was performed on a
Bruker Daltonics Autoflex Il MALDI-TOF mass spectrometer operated by Flex
Control software. External mass calibration was performed to within 10 ppm
mass accuracy using Burker Daltonics Peptide Calibration Standard mixture.
Positive ion reflection mode mass spectra were acquired in the mass range of
200-1400 m/z (100 averages per spectra). This system is equipped with a
charge-coupled device camera and a camera for visualization of the porous
silicon sample. The edge of the porous silicon sample closest to where the Pt
electrode was visually distorted using 80% laser power(160uJ) using a pulsed
nitrogen laser operating at 337nm with a trigger frequency of 16.7Hz. From that
position, spectra were taken every 0.7 mm along the porous gradient until the

other edge of film. Each recorded mass spectrum resulted from 100 averaged
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laser shots along the x-direction. The laser attenuation was 60% offset /40%
range with 30% laser power (160uJ), 100ns laser pulse extraction, and an
extraction voltage of 20kV. The raw data were visualized following spectral

smoothing and baseline subtraction in FlexAnalysis software (Burker Daltonics).

B.4. Results and Discussion

B.4.1. Characterization of NIMS surfaces

After electrochemically etching these surfaces, the porosity and thickness
were measured optically by Spectroscopic Liquid Infiltration Method (SLIM). This
optical measurement involves acquisition of the white light reflectivity spectrum,
which consists of a series of peaks corresponding to constructive Fabry-Perot
interference in the porous silicon film. Fourier transforms of the spectrum yields
the quantity 2nL also referred as effective optical thickness (EOT). The
relationship between 2nL and the Fourier transform is determined by the
following relationship:

mA=2nL Eqg. B.1
where A is the wavelength of maximum constructive interference for spectral
fringe of order m, n the index of refraction of the porous layer and its contents,
and L is the thickness of the porous layer. Fourier transformation of the
reflectivity spectrum results in a peak whose position along the x-axis is equal to
the quantity (2nL). Differences in the refractive index of the porous silicon layer
when it is infiltrated with a solvent or with air allows the determination of

thickness and porosity®®. SLIM determines thickness and porosity of a
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porous optical film by least-squares fitting of the EOT (2nL) data to a Bruggeman
effective medium model**®3, In this work, samples were prepared at the same
resistivity. Depending on the sample, the electrolyte composition, etch time, and
electrode configuration varied. These parameters have a great influence on the
film thickness and porosity.

The ability of NIMS to effectively desorb or ionize an analyte depends on
the nanostructure used. In the case of porous silicon, porosity and thickness
play a tremendous role in the desorption/ionization process. But which factor has
more of an influence? To investigate this, samples were prepared with either
varying the thickness of the film with fix range of porosity or vice versa. A porous
silicon gradient with varying thickness and porosity fixed was made by an
asymmetric etch were the electrode was placed 1.5mm above the silicon wafer
next to the o-ring (Figure B.1). When the sample was etched at a low current (in
this case 22mA/cm2), the porosity didn’t vary much but the thickness gradually
changed over a given distance (x) (Figure B.2 and B.3). It is difficult to achieve a
varying porosity and fixed thickness with an asymmetric electrode configuration,
thus samples that had be prepared with individually with a normal electrode
configuration where a mesh ring electrode is placed 1cm above the silicon wafer.
In order to maintain the same thickness, etching silicon at a specific current

density and a specific time was used (Table B.1).
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B.4.2 Desorption/lonization with Varying Poro  sity and
Thickness

To show the affect of thickness on desorption/ionization of peptide
Angiotensin II, a porous silicon gradient was made with varying thickness and a
fixed range of porosity. The main peak measured in the analysis was the mass
peak at 1046.6 m/z ([M+H]+). A fixed concentration was used to limit the amount
of factors that can affect desportion/ionization process. However, the natural
progression of the work would be to use a range of different concentrations and
amounts of peptide. After incubation of Angiotensin Il on the porous silicon
surface, the sample was put into a TOF-MS for detection of the peptide mass at
1046.6 m/z. The signal to noise ratio and signal intensity were measured as a
function of thickness and porosity along the x-axis of the gradient film starting at
the position of the electrode (Figures B.2 and B.3). Each measurement was
taken every 0.7mm until the edge of the chip was reached (total of 15
measurements, diameter of porous silicon=1.0 cm). Figure B.2 is plot of signal to
noise ratio compared with the thickness and porosity. By making a limited range
in the porosity, the signal to noise ratios remains about the same values as the
porosity. When comparing the thickness of the film to the signal to noise ratio, the
change in signal to noise of Angiotensin Il does not follow the same trend as the
thickness (Figure B.2b). This experiment favors the case of the thickness having
a minor role in desorption/ionization of the analyte (this is, however, in contrast to

reference 79). This also appears to be the case for raw signal intensities (Figure
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B.3). Given this information, the porosity could be tuned to achieve the greatest
desorption/ionization when the porous silicon sample has a fixed thickness.

To show the affect of porosity on desorption/ionization of peptide
Angiotensin II, various samples with different porosity and fixed thickness were
made. A porous silicon gradient could not be used in this case because the
thickness varies along the x-axis. Table B.1 shows the extent to which the
porosity affects the desorption/ionization of Angiotensin Il. As the porosity
increase, the signal area will decrease as well. When comparing the signal
intensities, there appears to be a threshold in achieving maximum signal
intensity. The highest porosity in Table B.1 does not give the highest signal. One
argument for the signal intensities observed is the affect that porosity has on
surface area. If the surface area is related to porosity, then after a specific
porosity the surface area would decrease because there is less silicon (which is
characterized by larger pores).In the simplest case, more small pores in a given
area will have greater surface area than larger pores in that same area.
Thickness of the film would have less of an effect on surface area because the
changes in thickness observed translate into small changes in surface area. This
work suggests that the porosity has a major role in the desorption/ionization of
the analyte as it can directly influence the surface area. Further characterization
of the surface area is need and could be easily performed using BET nitrogen
adsorption.

When comparing the use of NIMS to DIOS, peptides greater than

>3000Da can be detected with great sensitivity with a wider range of mass
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because the use of an initiator allows for greater desorption/ionization of analyte.
Although DIOS is still able to generate in intact gas phase, it is highly dependent
on the type of modification of porous silicon used. Porous silicon for NIMS is
solely used to absorb energy from the laser to vaporize the initiator for
desorption/ionization of analyte. Although many factors such as concentration of
analyte, type of initiator, type of silicon, and modifications to porous silicon have

been investigated by other groups’®"®

, the porosity and thickness factors have
not been fully investigated. This work gives insight into fine tuning such factors
for improving the mass signal.

B.4.3. Desorption/lonization with a Gradient ~ Porous
Silicon Film

A porous silicon gradient was electrochemically etched with varying
porosity and thickness. The intensity of the Angiotensin Il peak (1046.6m/z)
starts to decrease as a function of x along the gradient (Figure B.4). This effect is
most likely due to both the porosity and thickness changes (with the thickness
playing a minor role) along the gradient (Figure B.5). When looking at each
factor separately, the thickness is constantly decreasing along the x-axis. This is
also the case for the porosity (to some extent). When comparing the intensity
values, they match the porosity profile more than the thickness (Figure B.5). As
position changes along the porous silicon gradient, the porosity is changing as
well. Given that the porosity plays a major role in the signal intensity, the effect it
can have on the desorption/ionization of Angiotensin Il is very significant. Figure

B.4 shows that at lower porosity, the signal becomes more suppressed than at
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higher porosity. This information could be used to create nanostructures that can
allow for maximum signal intensity with the least amount of signal suppression.
These NIMS films can also be used to detect peptides generated from
proteases. A trypsin digest of bovine serum albumin (Bruker Daltonics) was
digested for 24 hours to generate sufficient cleavage of protein substrate (Figure
B.6). 50pmol of the digest were added directly to the NIMS surface and
incubated for 5 minutes before removing the excess mixture. These samples
were allowed to dry and then put into a TOF-MS. The peptide sequence
coverage for the cleavage of BSA by trypsin was about 29% according to Mascot
database search. This sequence coverage is directly comparable to other NIMS
surfaces performed by the Siuzdak group’. Although this data is part of the initial
steps, it suggests that this type of NIMS gradient could detect masses of peptide
cleavage products. Investigation of the mass signatures of digests at various
points along the gradient could also be investigated be were not performed in this
thesis work. The next step that would be taken in this research would be to
investigate the affect of concentration of analyte. In this case, individual porous
silicon samples would have to be prepared separately because the porosity and
thickness will vary on the film. The concentration of digest that was used gives
reproducible signals that can be used to identify mass signatures. It would be
interesting to see if concentration can affect the mass signature of a
protein/peptide digest. Going a step further in this research, the porous silicon
gradient could theoretically be used as filters to separate peptides based on size.

Along the gradient, the porosity and thickness change as well as pore size. The
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possibility of using on-chip porous silicon filter that can be coupled to NIMS to
achieve great sensitivity and specificity would advance mass spectrometry and
separation of molecules of interest. The next steps in this thesis would be to look

at the effect that concentration has on mass signal.

B.5 Conclusions

The desorption/ionization of Angiotensin Il was investigated by treating
porosity and thickness as independent variables. Porosity seems to have a great
effect on efficiency of extraction of analyte with thickness having a minor role.
One can envision having a gradient of porosity (varying pore size) that can act as
size exclusion matrixes that filter out larger polypeptides from smaller one. This
system could potentially be coupled to NIMS to detect a range peptide mass in
patient’s samples. In particular, digestion of peptide substrates with enzymes
would be of great use in characterization of the enzyme’s specific mode of
cleavage. The next steps in this thesis work would be to reproduce the work with
the BSA digest and see if the mass signatures change along the gradient. A
study where the concentration of analyte is a variable is also necessary to see if
the mass signature is varies as well. Characterization of the pore size and shape
would be necessary if these gradients were to be used as filters for peptides and
be able to couple them to NIMS. Ultimately, this system will be compared to

current methods of detection of peptide masses (i.e. DIOS, MADLI).
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Figure B.1 Schematic of an asymmetric electrochemic  al etch. A Pt electrode
is place above the surface of a polished silicon wafer and a current is applied.
The current density changes as a function of x that creates a gradient of porosity
and thickness (porous silicon cross section).
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a. The porosity of porous silicon follows the trend of
the signal to noise ratio. In this case, the higher the porosity, the greater the
signal to noise ratio.b. The signal to noise ratio does not follow the same trend
gradual change in thickness along the porous silicon gradient. This would
suggest that the thickness play a minor role in the signal to noise. Each
measurement was made in triplicate with the error representing 1+/- s.d. from the
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a. The porosity of porous silicon follows the trend of

intensity. b. The signal intensity does not follow the same trend gradual change

in thickness along the porous silicon gradient. This would suggest that the

thickness play a minor role in the signal intensity. Each measurement was made
in triplicate with the error representing 1+/- s.d. from the mean.



Table B.1 Varying the porosity with a fixed thickne
signal intensity and area measured in triplicate and the error represent 1+/- s.d.

from the mean.

ss. Porosity,thickness,
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531mA/cm2 for 221mA/cm2 for 62mA/cm2 for

20sec 41sec 118sec
Porosity 78 +/-1 63 +/- 2 52 +/- 3
Signal Intensity 7802+/- 659 10481+/- 521 5423+/- 342
Area 10811 +/- 316 13891+/- 100 15966 +/- 222
Thickness (nm) 4426 +/- 52 4363 +/- 25 4343 +/- 50
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Figure B.4 Angiotensin Il signal as a function of g radient position . The blue
trace( far back spectrum) is the Angiotensin Il mass peak (1046.6 m/z, [M+H]+)
at the Pt electrode. Moving further away from the electrode in the x direction
shows a decrease in signal intensity. The etch conditions for this gradient was
108mA/cm? for 1 minute 30 seconds.
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Figure B.6 BSA digest on a NIMS gradient surface. = Process spectra with
baseline correction, noise filtering and monoisotopic peak list filtering using
FlexAnalysis software (Bruker Daltonics). The BSA digest spectra (range of 500-
2000m/z) were calibrated with an external peptide standard. The spectral mass
peak lists were found using Mascot peptide mass fingerprint with the following
parameters: SwissProtein database, mammalian taxonomy, missed cleavage of
1 and :100 p.p.m. peptide tolerance ([M+H]+). The (*) represent the relevant
mass peaks ([M+H]+) of the digest in the spectrum. The spectrum represents a
BSA digest at the Pt electrode x position along the porous silicon gradient. The
sequence % is about 29% that is comparable to other NIMS surfaces for a BSA
digest with trypsin (see reference 79).
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