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ABSTRACT

Porous nanocrystalline silicon (pnc-Si) is a novel silicon based material with potential uses in
lab-on-a-chip devices, drug delivery, cell culture, tissue engineering and biosensing. The pnc-Si
material is an ultrathin (15 nm), free-standing, nanoporous membrane made with highly scalable
semiconductor technology. Because pnc-Si membranes are approximately 1000 times thinner
than any polymeric membrane, the permeability of pnc-Si to small solutes is orders-of-
magnitude greater than conventional materials. As cell culture substrates, pnc-Si membranes
could overcome the inadequacy of membrane materials used in conventional transwells and
enable new types of culture devices for the precise control and manipulation of cellular

microenvironments.

The objective of this thesis is to investigate the feasibility of pnc-Si as a cell culture substrate by
comparing cell adhesion, spreading, growth kinetics and viability on pnc-Si to conventional
tissue culture substrates. By each of these metrics, the behaviors of both immortalized cells
(3T3-L1 fibroblast cell line) and primary vascular endothelial cells (HUVEC) were found to be
highly similar on pnc-Si, tissue culture grade polystyrene and glass. Significantly, pnc-Si was
found to degrade in cell culture media over several days without cytotoxic effects. Membrane
stability could be tuned by modifying the density of a superficial native oxide layer through post
production rapid thermal processing and additional surface treatment like amino-silanization.
Pnc-Si was assembled in a custom designed tube to form a pnc-Si transwell device that could
replace existing 24-well plate inserts. The adhesion of HUVEC to treated pnc-Si transwells was
found to be comparable to commercial transwells. Collectively, the results establish pnc-Si as a
viable new substrate for cell culture and a new type of degradable biomaterial. Pnc-Si
membranes should find many uses in bioscience including the study of molecular transport
through cell monolayers, as molecularly thin dividers for the study of cell-cell communication in

co-cultures, and as biodegradable scaffolds for three-dimensional tissue constructs.
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Chapter 1

Introduction

Porous nanocrystalline silicon (pnc-Si) is an ultrathin nanoporous membrane with tunable pores
that has been developed for molecular separations. In this thesis, it has been shown that pnc-Si
is a viable cell culture substrate with numerous advantages over currently available nanoporous
membranes. Nanoporous membranes are used in cell biology research to setup in vitro models
to produce an environment that resembles the in vivo system as closely as possible and for
applications in drug delivery and tissue engineering. Pnc-Si is a novel degradable biomaterial

that can find uses in numerous such biological applications.

This introductory chapter will provide an overview of nhanoporous membrane technologies and
membrane based cell culture applications. There are three primary topics focused in different
sections of this chapter. The first is a review of what is known about nanoporous membranes
and different nanoporous materials used to make membranes commercially. Porous silicon is
described as a potential biomaterial in one of the sections. This literature is covered in Sections
1.2 and 1.3. The next focus is on a newly discovered porous nanocrystalline material which is
introduced in Section 1.4. We will see that these ultrathin membranes have extraordinarily high
permeability and could overcome shortcomings of commercial transwell membranes for setting
up in vitro models of in vivo systems. The third focus of this chapter covered in Section 1.5 is to
explore the use and limit of existing nanoporous membranes for membrane based cell culture.
Finally, with an understanding of the current state of knowledge, the research objectives of the
thesis work are presented in Section 1.6. Before beginning a detailed look into nanoporous
membrane technology, a brief overview on nanotechnology and its importance in the modern

world is covered in the following section.



1.1 Nanotechnology

Nanotechnology is a broad field that encompasses the creation and application of functional
systems and materials through engineering of matter at molecular to atomic scales.
Nanomaterials have at least one dimension of the order of about one to few hundred
nanometers and often exhibit novel properties that enable new applications. For example,
nanomaterials have a higher surface area to volume ratio than larger materials’, which gives
greater absorption, adsorption, reaction/catalysis, conduction, transport, etc [1]. Also, at the
nanoscale, the mechanical, thermal, electrical and optical properties of materials change. For
instance, opaque substances become transparent (Cu) [2], stable materials turn combustible
(Al) [3], solids turn into colloids at room temperature (Au) and inert materials become reactive
(Au) [4]. The carbon nanotube (CNT), a well-known nanomaterial, is essentially a rolled tube of
an atomic sheet of carbon called graphene. Carbon nanotubes can have high electrical
conductivity and mechanical strength as compared to bulk carbon [5-7]. In going from macro to
micro dimensions, such effects do not prominently come into play. However, the effect becomes

dominant when the nanometer size range is reached.

Because of the unique properties of nanomaterials, nanotechnology has the potential to create
many new materials and devices using new approaches and possessing wide-ranging
applications in medicine, electronics, and energy production [8]. As a sub-discipline of
nanotechnology, nanobiotechnology is a rapidly advancing area of scientific opportunity that
applies the tools and processes of micro to nanofabrication to build devices for studying

biosystems, as well as to use biosystems for non-biological modeling purposes.

Many technologies descending from conventional solid-state silicon methods for fabricating

microprocessors are now capable of creating features in the nanoscale regime, thus falling

" The volume of an object decreases as the third power of its linear dimensions, but the surface area only
decreases as its second power. Hence surface area to volume ratio will increase as the first power of the
linear dimension.



under the definition of nanotechnology [9]. Two main approaches are used in such
nanofabrication: first, in the "bottom-up" approach, materials and devices are built from
molecular components which assemble themselves chemically by principles of molecular
recognition and, second, in the "top-down" approach, nano-objects are constructed from larger
entities without atomic-level control. Combination of top-down (lithographic) and bottom-up (self
assembly) techniques will be employed for efficient manufacturing of future nanostructures and

systems.

Like any other new technology, nanotechnology raises concerns about the health and
environmental impact of nanomaterials. Because of small size and increased chemical and
biological activity, hanomaterials can more readily gain entry into the human body and may
result in toxicity [10-12]. For example, slowly degradable or non degradable nanoparticles can
accumulate in the body and affect the regulatory mechanisms of enzymes and other proteins by
adsorbing them on to their large surface area. The waste generated by the manufacturing of
nanodevices and nanomaterials can become airborne or get into water supplies [13]. As
nanotechnology progresses, it may become a challenge to deal with ‘nanopollution’, and thus

we need to call for proper regulation of nanotechnological applications.

The first generation of nanotechnology belonged to nanostructures and nanomaterials designed
to perform at higher efficiency than conventional materials. This dissertation will focus on a
silicon-based nanoporous material manufactured through a combination of top-down and

bottom-up approaches.


http://en.wikipedia.org/w/index.php?title=Nanodevice&action=edit&redlink=1
http://en.wikipedia.org/wiki/Nanomaterial

1.2 Nanoporous Membrane Technology

1.2.1 Overview of Membrane Technology

As an important area of nanomaterial research, nanomembranes are thin films with pores
ranging anywhere up to 100 nm in diameter. Nanoporous materials exist naturally, for example,
the biological cell wall is nanoporous with many proteins embedded and floating around [14, 15],
whereas, zeolites are naturally occurring minerals that are used as catalysts in the petroleum
industry [16]. In addition to naturally occurring nanomembranes, synthetic nanomembranes are

engineered using advanced semiconductor manufacturing technologies[17].

Different porous materials are utilized in the form of membranes that act as semi permeable
barriers and are used to control transport from one side to other. There are materials which are
not porous but are used to develop membranes through various techniques and directed
design, as reviewed later in this section. Either way, membrane technology can be used for
almost any kind of separation with relatively low energy consumption, reduced cost and less
waste compared to other chemical industry processes [18, 19]. Membrane processes can be
continuous with scale up/down being comparatively simpler as compared to other separation

processes like distillation, extraction, fractionation, chromatography, etc.

The success of a membrane process will depend heavily on the properties and structure of the
membrane. Membrane surface chemistry is important because interfacial interactions between
the surface and the surrounding fluid and solutes will impact the transport characteristics,
selectivity, biocompatibility and fouling propensity of the membrane. The structure of the
membrane is also vital to its performance. The shape, density and size of the membrane pores

along with the membrane thickness contribute significantly to its effectiveness.

Recent developments in the ability to observe, understand and manipulate matter at nanoscale
level have transformed the process of nanomaterials discovery from being opportunistic to a

4



more directed design. This transformation is evident in the area of nanoporous membranes
where pores can be designed to specific sizes and physical-chemical properties that match
selection needs for advanced applications [17]. Before discussing advanced membrane
technology, an overview of the conventional membrane materials and manufacturing techniques

is presented in the following sections.

1.2.2 Polymeric Membranes

Polymers are used for manufacturing open porous membrane structures for microfiltration and
ultrafiltration, as well as to create dense nonporous membranes for applications such as gas
separation and pervaporation [20]. Polymer membranes are most commonly used as low cost

disposable filters.

1.2.2.1 Materials

The polymeric material selected for a membrane process will depend on the flux, selectivity,
fouling tendency, chemical and thermal properties that the process requires [18, 20]. Polymers
such as polytetrafluoroethylene (PTFE), poly(vinylidene-fluoride) (PVDF), polystyrene (PS),
polyethylene (PE) and polypropylene (PP) exhibit good thermal and chemical stability but need
to be pre-wetted because of their hydrophobicity. Polycarbonate (PC) and polyester like
polyethylene terephthalate (PET) have outstanding mechanical properties and are therefore
used for making membranes through track-etching [21]. Hydrophilic polymers are useful
because of their low adsorption tendencies which help in increasing flux and are easier to clean.
Natural polymers like cellulose esters and ethers such as cellulose acetate, cellulose nitrate,
ethyl cellulose and other mixed esters are crystalline and hydrophilic materials but are sensitive
to thermal, chemical and biological degradation. Polyamide (PA), polyimide (PI), polyacrylonitrile
(PAN) and poly (ether sulfone) (PES) are other popular membrane materials with high chemical

and thermal stability [18, 20].



1.2.2.2 Methods

The type of technique used to make membranes depends on the polymer used and desired
membrane structure. There are a number of conventional techniques to prepare polymer based
porous membranes, such as, sintering, stretching, track-etching and phase inversion [18] [19].
Other advanced techniques involving exposure, deposition and molding are discussed later in

this section.

Sintering: The process involves compressing a powder of particles of given size and sintering at
elevated temperatures (Figure 1.1). Sintering causes the interfaces between the contacting
particles to disappear and a pore is formed in between the fused particles. Different thermally
and chemically resistant polymers such as polyethylene, polypropylene and PTFE can be used

[18].

A

Q00O
0000 —
0000

Q00O

pore

Figure 1.1 Schematic drawing illustrating the sintering process to make porous membranes: under suitable

heating conditions particles fuse together to form pores between them.

Stretching:  Semi-crystalline  polymeric  materials like polyethylene, polypropylene,
polycaprolactone (PCL) and PTFE films or foils can be stretched so that small ruptures occur

due to the mechanical stress and a porous structure is obtained [18].

Track-etching: Track-etched membranes are produced by exposing dense polycarbonate (PC)
or polyester (PET) films to a high energy ion bombardment or gamma particle radiation. The
bombardment causes small ‘tracks’ to be formed due to fractures made in the polymeric chains
of the dense film (Figure 1.2). Chemical etching is done along the damaged track to digest the

polymer strands and open parallel cylindrical pores [21]. Energy of the particles, radiation time

6



and etching time determine the thickness of the membrane, porosity and pore diameter

respectively.
Radiation source

T
= — —>

Exposed polymer film C) ‘O Membrane with
track etched pores
Q- O

/
s

Etching bath

Figure 1.2 Schematic drawing of the preparation of porous membrane by track-etch method: ionic radiations

form tracks in the polymer film which are further etched to form open pores.

Phase inversion: Phase inversion is a popular process in which a polymer is transformed in a
controlled manner from a liquid to a solid state. Phase inversion converts one-phase polymer
casting liquid solution into at least two separate phases: a solid polymer rich phase that forms
the porous structure of the membrane and a polymer poor phase that gets removed from the
membrane via precipitation and dissolution respectively [22]. Phase inversion membranes can
be prepared from a wide variety of polymers but the widely used ones are polyethersulfone

(PES), polystyrene, cellulose acetate and cellulose mixed esters.

Membrane morphology can be controlled by controlling the initial stage of phase transition. The
change in the casting solution composition, temperature and pressure leads to the solidification
of the polymer and pore formation [22]. Different phase separation processes are categorized
depending on the cause of change in the casting solution composition: vapor induced (air
casting), liquid induced (immersion or solvent casting), temperature induced (melt casting),
pressure induced, reaction induced or colloidal induced [20]. The majority of phase inversion

membranes are prepared by immersion precipitation or solvent casting [18]. In solvent casting,



a polymer solution (polymer in suitable solvent like DMSO or acetone) is cast on a suitable
support and immersed in a coagulation bath containing a non solvent (water). Exchange occurs
between the solvent and the non solvent leading to precipitation of the polymer (Figure 1.3). The
membrane morphology results from combination of mass transfer and phase separation. High
mutual affinity between the solvent and non-solvent and low polymer concentration helps to

produce high porosity membranes [18].

The normal thickness (20-200 um) of dense polymer membranes leads to low permeation rates.
The membrane thicknesses cannot be reduced because this would compromise membrane
strength. So, the phase inversion process is typically combined with solution coating, grafting or
in-situ polymerization techniques to develop asymmetric and composite membranes which have

a thin dense selective layer supported by a porous sub-layer of same or different material [23].

Castingsolution,

Exhaust Membrane post treatment
; S {extraction and drying)

lAirsupply
_____________ 5

Casting knife
Supportlaye Phase inversion
\L membrane
—
Immersionbath 0T T T——A—___ _

Figure 1.3 Schematic drawing depicting the preparation of phase inversion membranes: during solvent or
immersion casting the dissolved polymer solution is spread onto a moving belt and run through a bath.
Exchange between the solvent in the casting solution and the non-solvent in the bath takes place leading to

pore formation.



1.2.2.3 Characteristics

Membranes developed by sintering methods have pore sizes of about 0.1 to 10 um with wide
pore size distributions and low porosity (10-20%). Through stretching processes, high porosities
of up to 90% and wide pore size distribution with pore sizes ranging from 0.1 to 3 um can be
obtained. Both these methods produce membranes suitable for microfiltration since they cannot

form pores smaller than 0.1 um [18].

Phase inversion is the most common manufacturing process for polymer membranes. Most of
the synthetic membranes produced by processes like phase inversion have a 10-100 um thick
inner sponge like structure that gives additional fluid resistance and reduced operational flux at
a given trans-membrane pressure. Particles, proteins and other coagulates can be
retained/adsorbed in the tortuous spongy structure with a high internal surface area (10-200
um? per um? of frontal surface) leading to sample loss, fouling or contamination [24]. Though
they have high porosity (up to 70%), wide pore distributions with a high size cut-off prevents

polymeric membrane from sharp size based separations.

Polymer membranes contain fixed pores in the range of 0.1 to 10 um for microfiltration and 2 to
100 nm for ultrafiltration, nandfiltration, gas separation etc. Ultrafiltration membranes are
prepared by phase inversion since other techniques lead to pores with minimum size of about
0.05-0.1 pm which is useful for microfiltration. Ultrafiltration membranes are asymmetric
membranes with 0.1-1 um thin selective layer and 50-100 um thick support layer formed by
coating on phase inversion membranes [23]. Asymmetric membranes offer high selectivity and
flux through the thin top layer and mechanical strength to the thin film through the strong
macroporous support with negligible transport resistance. Though efficient enough, microns
thick opaque asymmetric polymeric membranes are not ideal for cell culture applications as

discussed in Section 1.5.



Track-etched membranes are thick (20 um) but highly controlled membranes traditionally used
for high-precision size filtration in laboratory applications. Pore size distribution of track-etched
membranes is comparatively narrower than dense spongy polymeric membranes with pore
sizes ranging from 0.02 to 10 um and the maximum porosity is up to 10% [20]. Porosity
depends on the radiation intensity and if radiation is increased in order to increase the porosity,
there are chances of overlapping pores being formed compromising the pore regularity.
Although the track-etched membranes overcome the problem of sponge-like structure that leads
to imprecise fractionations, they lack the possibility of achieving high porosity or precisely
tunable pore sizes. Apart from relatively sophisticated fabrication, track-etched membranes
have adsorption problems and because they are hydrophobic, they need to be pre-treated.
Since PET is translucent and PC is opaque, these pose problems in applications requiring
visualization (like membrane based cell culture applications, as discussed later in Section 1.5).
However, track-etched membranes have extensively been used for cell culture based
applications since they have controllable pore sizes and are comparatively thinner and efficient

than the spongy, tortuous polymeric membranes made via phase inversion process.
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1.2.3 Inorganic Membranes

Inorganic membranes are not as popular as cheaper polymer membranes but possess higher
durability and superior chemical and thermal properties. Due to their structural integrity, the pore
sizes in these membranes can be better controlled than polymeric membranes, leading to
relatively narrow pore size distribution [25]. Inorganic membranes are used in the field of
microfiltration, ultrafiltration, gas separation and membrane reactors under harsh conditions [18,

19].

1.2.3.1 Materials

Important inorganic materials used for membrane manufacture include: ceramics (including
glass), metals (including carbon/graphite) and zeolite minerals. Ceramics are a combination of
metal (Al, Ti, Si, Zr) with a non metal in form of oxide, nitride or carbide), like alumina (Al,Os),
titania (TiOy), zirconia (ZrOy), silica (SiOy), silicon carbide (SiC), silicon nitride (SisN4). Metallic
membranes are made of stainless steel, palladium (Pd), tungsten (W), molybdenum (Mo) or

silver (Ag) [25].

1.2.3.2 Methods

Some of the techniques used for polymeric membranes are also used in the production of
inorganic membranes. The other membrane fabrication methods discussed below are template

leaching, sol-gel process and anodic oxidation [18, 19].

Sintering: The method is similar as in case of polymers and powders of different thermally and
chemically resistant materials such as metals (stainless steel, tungsten), ceramics (alumina,

zirconia), graphite and glass can be used.

Template leaching: The process of selective leaching is mainly for manufacturing inorganic

porous glass membranes. A homogeneous three component system (for example, Na,O-B,0s-
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SiO,) separates into two phases, one phase consisting mainly of SiO, which is not soluble
whereas the other phase is soluble. This second phase is leached out by an acid or base and
wide range of pore diameters can be obtained as low as 5 nm [25]. Porous glass membranes
have poor mechanical and chemical stability but can be obtained in wide range of pore

diameters.

Sol-gel process: Ceramic membranes in the nanometer range can be prepared using sol-gel
techniques [26, 27]. The sol-gel process involves two different routes: the colloidal suspension
route and the polymeric gel route [18]. Both routes use precursors which may be hydrolyzed
and polymerized. A colloidal dispersion of particles or an inorganic polymer in a liquid called ‘sol’
is formed. The precursor alkoxide vyields a hydroxide on hydrolysis which undergoes
polymerization to form a ‘gel’ [28]. This three dimensional sol-gel network structure needs to be
sintered after which the final morphology of the membrane is stabilized. Densification of the
membrane can be achieved through internal deposition of pores by a monolayer or multilayer,
by pore plugging using nanoparticles, by coating a layer of inorganic polymeric gel on top of the
membrane or by depositing constrictions in the pore sites [18]. New routes for sol-gel processes

to form non-shrinking composite materials have also been pursued [29].

Anodic oxidation: Alumina membranes are formed as result of a self structuring process that
induces aligned and mono-dispersed pores during the anodization of aluminum [30]. The lattice
expansion due to anodic oxidation of Al, the potential distribution and heat formation during
anodization leads to formation of long pores with uniform pore sizes [31]. Nanoporous aluminum
oxide membranes have been used as a template in the fabrication of nanostructures [32].
Recently, high porosity nanoporous aluminum oxide membranes have been fabricated with

mean pore sizes of ~0.2 um and thickness of 1-10 pm [33].
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1.2.3.3 Characteristics

Inorganic membranes have several advantages over polymer membranes. One of the important
advantages is its superior chemical and thermal stability. This can be useful in separation
processes at high temperatures and, chemically and physically harsh conditions like in

membrane reactors and gas separations [34, 35].

Ceramic membranes do not absorb water and do not swell which could have led to change in
pore sizes, retention and thereby the selectivity [36]. These materials are also wear resistant
making them reusable and less vulnerable to corrosion and abrasion. Because flat disc shaped
ceramic membranes are brittle, the preferred shape for ceramic membranes is a rod. Ceramics
can also provide high flux rates compared to polymer membranes due to a thickness smaller
than the pore size [37]. Although they are relatively expensive, they undergo less fouling,
because of their smooth surface and short pore channels. They can be operated at very low

trans-membrane pressures during cross flow filtration [37].

Ceramic membranes generally have asymmetrical membrane structure with pore size between
1-5 um [31]. This size can be further regulated by depositing layers, for example, a typical
alpha-alumina membrane has a pore size of 110-180 nm and for finer membrane a gamma-
alumina layer can be applied on top of the alpha-alumina layer to give a final pore size of 3-7
nm. For even finer pore sizes, an ultrathin silica layer can be applied [38]. However, these
additional layers tend to lower flux as multilayer inorganic membranes with micrometer thick top
layer having pore sizes as low as 1 nm have total membrane thickness in 100’s of microns [24,

31].

Zeolites are natural porous minerals which act as molecular sieves and comprise highly
crystalline alumino silicate frameworks. They have a defined pore structure with typical channel

sizes roughly between 0.3 to 1 nm. Zeolites are made synthetically by a crystallization process
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using a template that by self assembly together with the Si, Al and O atoms forms the structure
[24]. The template is removed by heating, leaving behind small channels in the zeolite structure.
They can be used as chemical reaction catalysts along with oxidation and reduction reactions.
Zeolites are useful in fuel synthesis, gas separation and pervaporation [39]. Metallic membranes
such as thin metal plates of palladium, silver and their alloys are dense membranes which are

used for hydrogen, oxygen, ammonia and carbon dioxide gas separations [40].
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Figure 1.5 Types of inorganic membranes: A) Silver membrane filters (pore size: 0.2 to 5.0 um), B) Anodized
alumina membrane (pore size: 50 nm), C) Ceramic sintered membrane, D) Glass fiber membrane (pore sixe: 1

pm). (Courtesy: C.J.M. van Rijn [24] and Sterlitech Corp. Reprint permission granted by Elsevier.)

In addition to polymeric and ceramic membranes, nanocomposite membranes have received
attention recently. Nanocomposite membranes combine two or more phases containing different
compositions or structures with at least one in the nanoscale regime. Such a combination helps
achieve high molecular sieving selectivities while maintaining easy polymer processing
conditions. For example, polyimide-silica hybrid membranes, polymer-zeolite nanocomposite
membranes, silica nanoparticle embedded carbon based membranes, polymer or silicon nitride

encapsulated carbon nanotube membranes [39, 41-43] . Nanocomposite membranes are useful
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for air and gas filtrations. They are also used in processes such as biomolecular purification,

sensing, environmental remediation, desalination and petrochemical production [44].

1.2.4 Advanced Membrane Technology: Microsieves and Nanosieves

Most of the previously discussed membranes have dense spongy-like tortuous and long pore
channel structure which leads to poor selectivity and inefficient transfer of materials from one
side to other. High internal surface area also leads to sample loss and increased fouling as
particles, proteins and coagulates are retained in the dead-end pores, grooves and cavities.
Until recently, the best sieve structures are track-etched and anodized alumina membranes [20].
However, track-etched can only be made with polymeric material (which is not chemically
resistant) and lack the possibility of achieving high porosity or tunable pore sizes, while the
alumina membrane is relatively brittle, available in limited pore sizes and has low flux
performance. These conventional membranes give a trade-off which leads to increase in
product flux causing loss in perm selectivity and vice versa [45]. With the advent of the
semiconductor technology and its integration with membrane technology, investigators have

developed new approaches for making more ideal membrane structures [9, 17, 20].

Nano and micro engineered membrane technology typically requires top-down approaches such
as patterning, deposition, and etching to fabricate membrane structures [24]. An additional
possibility for discrete nanoscale structure formations however, is bottom-up self assembly
where molecular recognition helps in assembling the building components (atoms or molecules
or colloidal particles) to form larger and complex structures analogous to biological systems.
Combinations of top-down (lithographic) and bottom-up (self assembly) techniques might be
employed for efficient manufacturing of future membrane structures and systems [9]. Bottom-up
approaches involve formation of self-assembled-monolayers (SAMs) supported by suitable

substrates. For example, oriented zeolite or silicalite monolayers supported by a silicon nitride
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membrane gives a free standing zeolite membrane that with pores between 0.3 to 1 nm, and
can be used for molecular separations [24]. An example that involves a combination of bottom-
up and top-down approaches is the fabrication of pnc-Si, a novel material that is the focus of

this thesis.

1.2.4.1 Micro and Nanoengineered Membranes

Nano and microengineering techniques like thin layer deposition, photolithography and high
resolution etching methods originating from semiconductor technology have been used to
fabricate membranes [46]. These engineered membranes ranging from silicon-based to

polymeric and the techniques used to fabricate them are briefly reviewed below.

Figure 1.6 SEM (scanning electron microscopy) images of various membranes made by microelectronic
fabrication techniques: overview of microsieves and their different pore patterns. (Courtesy: C. J. M. van Rijn

[24]. Reprint permission granted by Elsevier.)

Precision shaped membrane perforations can be made with two dominant top-down techniques
that include photolithography and scanning/particle beam lithography. Photolithography uses

light-based tools such as photoresist masks and etchants to make precise patterns on
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substrates. A photoresist is an organic material that, upon exposure to high energy short
wavelength light (like, UV light), either cross-links to become insoluble or transforms chemically
to become more soluble in a basic solution [47]. A mask is used for patterned exposure of the
photoresist to the light. The photoresist is immersed in solvents that dissolve the exposed
(positive photoresist) or unexposed (negative photoresist) regions of the photoresist. The
patterned photoresist masks the underlying substrate during a subsequent step of chemically
etching the exposed regions of the substrate to form the membrane pattern. The etching could
be either done in liquid phase (wet) or plasma phase (dry). Etching methods like wet etching
(with FeCls, HF, HNO3, KOH or EDP), reactive ion etching (with Argon) or plasma etching (with
CCl,, CHF3 or SF4/O,) are used. Electro forming is another technique involving the deposition of
metal on a lithographic patterned conducting substrate, followed by separation of electroformed
product from the substrate. Membranes produced by these methods have a thickness of at least
10-15 um with pore sizes ranging from 5-15 ym. These membranes can be made from a wide

array of microfabrication materials including Al, Cr, Cu, Ni, Au, Ag, Si, S3N,, SiO,, Ti, Pt [24].

Photolithographic techniques have limitations such as minimum feature sizes that are overcome
by sub-micron semiconductor lithography [24]. The lower limit of pore sizes that can be
achieved using conventional photolithographic methods is 2-5 um in a foil or sheet of thickness
larger than 5 um. A sub-wavelength environment such as in X-ray lithography can be used to
pattern pore sizes of 0.25 um to less than 0.1 um, but requires very precise masks, optical
sources and is thus quite expensive. Sub-micron semiconductor lithography like laser

interference lithography can be used for even smaller feature sizes [9].

Laser interference lithography can produce simple patterns for micro and nanosieves without
using a photo-mask or expensive projection optics [24]. Laser based interferometric lithography
involves the constructive and destructive interference of multiple laser beams that pattern

fringes at the surface of a photoresist [48-50]. Photoresist leads to the patterned exposure of the
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underlying substrate (for example, silicon nitride) and the pattern is transferred by reactive ion
etching (CHF3/O,) through plasma. With laser interference lithography it is possible to create

nanosieves with pore size and thickness as low as 100 nm.

Scanning beam lithography is a mask-less serial technique classified as: (i) scanned laser
beams, (i) focused electron beams, and (iii) focused ion beams (FIB) [9]. In scanned laser
drilling, a laser beam is used to form apertures (of sizes as low as 100 nm) with consistent
accuracy. Electron beam lithography involves scanning a beam of electrons across a surface
covered with a photoresist film, creating features in the sub-100 nm range. Electron beam
lithography is mainly used for fabricating high resolution masks for photolithography or
embossing masters for soft lithography [51]. Both laser and electron beam lithography are at

least an order of magnitude slower than optical lithography and have high manufacturing costs.

Focused ion beam (FIB) lithography has higher resolution (sub-50 nm feature size), whereas
throughput, cost and complexity is on par with electron beam lithography. A focused ion beam is
used to pattern a photoresist or directly the substrate by selectively removing material through
ion bombardment [52]. FIB lithography can also create patterns by localized ion deposition or
chemical vapor deposition leading to in situ doping [53]. The ion bombardment in this technique
can damage the sample and thus cannot be used with a broad range of materials. Tong et al
fabricated a nanosieve (with pore sizes ~10 nm) by direct FIB drilling and coating on an ultrathin
SisN4 membrane (Figure 1.7) [54].Recently, another group manufactured sub-10 nm pores on
45 nm thick SisN4 membrane after ion beam induced deposition (IBID) of Pt and SiO, [55]. Such
ultrathin nanostructured membranes, where the membrane is roughly as thick (10-45 nm) as the
molecules being separated are close to being ideal, but membrane fragility and complex
fabrication have prevented their use for molecular separations. Hence, the FIB nanomachining

technique is primarily used in research.
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Figure 1.7 A) SEM overview with close-ups of the nanosieve membrane: A strong, thick silicon frame
supports a thin SiN microsieve which supports a nanosieve, B) Simplified process flow of the nanosieve
membrane: A silicon frame is etched to support a 1000 nm thin SiN microsieve which consists of an array of
5 um circular perforations etched to support a 10 nm thin SiN nanomembrane. This nanomembrane is etched
with FIB with an array of nanopores forming the nanosieve (Courtesy: Tong et al [54]. Reprint permission

requested from American Chemical Society.)

The slow rate of patterning through laser, ion and electron beam tools restricts scanning beam
lithography techniques to small areas or low densities of features. Hence, scanning beam
lithography is most often used to produce high-resolution photomasks for projection lithography
rather than for actual device fabrication. The high maintenance and operating costs also limits

the utilization to research applications only.
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Inorganic microsieves (for example, silicon based microsieves) are durable with outstanding
chemical inertness, thermal resistance, hydrophilicity and low particle adsorption. Unfortunately,
these high quality microsieves have elaborate fabrication techniques leading to high
manufacturing costs and thus cannot be disposed of easily [54]. Though silicon nitride
membranes have important advantages, polymeric microsieves can be suitable for large scale
applications in medical and biological markets. By combining semiconductor technology

precision to low cost polymer substrates, polymeric microsieves can be manufactured [20].

Polymeric microsieves are fabricated using conventional deposition and exposure techniques or
unconventional approaches such as molding, embossing and printing [9, 20]. The
unconventional methods are also referred as soft lithography [56]. Exposure techniques using
UV radiation are used to make patterned membranes after spin coating of photosensitive
polymer like polyimide on a suitable substrate. The exposed area polymerizes and the
unexposed polymer is dissolved in solvents such as cyclopentanone. The membrane obtained
is generally 1-2 um thick with pore size as low as 4 um [24]. Deposition techniques on patterned
substrate structures also form microsieves. Polymeric material is deposited on the substrate and

is removed after curing.

Unconventional methods like molding (using silicon molds) and hot embossing/imprinting (using
nickel stamps or molds) are used for thermoplastic polymers like polyethylene, polycarbonate
and polyester to manufacture polymeric microsieves [20, 57, 58]. The thermoplastic polymer is
placed between a flat disc and the desired pattern is transferred onto the polymer using a mold
that is pressurized against the flat disc. During molding or hot embossing, a thermoplastic
polymer is heated above the glass transition temperature so that it can be shaped mechanically
without damaging the mold [24]. But, it is difficult to obtain a fully micro perforated product
because mechanical fragility of the membrane leads to distortion and anchoring of material

during release from the molds [24].
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Phase separation micromolding (PSuM) or soft embossing combines the microsieve molding
process with the vapor and liquid induced phase separation process of polymers [20, 59]. After
casting the polymer solution onto the mold, phase separation is initiated through exchange
between the solvent and the non solvent. As the polymer micro/nano sized structure solidifies,
the material shrinks and thus is easy to be removed from the mold. Phase separated polymeric
microsieves can be made in a broad range of pore sizes and from many different polymers like
polysulfones, polyimide, polypropylene, polyamide, teflon, polyurethane, etc. Flat sheet, tubular
polymeric structures as well as hollow fiber and capillary polymeric structures can be made
using this process [60]. Polymer microsieves are better than conventional polymer membranes
for applications like molecular filtration and renal dialysis as they have comparatively low flow
resistances and higher pore uniformities. But, polymer microsieves cannot replace costly silicon
microsieves in certain applications where durability, hydrophilicity, chemical inertness, thermal

resistance and low adsorption are essential.

Comparisons between different membrane structures [18, 19, 24]:

Microsieve/nanosieve filters consist of thin membrane with well defined uniform pores, and a
macroporous support structure. On the other hand, inorganic membranes particularly ceramic
membranes have advantages over polymeric (organic) membranes like high thermal and wear
resistance, chemical inertness, easy sterilization and recyclable. But inorganic membranes are
expensive and at the same time have relatively poor control on pore size distributions. Also the
active membrane layer is very thick in comparison to the mean pore size which results in
reduced flow rates. Whereas, microsieves having a relatively thin filtration or sieving layer with a
high pore density and a narrow pore distribution will show better separation behavior at high
flow rates. The pore depth in microsieves is as small as the pore size which leads to low flow
resistance. Nanoporous membranes with nanometer thicknesses will be of use in gas

separation processes in which the flux should be very high with minimal permeation resistance.
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This should enable gas molecules to ballistically pass the membrane without colliding with the

walls inside the membrane layer [17].

Pore Size . Polymer Track Etched g
2 Membrane
T Density v 2 D
[Log Scale] (") Inorganic Tortuous Path el . g
Membrane % u,/""
=] 1000 =
Silicon Microsieve £ g =
) 2 ;
e ~
€ = -
c ~
o | 100 Prad
5 - R
(-4 Prasi
g i
o 10 _———=—— -7
// -
_- - m  Polymer Track Etched Membrane
L4 ® Inorganic Tortuous Path Membrane
e O Silicon Microsieve
3 B O Theoretical Stokes flow rate
1.0 2.0 5.0 10 20 0.2 0.5 1.0 2.0 5.0
Pore Size [micron}|——> Pore Size [micron] ——>

Figure 1.8 Left: Pore size distributions of different types of porous membranes, Right: water flow rates

through these membrane filters. (Courtesy: C.J.M. van Rijn [24]. Reprint permission granted by Elsevier.)

The water flux through such microsieves is at least 30 times higher than organic membranes
such as track-etched PC and stretched PTFE membranes, and 100 times higher than inorganic

anodic membranes.

1.2.4.2 Carbon Nanotube Membranes

Carbon nanotube (CNT) membranes have significantly contributed to membrane science with
their potential for highly efficient and precise separations. The uniform and smooth pores
present in CNT membranes allow researchers to conduct studies of nanometer scale mass

transport [42, 43].

Carbon nanotubes are hollow cylindrical constructs made out of graphene sheets and have
inner diameters smaller than 100 nm [61]. A CNT can have one or more concentric shells based
on which they are referred as single-walled (SWCNT), double-walled CNT (DWCNT) or multi-

walled CNT (MWCNT). Because of their small dimensions, CNTs have extremely high aspect
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ratio (~1000 or larger) [62]. These nanotubes have smooth and straight channel morphology
due to the atomic planarity and high rigidity of graphene. The CNT walls are hydrophobic and
chemically inert which makes the CNT useful in a wide variety of applications especially those
involving high-flux mass transport [63]. High quality CNTs are produced by catalytic chemical
vapor deposition (CVD) in presence of ethylene at 850°C [64, 65]. Filtration membranes and
microsieves can be used for nanomaterial synthesis and transformed into nanotubular
structures by deposition of appropriate materials in their pores or channels [32]. Such a
structure has been produced in past by Martin et al, where they fabricated amorphous CNTs
within porous alumina membrane templates through chemical vapor deposition [66]. A dense

parallel array of CNTs encapsulated in a sheet of support material results in a CNT membrane.

The most successful approach to make CNT membranes are by growing aligned array of CNTs
on a substrate, followed by penetration of impermeable filler material in between the CNTs to
form the membrane support structure. The substrate can be removed to open the ends of the
CNTs on either side of the membrane and form smooth straight functional pores perpendicular
to the membrane surface. The filler material can either be a polymer or dense silicon nitride
(SizN4). Polymer encapsulation of CNT arrays was pioneered by Hinds et al [42]. Polystyrene is
generally used for infiltration and then cured to produce high density MWCNT membrane with
pore sizes ~7 nm. The problem in using such elaborate procedures in liquid phase is the
possibility of CNTs aggregating together during solvent evaporation. Holt et al developed a
process for the encapsulation of CNTs in low-stress silicon nitride (SisN,) by CVD (Figure 1.9)
[43]. Silicon nitride forms a uniform coating around the CNTs without any nano or microvoids.
Etching is done to remove excess silicon nitride, remove silicon substrate and to open the CNTs
from both ends, producing a robust membrane that can withstand differential pressure in excess

of 1 atm. Pores sizes of 1-2 nm (DWNT) and ~6.5 nm (MWNT) were demonstrated by this
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group. The thicknesses of such CNT membranes is close to the length of the CNTs i.e. 5-10 um

[43].

Figure 1.9 A) DWNT membrane fabrication process, B) SEM cross section of DWNTs, C) SEM cross section
of the membrane: silicon nitride matrix around CNTs, D) photograph of open membrane areas; the inset is a
close up of one membrane, E) photograph of a membrane chip with 89 windows. (Courtesy: Holt et al [67].

Reprint permission requested from AAAS.)

An alternative approach to produce CNT membranes with polymer filler material has been
described by Marand et al [68]. Instead of growing aligned CNTs on a substrate, the alignment
of dispersed SWCNTs can be assisted through filtration across membrane with pores bigger
than the CNT diameter. CNT suspension in tetrahydrofuran is filtered through PTFE membrane
(0.2 um pores) which helps assembling the CNTs in an array. A thin film of polymer solution
(polysulfone or polydimethylsiloxane (PDMS)) is spin coated on the CNT array to form a

membrane with CNT ends opening on either side (pore size ~1.2 nm) [68]. This filtration
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assisted assembly is more scalable than a CVD process but the nanotube pore density

produced is much smaller.

CNT membranes with filler material have low porosities (less than 3%). Yu et al have devised a
new method to fabricate CNT membranes by getting rid of filler material and just packing the
nanotubes together, leading to increased porosity (as high as 80%) and flow rates [69]. The
high density array of SWCNTs is created by collapsing together CNTs through solvent
evaporation. The spaces between the CNTs are very similar to the pores sizes and all measure
~3 nm. The thickness is 750 um and the CNT membrane is further supported on a bigger
microporous filter. This process is uncontrolled and the membrane quality and pore sizes are

quite variable.

CNT composite membranes have narrow pore size distributions with ultra narrow molecular
pipe-like pores. The smooth and straight pore walls offer extremely efficient gas and water
transport [42, 67-70]. Control of transport involves size exclusion and chemical modifications of
the membrane. Though size exclusion transport is possible through CNT membranes,
enhancing selectivity by chemically modifying CNTs is a big challenge. There has been
progress in this area with the use of carbodiimide chemistry at the opening of the CNTs to
attach range of biological molecules. The combination of transport efficiency and selectivity
could be used to study nanofluidics and theoretically for large scale applications such as water
purification and gas separation [71, 72]. However, CNT membranes face a fabrication challenge
involving elaborate procedures and advanced microfabrication facilities not conducive for mass

production.

1.2.5 Membrane Processes and Applications

Membranes are primarily used for separations for concentration, purification and fractionation

where a certain size of molecule is allowed to pass through the membrane whereas anything
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above that size is retained [18]. However, membrane technology is expanding and finding its
use in other fields like microfluidics, cell biology, optics, electronics and energy conversion [18,
19, 24, 73, 74]. In this section we review various membrane separation processes and

applications.

1.2.5.1 Separation Processes

a) Size Exclusion Filtration

Size exclusion filtration involves separation of different species of particles, macromolecules,
proteins, extracts, cells and other fragments based on their size (hydrodynamic radius). Feed
containing molecules is filtered through the porous membrane across a pressure gradient.
Large molecules are retained from flowing through the pores because of steric hindrance, but
the solution itself can flow across. Depending on the cut off capability and specificity of the
separation, size exclusion filtration/membrane chromatography can be classified as

microfiltration, ultrafiltration or nanofiltration [18, 19].

Microfiltration: Microfiltration processes involve pressure driven transport across 10-150 pum
thick membranes with pores ranging from 100 nm to 10 um in diameter [75]. It is useful for
retention of larger particles like bacteria, protozoa and colloids. Open symmetric membrane
structure with high porosity and low resistance requires small driving forces (< 2 bar pressure
difference) to obtain high fluxes in microfiltration. Materials ranging from polymers to ceramics
are utilized to make microfiltration membranes. Microfiltration is typically used in beverage

clarification, sterile filtration, water treatment, pharmaceutical and dye industry [76, 77].

Ultrafiltration: Ultrafiltration processes employ membranes with pores ranging from 10 to 100 nm
and pressure gradients as the driving force [19]. Macromolecules with molecular weights
between 10 - 1000 kD can be retained. The ultrafiltration membranes are denser with increased
hydrodynamic resistance and therefore require greater pressure (1-10 bar) than microfilters [75].
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Ultrafiltration membranes are typically asymmetric membranes with a 1 um thick, dense, top
layer made of polymers (PES, cellulose esters, polyimides, polyamides). Although inorganic
materials like alumina or zirconia are also used. Ultrafiltration is typically used in water treatment

and food, textile and pharmaceutical industries [73, 76].

Nanofiltration: Membranes with pore sizes ranging from 1 to 10 nm are used for nanofiltration
processes. Through nanofiltration, retention of low molecular weight organics ranging from 0.2 -
20 kD is allowed resulting in separation from a mixture and thereby extending the range of
membrane filtration [76, 78]. Nanofiltration employs asymmetric (dense top layer is of the same
material as the bulk support layer) as well as composite (top layer is of different material than
the support layer) membranes. Due to increased membrane resistance, higher pressure
difference of 10-30 bar is applied during nandfiltration. In nandfiltration, intrinsic membrane
properties are very important: the membrane material should have high affinity for solvent and
low affinity for the solute. Materials such as cellulose esters and polyamides are commonly used
to manufacture nandfiltration membranes. Typical applications of nanofiltration include water
treatment, desalination, product concentration, separation of salts from dye solutions or acids

from sugar solutions.

b) Solution Diffusion Separations

Solution diffusion separations involve a two step process. First, the molecule has to dissolve
into the membrane by finding a pore on the surface of the membrane. Second, the molecule
diffuses across the pore channel under a driving force to the other side. The separation takes
place due to differences in the solubility of the components into the membrane material and the
diffusion velocities across the membrane. Hence, the properties associated are the intrinsic
material properties of the membrane as much as the geometric properties of their pores.

Modifying the functionality of the material helps develop the specificity of the membrane
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material. For example, polycarbonate track etched membranes containing 10 nm pores can be
lined with gold and thiols to increase affinity for gold [79]. There are four important solution
diffusion separation processes, namely, reverse osmosis, gas separation, dialysis and

pervaporation [80].

In solution diffusion separations, asymmetric, composite as well as non porous membranes are
used. Polymeric membranes made of polyimides, polysulfones, PDMS are applicable in
hydrogen and helium recovery, CO,/CH, separation, O,/N, separation [18]. Dialysis uses a
concentration gradient as the driving force and hydrophilic polymers like cellulose esters as
membrane materials. Molecular sieves with sub-nanometer pores between 0.3 to 1 nm are used
for precise separations between molecules based on their molecular structure (for example,
isomeric separations) [24]. Zeolites are common molecular sieves helpful in fuel synthesis and

gas separations [39].

¢) Separation by Charge

Membrane materials can carry intrinsic charge that influences their permeability for charged
substances. The membrane fixed charge creates an equilibrium potential difference with respect
to the surrounding solution. The strength of the electrostatic interaction between the analyte and
the sieving structure dictates the molecular transport behavior. The charge-selective nanopores
restrict the co-ions (with the same polarity as the surface charges) and allow the counter-ions
(with the opposite polarity as the surface charges). Such perm-selectivity can be an essential
function for desalination and fuel cells [17]. The potential across the membrane can also be
used for electro-modulating transport of ions or charged molecules [81, 82]. This also presents a
well-suited mechanism for the separation of similarly sized biomolecules based on their charge
density (pl values or isoelectric point). Depending on the pl value of the protein and the pH

condition of the solution, partitioning across the perm-selective nanofilter would be charge
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dependent [83, 84].Semi permeable membranes that allow selective passage of cations or
anions are called as ion exchange or ion selective membranes and can be used to study

electrokinetic phenomena such as electro dialysis and electro osmosis [19, 85].

1.2.5.2 Other Applications

Apart from numerous filtration and separation applications, porous membranes can be put into
plethora of other industrial and research applications. Membrane based reactors and
bioreactors are made possible for higher productivity and bioconversion to form antibiotics,
vitamins, amino acids, alcohols etc. Membranes can be employed in template based synthesis
of nanomaterials and act as nanostencils for building photonic crystals and nanostructures like
nanotubes [32, 66, 86]. Membranes can be integrated into microfluidic lab-on-chip systems as
separating components of an in-line miniature perfusion bioreactor [87] or used as a
nanoporous platform for biosensing, drug screening and delivery [88, 89]. Membrane based cell
culture [90] is prevalent in cell biology research to develop in vitro tissue models for drug testing
[91] and for cell-to-cell signaling experiments [92, 93] . Membranes can be used as a scaffold to
study particles, proteins, microorganisms, cells etc. Allowing molecules like DNA to pass
through a membrane pore can help in determining their sequence under specific conditions [94]
[95]. Membranes can also be employed in tissue engineering as biodegradable scaffolds or
medical implants for structural or drug delivery purposes [96]. In the near future, nanoporous

membranes can also be used as a substrate to cultivate biomembranes, as discussed below.

Nanoengineered biomembranes: The engineering of biomembranes involves the creation of
artificial membranes at nanometer scale that mimic natural membranes [97, 98]. Natural
biomembranes such as the cell’'s plasma membrane have important function in biological
molecular exchange and signal transduction processes taking place by trans-membrane

channels and pores. The plasma membrane has a nanoporous crystalline surface layer (S-
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layer) composed of proteins/glycoproteins and repetitive physiochemical properties close in
range of nanofiltration membranes [14, 15]. Hence, S-layer proteins can be self assembled or S-
layer carrying cell wall fragments can be deposited on synthetic porous membranes and
modified through immobilization or functionalization to manipulate the pore permeation
properties. Such membranes can be used to immobilize biological macromolecules like
enzymes, ligands, antibodies which in turn can be applied in affinity filtration of hybridoma cell

culture supernatants [99, 100] and in immunoassays [101].

1.3 Porous Silicon: A Biomaterial

The previous section discussed a wide array of nanoporous materials that can be used in
filtration, sensing, catalytic and biological applications. One important material that is yet to be
mentioned is porous silicon. Porous silicon is known for its biocompatibility and non-toxic,
controllable dissolution in biological fluids. This thesis focuses on a novel silicon based
nanoporous and biodegradable material (pnc-Si) with characteristics similar to those of porous

silicon.
1.3.1 Formation of Porous Silicon

Porous Silicon (P-Si), as the name suggests, is a porous form of silicon having a microstructure
with a large surface to volume ratio on the order of 10° cm?/cm?®. Anodization or stain etching of
a silicon wafer using hydrofluoric acid (HF) leads to formation of porous silicon [102]. The
etching results in a system of disordered pores with silicon crystals remaining in the inter-pore
regions. Depending on the rate of etching, the current density, HF concentration and sample
thickness, porous silicon can have wide ranging porosities and is classified as macroporous
(Pore size greater than 50nm), mesoporous (Pore size of 5-50nm) or hanoporous/microporous
(Pore size less than 5nm) (Figure 1.10) [103].
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Figure 1.10 Images of the surface morphology of three forms of P-Si. i) Macroporous P-Si: straight pores with
openings close to 1 um (scanning electron microscopy (SEM)). ii) Mesoporous P-Si: branching pores with
pore openings of 50 nm (SEM). iii) Nanoporous P-Si: spongy porous structure with pore sizes less than 15

nm (atomic force microscopy (AFM)). (Courtesy: Sun et al [104]. Reprint permission granted by Wiley & Co.)

1.3.2 Biocompatibility of Porous Silicon

A material is biocompatible if it can interact with a living system without provoking a harmful
response. The success of any medical implant depends on the behavior of cells in the vicinity of
the interface between the host and the biomaterial used in the device [105]. An effective
biomaterial must bond to living tissues after adsorption of a layer of protein. Besides allowing
protein adsorption, a biocompatible material should also be amenable to the unique
environment that the tissue creates. The large surface area of porous silicon enables bio-
organic molecules to adhere well. The absorption of human serum albumin (HSA) and
fibrinogen has been measured for nanostructured silicon and found to be comparable to other
biomaterials [96, 106, 107]. The first evidence that porous silicon is a biocompatible material
was reported in 1995 [108] . In this study, it was found that hydroxyapatite growth was occurring
on porous silicon which indicates its potential for bone implantation. It was then suggested by
author L.T. Canham that hydrated microporous Si could be a bioactive form of the
semiconductor and should be considered for development as a biomaterial for widespread in
vivo applications such as tissue implantation. Following this, in vitro studies have been

conducted to evaluate the interaction of cells with porous silicon. One group in 1995 studied the
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interaction of B50 rat hippocampal cells with porous silicon and found that B50 cells had clear
preference for adhesion to porous silicon over other surfaces [109]. Apart from providing larger
surface area for adhesion, a porous substrate allows the cells easy access to media nutrients

through its pores.

1.3.3 Biodegradation of Porous Silicon

Another positive attribute of porous silicon is its controllable degradation into non toxic

monomeric silicic acid (orthosilicic acid, H,SiO,) [108, 110].

Si+ 02 - Si02 ; SiO2+ 2H20 — H4S5i04

Silicon is essential to biological systems as it affects both morphological development and
metabolic processes [111]. Silicic acid is reputed to be the most natural form of silicon in the
body and is readily removed by kidneys without any harmful effects [112]. However, silicon-
induced toxicity may occur if a system is exposed to more silicon than is needed physiologically.
The human blood plasma contains monomeric silicic acid at levels of less than 1 mg Si/l,
corresponding to the average dietary intake of 10-50 mg/day [113, 114]. Hence, it was proposed
that the small thickness of a silicon implant presents minimal risk [114]. Even though the porous
silicon substrate degrades and produces silicic acid, cells growing on the material are viable in
terms of structure and metabolism [115]. P-Si wafers are not fatally toxic to the cells and
present an acceptable surface for growth [115, 116]. Therefore, P-Si is a form of silicon that is
tolerated by the body's immune system and cellular cultures. P-Si has potential applications in

medicine such as biosensors, tissue engineering and medical implants [104, 117, 118].

The rate of degradation of P-Si is proportional to its porosity. In studies by Canham et al (1995),
it was found that high porosity mesoporous layers were completely dissolved by simulated body
fluids within a day. In contrast, low to medium porosity microporous layers displayed more

stable configurations and induced hydroxyapatite growth [108]. The increase in porosity means

32



increase in the surface area to volume ratio, which gives more area for the fluid to attack the
material. Hence, nature of porous silicon can be altered in between bio-inert and bioactive by

varying its porosity. These events may take place for other silicon-based porous materials.

Degradation of porous silicon is related to the amount of contamination after its production. After
formation of porous silicon, the surface contains impurities such as covalently bonded fluorine
and oxygen from the air and the etching process. Although the hydrogen coated surface is
sufficiently stable when exposed to atmosphere for a short period of time, prolonged exposures
render the surface prone to oxidation by atmospheric oxygen and hydroxylation by atmospheric
water [119]. Over a few days Si-O-Si, Si-O-H and 0s-Si-H groups are formed. Irregular
atmospheric oxidation and hydroxylation promotes instability of porous silicon in simulated

biological fluids and is undesirable for long term applications [102].

1.3.4 Enhancing Stability in Physiological Fluids

Several methods have been developed to control the surface stability by improving the quality of
oxide layer formed or by passivating the surface through derivatization [120-122]. Thermal
oxidation can be used to create a high quality oxide layer and reduce P-Si instability in biological
fluids [123]. This process generally involves heating the porous silicon to a temperature above
1000°C for around 10 minutes to promote full oxidation of sub-oxide species to form a stable
oxide layer. The large amount of energy provided in a short period of time during Rapid thermal
processing (RTP) resulted in superior photoluminescence of porous silicon, which indicates
improvement in the surface oxide quality [124]. In other work with porous silicon, the growth of
an oxide layer via ozone oxidation considerably slowed silicon degradation in PBS [125].
Additionally, UV-ozone cleaning of the substrate has been reportedly used to remove organic

impurities from its surface or create a hydrophilic and oxidized/hydroxylized layer [126-130].
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In addition to improving the surface oxide quality, derivatization of the porous silicon also helps
in improving porous silicon stability. Thermal dissociation of acetylene is exploited to carbonize
porous silicon films; the carbon atoms from acetylene bind to the Si atoms of porous silicon
substrate. The surface is washed in acetylene at high temperature to deposit a layer of carbon.
Carbonization leaves porous silicon with improved stability due to SiC residues on its surface
[131]. Other treatments like thermal nitridation and dodecene derivatization have also shown

improved stability of porous silicon in simulated biological fluids [121, 122].

Surface functionalization can stabilize P-Si and additionally be used to promote cell adhesion
[132, 133]. It is known that a dense oxide layer provides protection to the underlying P-Si.
Similarly, a layer of a different chemistry could be used to enhance the stability. Silanization, a
form of functionalization that links silanols to the silicon by a dehydration reaction, has been
found to be effective in stabilizing porous silicon in aqueous environments [134]. Depending on
the silane monolayer’s terminal functional group, silanization can promote or hinder cell
attachment [135]. The mammalian cell lines such as PC12 cells and Human Lens Epithelial
(HLE) cells have been cultured on the modified surfaces of porous silicon [125]. This research
concluded that amino-silanization and coating the P-Si surface with proteins such as collagen

enhanced cell attachment and spreading

Summary: Although porous silicon is not a free standing material that could be used in biological
separations or membrane based cell culture applications, the topological features of porous
silicon are similar to a porous membrane. Cells are sensitive to topological, chemical and
electrical properties of substrates on which they are grown [136]. They have been found to grow
normally on porous silicon or silicon surfaces covered with microelectrode arrays, as well as on
microperforated silicon membranes [106]. This indicates that cells can be cultivated on a

nanoporous topology. Nanostructured porous silicon (P-Si) has properties that make it a very
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promising biomaterial and allow it to be exploited in tissue engineering and drug delivery

research [137-140].

1.4 Porous Nanocrystalline Silicon (Pnc-Si): A Novel Material

Most of the conventional membranes discussed thus far have broad or logarithmic pore size
distributions [24], high internal surface area or are over 1000 times thicker than the molecules
they are designed to separate [141]. This leads to poor size cut off, loss of sample within the
membrane, and inefficient transport across the membrane. Besides the traditional membranes
made of polymers and ceramics, there are others that are made from advanced nanofabrication
techniques. Nanostructured membranes have been fabricated with thickness close to the size of
molecules being separated (~10 nm) using focused ion-beam lithography in silicon nitride
membranes, but these have limitations such as mechanical fragility and complicated

nanolithography process [54].

List of important nanoporous membranes with their advantages and disadvantages:

1. Polymeric Membranes: These are inefficient and microns-thick membranes with
long size cut-off tail, but have facile fabrication techniques.

2. Alumina Membranes: These are microns-thick membranes with low transport
rates, but have high chemical and heat resistance.

3. Silicon Nitride Membranes: These are fragile, ultrathin membranes requiring elaborate
and expensive fabrication technique.

4. Carbon Nanotube Membranes: These are membranes with uniform pores and high flow
rates, but are difficult to fabricate and are available in
limited pore sizes.
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1.4.1 Characteristics of Pnc-Si Membranes

Recently, a novel ultrathin nanoporous membrane based on nanocrystalline silicon was
discovered at the University of Rochester [142]. This porous nanocrystalline silicon (pnc-Si)
membrane was developed using standard silicon fabrication techniques. These membranes are
nearly as thick as biological membranes (7-50 nm) and consist of through pores with tunable
pore distributions ranging from 5-100 nm in diameter and porosities as high as 15%. Pnc-Si
membranes have ~0.04 um? of internal surface area per um? of frontal surface, which lowers
resistance to intramembrane transport (~0.04 um? per ym? of frontal surface for pnc-Si vs. 10-
200 um? per pm? for polymer-based membranes). Pnc-Si membranes are mechanically robust
and can sustain an atmosphere of differential pressure without exhibiting plastic deformation
and maintaining their structural integrity over a free standing area of 0.2 x 0.2 mm (Figure 1.12

B).
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Figure 1.11 A) Photolithographically patterned silicon wafer designed to yield approximately 80 samples,

101.6 mm

some of which are missing from this wafer, B) Each sample contains two approximately 2 mm x 100 pum slits
with freely suspended 15 nm thin pnc-Si membranes, C) Cross sectional schematic diagram of the chip
showing the 15 nm thin pnc-Si and 40 nm sputter-deposited thermal silicon dioxide on the silicon wafer, D)
TEM (Transmission electron microscopy) image of the membrane with pores in white and nanocrystals in

black.
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1.4.2 Thermodynamically Driven Fabrication of Pnc-Si

The pore formation process in pnc-Si is a thermodynamically driven bottom-up approach. The
fabrication process is shown schematically in figure 1.12 and is described in detail in the

methods section of following chapter.
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Figure 1.12 A) Fabrication steps of porous nanocrystalline silicon membrane using standard silicon

B

deposition and etching techniques. A thermal annealing step induces pore formation. B) Mechanical testing
of 200 um x 200 pm membrane shows that intact membrane can sustain a differential pressure of ~1 atm.
Image taken through reflection microscopy. (Courtesy: Striemer et al [142]. Reprint permission requested from

Nature Publishing Group)

Succinctly, precision silicon deposition and etching techniques are used for the ultrathin
membrane development [142]. Unlike the nanolithographic approaches where the pores are
directly patterned on the substrate [54], here the pores self-form due to a phase transition of the
material. During rapid thermal annealing, a thin (7-50 nm) deposited layer of amorphous silicon
(a-Si) at temperatures greater than the threshold crystallization temperature of ~700°C for 30
seconds, voids are formed spontaneously among the nucleating silicon nanocrystals. As the a-

Si layer is molecularly thin, voids span the layer to form the porous structure of the membrane
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material. This membrane is held free standing over a rigid crystalline silicon frame with slits of
several hundred micrometers in dimensions created by back etching and removing the oxide
barriers from the three layer film initially deposited. The active area of the free standing
membrane can be of desired formats, such as, 200 x 200 um squares, 2000 x 100 um slits,
2000 x 200 pm slits, etc (Figure 1.13). The pore sizes are tunable in the range of 5 to 100 nm
depending on the annealing temperature [142]. The thermodynamically driven fabrication allows
tunable pore distribution by controlling temperature, ramp speed, thickness etc. Although the
pore size distribution of pnc-Si is not mono-dispersed, it has no tail at larger pore sizes. This
sharp cut-off in pore size is what allows precise separations. On the other hand, nanofabricated
pores created through top-down approaches have mono-dispersed distributions, but involve
more expense and effort which may prohibit mass production. Unlike other nanomembranes,

pnc-Si fabrication involves a combination of bottom-up and top-down techniques.

Figure 1.13 Formats of pnc-Si chip with different active areas of the free standing membrane.

1.4.3 Molecular Separations using Pnc-Si

In aqueous solutions, pnc-Si allows highly efficient biomolecular filtration, outperforming the
conventional ultrafiltration membranes with an order of magnitude faster diffusive transport
[143]. Pnc-Si membranes have a native negative charge because of a thin oxide layer
spontaneously formed after exposure to atmosphere. Proteins of different sizes and similarly
sized molecules with different charges can be separated with minimal loss using this material.
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Due to its molecular thinness and minimal material surface area, pnc-Si offers low resistance for
precise molecular sieving, and thereby optimizes flux and selectivity simultaneously. In
conventional dialysis and other diffusion based separations, diffusion through the commercial
membrane is the rate-limiting step. In the case of pnc-Si membranes, diffusion through the bulk
solution is rate-limiting. Substantial improvement of transport rate is expected in systems that
implement active mixing or forced flow (pressure or voltage-driven). A recently submitted
manuscript shows extraordinarily high gas and water permeability through pnc-Si under
pressure (Gaborski et al, Science 2009, submitted). Another significant advantage of the
standard silicon fabrication technique presented by Striemer et al, is that, pnc-Si membranes
can be easily integrated as separation elements into ‘lab-on-a-chip’ microfluidics systems that

have growing potential for medical diagnostics, drug discovery and chemical synthesis [144].

Various biomolecules, including proteins and DNA, fall in the nanometer regime and their
efficient separation from a mixture requires a membrane with pores and thickness in the same
regime. The tunability of pore size in this range makes pnc-Si membranes apt for size-selective
separation of biomolecules. Striemer et al demonstrated efficient size-based diffusive separation
of two proteins, bovine serum albumin and immunoglobulin G, which differ in molecular weight
by a factor of ~2.2X [142]. Manufacturers of conventional polymer membranes recommend a
factor of 10X as the minimum for effective separation. Charge based separation was
demonstrated when flow of molecules was regulated using different salt concentrations in
positively or negatively charged pnc-Si membranes [142]. Further, since silicon is easily
functionalized, it can be adapted for affinity-based separations of similarly sized
macromolecules. Due to its molecular thinness, direct imaging of membrane pores is possible
with transmission electron microscopy [142]. Additionally, the material as a whole is nearly
transparent in visible light and can be used as a platform for electron imaging, spectroscopy and

fluorescent imaging.
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In conclusion, pnc-Si is a truly revolutionary platform for molecular separations. The unique
structure of pnc-Si makes it orders-of-magnitude more permeable than other membrane
materials and allows for precise fractionation of mixtures by size or charge. The silicon platform
with planar geometry and mechanical strength of pnc-Si makes membranes practical to
manufacture and use. Pnc-Si membrane can be utilized in desirable formats like centrifuge
tubes, transwells and microfluidic systems. If biocompatible, these characteristics are relevant to
membrane cell culture research because through its high permeability, molecular thinness, and

a capacity for device integration, pnc-Si can enable new discoveries in cell biology.

1.5 Membranes for Cell Biology Research

Biocompatible membranes can be used as growth substrates in cell biology research and
biotechnological applications. In this thesis, porous nanocrystalline silicon (pnc-Si) is
investigated as a potential cell culture substrate. Permeable membranes allow passage of
nutrients, drugs and signaling molecules through their pores. Cell culture on permeable
membranes enhances the analysis techniques to improve the basic understanding of cellular
mechanisms and helps identify the signaling pathways involved in a development or disease.
Numerous studies using membrane based cell culture have been performed to investigate cell
monolayer integrity and transport to drugs, toxins [145-148], organotyping or organ-culture [149,
150], co-culturing cells for studying cell-cell interactions [93, 151], in vitro toxicology [152],

angiogenesis, chemotaxis [153, 154], in vitro fertilization and immunohistochemistry detection.

1.5.1 Three Dimensional Transwell Cell Culture as In Vitro Models

In a traditional membrane cell biology experiment, a nanoporous polymer membrane sits at the
base of a cup-like plastic device, which is suspended in a culture well. The device divides the
well into two compartments: upper (apical; donor) and lower (basolateral; receiver) chambers
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(Figure 1.14). This arrangement is referred to as ‘transwell and creates a cellular

microenvironment for facile testing.
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Figure 1.14 Schematic of a transwell assembly with membrane dividing the well into apical and basal
compartment and with cells on the upper side of the membrane. Some of the common transwell devices by

Millipore and Cole Palmer are also shown.

Cells grown on plastic tissue culture plates can only be nourished with media from their apical
side. Porous membrane inserts nurture cells in a three dimensional environment, in which they
can access media from both the apical and basolateral sides, resulting in improved cell
morphology that mimics in vivo growth [155]. In addition, membrane-based cell culture allows
researchers discrete access to both the apical and basolateral cell surfaces in their
experimental designs. Cell growth on membranes has been shown to improve cell
differentiation, increase the presence of intracellular organelles, and allow higher viable cell
densities [156]. One comparison between cells grown on plastic and on a Millipore membrane,
demonstrated that cells grown on the Millipore membrane formed characteristic tall columnar

monolayers with ovoid or pyramidal nuclei [157].
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Transwell cell culture techniques apart from promoting natural cell growth incorporate unique
design features to improve flexibility in carrying out research. Using transwells procedures like
cell seeding, feeding, washing, fixation, staining and visualization are easily supported in a
single device. Depending on the type of membrane, fixed and stained cells can be visualized by
stereoscopic microscopy, phase contrast microscopy, or fluorescent methods. Several different
types of membranes are commercially available in the transwell format for cell culture based
applications, such as, polystyrene (PS), hydrophilic polytetrafluoroethylene (PTFE),
polycarbonate (PC), polyethylene therephthalate (PET) and other mixed cellulose ester filters.
These membranes are available in different formats for different cell culture system devices; for

example, single well, 6-well, 12-well, 24-well and 96-well standing and hanging plate inserts.

Advancements in in vitro cell culture have given researchers a viable alternative to live animal
testing. Long term in vitro models offer a number of ethical and economic advantages [158,
159], in cases like toxicity testing to determine risk assessment and/or set up controls.
Additionally, in vitro models give researchers an advantage in understanding the biological
process involved in a toxic response to metals, cosmetics, drugs and pharmaceutical therapies
[152]. The combination of lower-cost and high throughput can help bring products to market
faster [160]. Pnc-Si based transwells can provide a better in vitro model than conventional
membrane transwells by more closely matching the physiological arrangement as discussed

later in this section.

1.5.2 In Vitro Cell Culture Based Assays

Cell based assays are valuable tools in basic research applications and drug screening
techniques. The complexity of cell-to-cell and even cell-to-extracellular matrix interactions
require simple, yet accurate methods to understanding cellular responses and communication

under user-defined conditions [161-163]. There are two main applications for membranes in cell
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biology research. First, membranes serve as semi-permeable substrates in assays of
monolayer barrier function. In these applications, a confluent cell monolayer is grown in the
transwell format (Figure 1.15). The presence of adherens junctions, tight junctions and gap
junctions can be verified by immunofluorescence. The ability of cell monolayers to regulate
transport between upper and lower chambers of a transwell device can be determined with
trans-monolayer electrical resistance measurements or by measuring the flux of small,
fluorescent or radiolabeled molecules. In the second application of transwell devices, filters are
used to physically separate different cell types. This involves growing two or more cell types in
culture simultaneously (Figure 1.15). Cell types can be co-cultured in direct contact with each
other on the membrane or indirectly where one cell line is cultured on the apical side of the
membrane and the other is cultured on either the underside of the membrane (basolateral) or on
the surface of the plastic feeder or receiver trays. Such arrangements are employed in the study
of cell-cell communication, for three-dimensional tissue models and in the creation of

bioreactors requiring ‘feeder’ cells to support the growth of a second cell type [90].
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Figure 1.15 Different types of cell culture experiments using transwells. (i) Cell monolayer is formed on the
upper side of the membrane support for drug permeability assays, (ii) two different populations of cells are
cultured on either side of the membrane as a co-culture to study cell-cell interactions or signaling, (iii) one
cell type is plated on bottom of the well and second cell type is plated on the membrane for a ‘feeder’ layer

type co-culture.
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Transwell systems are compatible with fluorescent imaging, as well as all tests for cell viability
and monolayer integrity. Cell monolayer integrity is examined through transepithelial/endothelial
electrical resistance (TEER) and passage of small molecules such as luciferase yellow, sodium
fluorescein or paracellular drugs such as atenolol or mannitol. A maximal electrical resistance
combined with minimal luciferase yellow passage or a paracellular drug transport indicates
optimum monolayer integrity [164]. For drug transport analysis, the growth, integrity and
differentiation of the cell monolayers need to be carefully monitored. Both, the tight junction
formation and polarized expression of membrane proteins are crucial [165]. For example, Caco2
or MDCK monolayer differentiation is evaluated by the transport of compounds that are effluxed,
such as digoxin and vinblastine [164]. This is a reliable indirect measure of expression and

localization of P-glycoprotein to the apical plasma membrane.

1.5.3 Transwell Membrane Properties Affect Assay Sensitivity

Membrane properties are crucial for the accuracy and sensitivity of cell culture based assay
measurements. During transport of molecules across a membrane supported cell monolayer,
the resistance offered to the passage from one side to other is a sum of resistances of the
membrane filter and the confluent cell monolayer formed on it. For accurate measurement of
cell barrier function decoupling of these resistances is imperative. The resistance to transport
should have significantly low contribution from the membrane that separates the two chambers
as compared to the cell monolayer itself [91]. In cell-cell interaction studies, often cell types
separated by transwell filters do not exhibit the signaling that occurs in vivo, while cells plated
together on the same side of the surface do [92, 93, 151, 166]. While such results could
indicate that physical contact between the two cell types is necessary to reconstitute
communication pathways, they may also be due to the loss of low concentration signaling
molecules to spongy polymeric membranes [167]. In vivo cell-cell communication is often

mediated by secreted soluble factors that diffuse freely over sub-cellular distances [132, 133]
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and so the commercial transwell device is a poor in vitro model of in vivo system. Examples of
which are, the signaling between T-cells and T-regulatory cells [167, 168] and the endothelium-

astrocyte models of blood brain barrier [169, 170].

1.5.4 Potential Advantages of Pnc-Si Membranes over Traditional Membranes

In the case of both barrier function measurements and co-culture studies, pnc-Si offers potential
advantages over microns-thick polymer membranes used in commercial transwell devices. As
molecularly thin filters, pnc-Si membranes exhibit permeabilities to small solutes that are orders-
of-magnitude higher than nanoporous polymer membranes [143]. Thus, pnc-Si membranes are
superior substrates for monolayer permeability studies because their resistances will be
negligible compared to cell monolayer resistances. The high permeability of pnc-Si will allow
investigation of the most efficient cellular mechanisms for small molecule transport and more
detailed looks at the ability of inflammatory signals to regulate vascular permeability.
Additionally, cell monolayers on pnc-Si are easily characterized by bright-field and
epifluorescence microscopy because the 15 nm thick membrane is optically transparent. This is
in contrast to polymer nanoporous membranes which are opaque (PC) or translucent (PET) and
exhibit high background fluorescence. In co-culture applications, pnc-Si should overcome
concerns about the loss and dilution of soluble signals in transwell devices. Indeed if pnc-Si
membranes support cell adhesion and growth, they will allow cells to be plated on their either
side while allowing efficient chemical communication resembling in vivo arrangement. Because
the internal surface area of pnc-Si membranes is 2-3 orders lower than that of nanoporous
polymer membranes, low abundance signals are far less likely to be lost through membrane
adsorption to pnc-Si. In conclusion, if biocompatible, pnc-Si membranes are expected to offer

unique opportunities for discovery in membrane supported cell biology research.
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1.6 Thesis Outline and Research Objectives

The goal of this thesis is to establish porous nanocrystalline silicon (pnc-Si) membranes as a
molecularly thin, nanoporous and viable substrate for cell culture experiments. Additionally, the
stability of pnc-Si in physiological conditions and the control over its biodegradation are also
investigated. The work is divided into following three smaller objectives. The successful
completion of these objectives will establish pnc-Si as a platform for answering questions that

cannot be addressed with current commercial devices.

1.6.1 Investigate and control biodegradation of pnc-Si membranes in physiological

media:;

Porous silicon films dissolve in physiological media and produce soluble silicic acid compounds.
Pnc-Si being a silicon-based material can undergo similar type of degradation. In chapter 2,
methods are developed to monitor membrane stability in culture media. Also, methods for
enhancing membrane stability are investigated, such as post production rapid thermal
processing and amino-silanization. As a result of this work, pnc-Si can now be used for short

term as well as long term cell culture applications.

1.6.2 Demonstrate that pnc-Si membranes are biocompatible and support cell culture

growth:

To establish that pnc-Si is a viable substrate, cell adhesion, cell spreading, cell growth kinetics
and cell viability will be investigated for both immortalized robust fibroblasts (3T3-L1) and
environmentally sensitive primary human umbilical vein endothelial cells (HUVEC). In chapter 3,
comparisons will be made to standard cell culture substrates such as glass and tissue culture
grade plastic. The results show that pnc-Si performed comparably to common cell culture

substrates in each of these metrics.
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1.6.3 Demonstrate pnc-Si membrane performance in three dimensional transwell format:

The final aim of this thesis is to develop a pnc-Si - transwell hybrid that closely resembles the
commercial transwell inserts. This transwell format will be used in the future for different cell
culture applications like drug permeability assay and cellular co-culture. In chapter 4, membrane
stability and cell adhesion for treated pnc-Si in three dimensional format are examined. Also,

long term stability is achieved in the transwell configuration.
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Chapter 2

Stability of Porous Nanocrystalline Silicon (Pnc-Si) in Cell Culture

Media’ [1]
2.1 Introduction

Membranes are used in a range of cell biology research experiments for which their stability and
biocompatibility is imperative. Due to their molecular thinness, pnc-Si membrane stability can be
susceptible to the chemical and mechanical effects of cell culture. Hence, apart from being
efficient and scalable, it is crucial that pnc-Si is stable for biological applications. Membranes
are viable cell culture substrates if their stability can be regulated without affecting their
biocompatibility and sensitivity. Moreover, they should undergo non-cytotoxic degradation.
Chemically stable and intact pnc-Si membranes are important for co-cultures [2] and
guantitative studies of cell-cell communication and drug permeability. However, less stable pnc-
Si membranes are advantageous as biocompatible and biodegradable scaffolds for tissue

engineering or controlled drug delivery applications [3, 4].

Most of the membrane based cell culture applications are long term [2-4], lasting ~6-7 weeks.
Although there are some short term cell culture experiments as well (ranging from 4-5 hours to
3-4 days) [5]. For such experiments, the membrane needs to maintain its integrity over the
required time periods sustaining all the environmental influences, like the chemical effects of the
components of the growth media in which the membrane is incubated and the stress due to
cells that are proliferating on the surface. A typical cell growth media is composed of glucose
(carbon source), inorganic salts (sodium chloride, sodium bicarbonate, chlorides, sulphates),

amino acids (nitrogen source), vitamins, serum proteins (growth factors), antibiotics (ampicillin,

" The material in this chapter is prepared for a manuscript and at the time of writing it is ready for
submission to Journal of American Chemical Society-Nano.
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streptomycin), and buffers [6]. The following table lists the Invitrogen™ formulation of a common

cell growth media, Dulbecco's Modified Eagle Medium (DMEM).

Concentration

COMPONENTS Molecular Weight
(mg/L) mM
Amino Acids
Glycine 75 30 0.4
L-Alanine 89 35.6 0.4
L-Arginine hydrochloride 211 84 0.398
L-Asparagine 132 60 0.455
L-Aspartic acid 133 53 0.398
L-Cystine 2HCI 313 63 0.201
L-Glutamic Acid 147 59 0.401
L-Glutamine 146 584 4
L-Histidine hydrochloride-H20 210 42 0.2
L-Isoleucine 131 105 0.802
L-Leucine 131 105 0.802
L-Lysine hydrochloride 183 146 0.798
L-Methionine 149 30 0.201
L-Phenylalanine 165 66 0.4
L-Proline 115 46 0.4
L-Serine 105 42 0.4
L-Threonine 119 95 0.798
L-Tryptophan 204 16 0.0784
L-Tyrosine 181 72 0.398
L-Valine 117 94 0.803
Vitamins
Choline chloride 140 4 0.0286
D-Calcium pantothenate 477 4 0.00839
Folic Acid 441 4 0.00907
Niacinamide 122 4 0.0328
Pyridoxine hydrochloride 204 4 0.0196
Riboflavin 376 0.4 0.00106
Thiamine hydrochloride 337 4 0.0119
i-Inositol 180 7.2 0.04
Inorganic Salts
Calcium Chloride (CaCl2-2H20) 147 264 1.8
Ferric Nitrate (Fe(NO3)3"9H20) 404 0.1 0.0002
Magnesium Sulfate (MgS04-7H20) 246 200 0.813
Potassium Chloride (KCI) 75 400 5.33
Sodium Bicarbonate (NaHCO3) 84 3700 44.05
Sodium Chloride (NaCl) 58 6400 110.34
Sodium Phosphate monobasic (NaH2P0O4-2H20) 154 141 0.916
Other Components
D-Glucose (Dextrose) 180 4500 25
Phenol Red 376.4 15 0.0399
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Pnc-Si being an ultrathin nanoporous substrate [7], can come under a chemical attack by the
media components. Hence, it is important to keep the membrane stable in conditions optimum
for typical cell growth experiments. Pnc-Si is a silicon based material and hence should have
some resemblance to porous silicon in terms of its chemical properties responsible for

biocompatibility and biodegradation [8].

Porous silicon is made by electrochemical etching of silicon wafers using ethanolic hydrogen
fluoride solutions. P-Si porosity can be adjusted from macroporous (> 50 nm) to mesoporous (5-
50 nm) to nano/microporous (< 5 nm) by varying the etching conditions [9]. P-Si is a well known
biocompatible nanoporous material applicable in tissue engineering, biomaterial scaffolds and
drug delivery applications [4, 10, 11]. P-Si is biodegradable in biological fluids to form benign
monomeric orthosilicic acid (H4SiO,4) through hydrolysis and oxidation [9, 12]. In nature, silicon
primarily exists as silicic acid, with the general formula [SiO,(OH)4.2«].. Orthosilicic acid (HsSiOy,),
the most common aqueous form of silicon, is predominantly absorbed by humans from the

environment and is readily removed by kidneys without causing any harm to the body [13, 14].

In 1995, Canham et al showed that the bioactivity of porous silicon could be varied significantly
by changing its porosity [9]. Low porosity microporous layers displayed more stable
configurations of bioactivity inducing hydroxyapatite growth and hence potential in vivo bonding
ability. High porosity mesoporous layers exhibited substantial dissolution, implying
biodegradability in vivo. Hence, the porosity of porous silicon can be varied depending on its
potential application areas. For some biomedical applications, for example, drug delivery,
material degradation is desirable, whereas for others such as biosensing, a stable interface
between the pores and their biological environment is generally favorable. The ability to tune
bioactivity via surface chemistry will provide much better flexibility than that available by choice

of microstructure alone [15-17].
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After the formation of porous silicon, the surface contains impurities from the air and the etching
process. Common impurities include covalently bonded hydrogen, fluorine and oxygen. The
levels of hydrogen and fluorine decrease over time as they are replaced with hydroxyl groups on
hydrolysis by atmospheric water. Although the hydrogen coated surface is sufficiently stable
when exposed to inert atmosphere for a short period of time, prolonged exposure render the
surface prone to oxidation by atmospheric oxygen [18]. As much as 1% oxygen is normally
adsorbed within minutes of air drying. Over a few days Si-O-Si, Si-O-H and O;-Si-H groups are
formed. These oxides at the P-Si surface are thought to improve its biocompatibility. Thus,
several methods were developed to promote the surface stability and improve biocompatibility

of porous silicon by enhancing the surface oxide quality [15-17].

One of the methods for improving P-Si stability is thermal oxidation. Thermal oxidation involves
heating P-Si to a temperature above 1000°C for around 10-20 minutes to promote full oxidation
of sub-oxide species to form a stable oxide layer. Thermally treated surfaces show
improvements in the stability against oxidation [19]. After production, the P-Si surface starts
losing Si-H passivation through atmospheric oxidation. By bridging Si-O-Si or Si-OH
terminations formed by atmospheric oxidation and other partially unbalanced valences through
thermal treatment, the surface layer becomes more stable against further oxidation/hydrolytic

degradation.

Higher amounts of energy supplied through a broad pulse of heat shock could also be helpful in
rearranging the surface oxide film. Rapid thermal processing (RTP) provides thermal energy in
a short period of time (few seconds) which induces a higher quality of oxide layer. This more
uniform oxide layer keeps the substrate stable for longer. Improvement in surface oxide quality
was found to be evident from the superior photoluminescence of P-Si after RTP [20]. The study
shows that the treated P-Si is a material in which hydrogen has been totally replaced by oxygen

even on the internal surfaces of the pores. After fabrication, porous silicon has a fairly
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disordered surface with random bridging oxygen atoms, lattice defects in the Si (imperfect grain
boundaries), and random adsorbed water. The low-density native layer formed spontaneously
after fabrication offers little protection against dissolution in biological media. By heating the
sample through rapid thermal processing, enough energy is supplied so that some of these
atoms can rearrange themselves, possibly creating a more continuous film. In addition, if there
is any extra oxygen around while the membrane is getting heated, the oxide layer can actually
grow in thickness as surface Si atoms get oxidized [21-23]. Densification could also take place
by getting rid of substantial amount of sub-oxide species and even through change in the Si-O-
Si bond angles [24, 25]. Surface treatments like UV-ozone cleaning of the substrate removes
any kind of organic impurity from its surface. This treatment also makes the surface more
hydrophilic and oxidized/hydroxylized [26-30]. In other work with porous silicon, the growth of an

oxide layer via ozone oxidation considerably slowed silicon degradation in PBS [5].

In addition to oxidation, thermal carbonization also helps in stabilizing P-Si. In this technique,
thermal dissociation of acetylene is exploited to carbonize porous silicon films. The carbon
atoms from acetylene bind to the Si atoms of porous silicon substrate leaving porous silicon with
improved stability due to SIiC residues on its surface [31]. Other treatments like thermal
nitridation and dodecene derivatization have also shown improved stability of porous silicon in

simulated biological fluids [15, 16].

Surface functionalization alters the P-Si surface chemistry. It is known that a dense oxide layer
provides protection to the underlying P-Si. Similarly, a layer of different chemistry could be used
to enhance the stability. Silanization of P-Si surface covers the surface with a monolayer of self
assembled silane molecules that has been found to be effective in stabilizing P-Si in aqueous
environments [32]. In another study, amino-silanization was found to improve the stability of P-
Si in PBS buffer. Coating of proteins such as serum (FBS) and collagen also stabilize porous

silicon but not as much as the other treatments [5, 13].
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Comparisons between the different treatment therapies to improve stability are made by
investigating the rate of degradation. The degradation causes a change in the surface
chemistry, and also release of silicic acid into the environment due to silicon dissolution. Surface
chemistry and optical thickness of P-Si have been examined via transmission Fourier transform
infrared (FTIR) spectroscopy [5] or inductively coupled plasma optical emission spectroscopy
(ICPOES) [12]. Concentration of silicic acid produced during P-Si degradation can be measured
by means of ammonium molybdate solution based colorimetric assay [13]. FTIR spectroscopy
was used to measure the degradation rate of the various P-Si samples in neutral pH PBS buffer.
By means of FTIR, it was found that simple oxidation stabilized P-Si significantly and
functionalization with silanes further reduced the rate of hydrolytic dissolution. The results
showed that the resistance to degradation could be attributed to thermal oxidation and further

stabilization of the oxidized membrane could be achieved by amino-silanization [13].

Pnc-Si being a silicon based substrate is expected to have similar degradation mechanism as
P-Si. Thus, similar tests could be used to assess the rate of degradation of pnc-Si in biological
media. But due the ultrathinness of pnc-Si (15 nm), it might be difficult to resolve any change in
pnc-Si's optical thickness or surface chemistry using techniques like FTIR, ICPOES
spectroscopy. Also the spectrophotometric analysis in the ammonium molybdate colorimetric
assay should be highly sensitive to detect the low amount of silicic acid produced from
dissolution of pnc-Si. Though the optical thickness is difficult to resolve, any change in optical
thickness causes a change in the wavelength of light reflected off the surface. Porous silicon
shows change in its optical properties due to its degradation and thereby compromises its
biosensing capabilities. This is as a result of change in optical thickness which records as a shift
in the frequencies of light reflected off the surface. The variation in optical interference brings
about a change in its color. Similarly, absorption or desorption of molecules on to the pore walls

alters its porosity and the effective refractive index. Such a phenomenon is the fundamental
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operating principle behind porous silicon based chemical and biological sensors [33-35]. So, an

easier way to detect degradation of pnc-Si could be from changes in its optical properties.

In this chapter, effects of cell culture media on pnc-Si membrane are observed. Methods are
developed to monitor pnc-Si membrane stability in cell culture media. Qualitative visual color
changes of pnc-Si chip are found to directly correlate to nanoporous membrane stability and its
biodegradation in vitro through a microparticle assay. In an effort to resolve the degradation
mechanism, AFM and TEM images show that pnc-Si degrades through pore dissolution rather
than flaking or cracking. Also, methods for enhancing and controlling membrane stability are
investigated. Post production rapid thermal processing (RTP) renders the surface glass-like and
stable for short-term experiments. The biodegradation rates of pnc-Si are further slowed down
for some long-term cell culture applications by surface treatments like UV-ozone oxidation
followed by amino-silanization. As a result, pnc-Si can be used for short term as well as long

term cell culture applications.

2.2 Material and Methods

2.2.1 Materials

Pnc-Si was supplied by SiMPore Inc., Rochester, NY. Supplemented Endothelial Growth
Medium (EGM) (Lonza), Dulbecco’s Modified Eagle Medium (DMEM), 0.25% Trypsin-EDTA,
Fetal Bovine Serum (FBS), penicillin/streptomycin, glutamine, Liebovitz L-15 media were
purchased from Invitrogen (Carlsbad, CA, USA). Sodium bicarbonate, sodium chloride, sodium
hypochlorite, DTT, hydrogen peroxide, cloning rings (6.4 mm inner diameter x 8 mm height)
were purchased from Sigma (St. Louis, MO, USA). Methanol (MeOH), ethanol (EtOH) and all

tissue culture-treated polystyrene (TCPS) plasticware were purchased from VWR.
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2.2.2 Cell Culture

Cell studies were performed with primary human umbilical vein endothelial cells (HUVEC,
Microbiology & Immunology Lab, University of Rochester Medical Center, Rochester, NY, USA)
and immortalized mouse embryo fibroblasts (3T3-L1, ATCC, Rockville, MD, USA). These cells
were cultured in T25 flasks (BD Falcon) at 37°C in a 5% CO,, humidified atmosphere. HUVEC
were grown in EGM with 2% L-glutamine, 1% penicillin/streptomycin and 10% FBS, and 3T3-L1
were grown in DMEM with antibiotics and serum. Media was changed every other day. Cells
were harvested after reaching 70-80% confluence by trypsinization with 0.25% trypsin-EDTA
and subsequently seeded at appropriate densities. HUVEC and 3T3-L1 were used between

passages 4-8 and 17-25, respectively to avoid using aged cells.
2.2.3 Pnc-Si Fabrication

Pnc-Si membranes were fabricated using standard semiconductor processes, as recently
described (Figure 1.12) [7]. Thermal oxide, ranging from 1000-4500 A, was grown on both sides
of a (100) n-type silicon wafer. The backside of the wafer was patterned using photolithography
in order to form an etch mask for the nanocrystalline membranes. During lithography, the front
side oxide was removed. A 3-layer silicon dioxide (40 nm)/amorphous silicon (15 nm)/silicon
dioxide (40 nm) film stack was then deposited onto the bare silicon wafer by RF magnetron
sputtering. The deposition rates for the silicon dioxide and amorphous silicon layers are well-
characterized [7]. A Surface Science Integration (Solaris 150) Rapid Thermal Processing (RTP)
system (ElI Mirage, AZ) was used (850-1050°C) to transform the amorphous silicon to a
nanocrystalline state. The membrane was exposed by etching the back side of the silicon wafer
with a preferential silicon etchant, Ethylenediamine pyrocatechol (EDP). Due to its high silicon to
oxide etch selectivity, the EDP etch terminated at the first protective oxide layer in the

membrane film stack. Finally, the protective oxide layers were etched with buffered oxide
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etchant (BOE), releasing the freely suspended porous nanocrystalline silicon membrane. The
mask was designed to yield approximately 80 samples per silicon wafer. Each sample
contained two approximately 2000 x 100 um slits with freely suspended 15 nm thick pnc-Si
membranes. This pattern can be altered and the active area can be changed according to need.
Each pnc-Si chip has a ‘well-side’ and a ‘membrane-side’. Well side is the side which is etched
to expose the polynanocrystalline material and thus has trough-like features, whereas,
membrane side is the coinciding planar side showing the membrane’s face with slits containing
the free standing membrane. The ‘membrane side’ has both supported as well as free standing

pnc-Si material exposed unlike the ‘well side’ which just shows the free standing portion.

2.2.4 Post Production Rapid Thermal Processing

Typically, pnc-Si samples underwent an additional post-production thermal processing step in
the Rapid Thermal Processing unit (SSI Solaris 150 Rapid Thermal Processing Unit) to enhance
its stability. Samples were placed on a silicon carbide-coated graphite susceptor and exposed to
Argon gas. The temperature was increased at 10°C/s to a steady state of 800°C. Samples were

maintained at 800°C for 5 minutes, cooled to 25°C and used without further processing.

2.2.5 Pore Processing

Transmission electron microscopy (TEM) was used to determine if the rapid thermal processing
changed the pore properties of pnc-Si. Specifically, plan-view transmission electron microscopy
of untreated and thermally processed pnc-Si was performed in bright-field mode at 80 kV using
a Hitachi H-7650. Images were acquired with an Olympus Cantega 11 megapixel digital
camera. The digital images were then processed using a custom MATLAB script that calculated
pore statistics (available for public download at www.nanomembranes.org). The MATLAB code
identified pores in the TEM images based on a user-defined threshold that created a binary

image. Equivalent pore diameters were calculated by extracting the radius of a circle that had
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an area equal to the identified pore. Histograms of all identified pores were presented as a ratio

of “contributed” pore area at a specific diameter to the total image area.

Atomic force microscopy (AFM) was used to measure pore characteristics and surface
roughness over a time period for which the pnc-Si samples were incubated in serum free media
(DMEM) @ 37°C in oven. Images were acquired entirely using high aspect ratio Olympus
AC160 cantilevers (mean tip radius < 15 nm) in repulsive mode of Asylum Atomic Force
Microscope. The image processing and control program (IGOR) for the AFM was used to select
a linear region of interest on the height image and a cross-sectional height scan was used to
estimate the pore diameter. Further, the images were inverted in ImageJ and then were
processed using custom MATLAB script. Appropriate threshold was selected and pore statistics

were calculated. The calibration for all AFM images was 0.55 pixels/nm.

2.2.6 Rhodamine Diffusion

To determine whether the post-production thermal processing of pnc-Si in the RTP unit affected
molecular diffusion though nanoporous pnc-Si, the diffusion profile of rhodamine was measured.
This was done because pores identified in TEM images may not have been open pores. Pnc-Si
samples were attached to a PBS-coated glass cover slip with vacuum grease and 100 uM
rhodamine 6G (Sigma) in 1X PBS was added to the backside of pnc-Si. Rhodamine diffusion
through pnc-Si membranes was monitored by a Zeiss Axiovert 200M epifluorescent microscope
for 20 minutes, and the time-lapse images were characterized using a customized MATLAB
program. The MATLAB code was written to select a fixed rectangular region from the time-lapse
images based on user-defined input parameters (width, length, and centroid). A line-scan of
fluorescence intensities along the length of the rectangular region was obtained by averaging

the fluorescence intensities across the width of that region. The averaging was performed to
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reduce background noise. The line-scans from successive time-lapse images were then plotted

along the temporal-axis to produce the diffusion profile.

2.2.7 Chemical Stability and Biodegradation

a) Discoloration and Bead Assay

To measure membrane stability, polystyrene cloning rings were attached to pnc-Si with vacuum
grease (silicone) in order to isolate the pnc-Si samples and these samples were incubated at
25°C in serum-supplemented DMEM. A solution of 15 um polystyrene beads (4 pl in 1.5 ml de-
ionized H,0) (FSO7F, Bangs Laboratories) was then added to the DMEM contained within the
cloning rings. The cloning rings prevent the beads from rolling off the pnc-Si chip surface. After
allowing the beads to settle for ~20 minutes, images were captured for over 30 hours to monitor
the membrane integrity via time-lapse phase contrast microscopy. Microscopy was performed
with a 10X objective on an epifluorescent Nikon Eclipse TS-100F inverted microscope equipped
with Cooke SensiCam cooled CCD camera. To measure discoloration, pnc-Si samples were
sterilized with MeOH and then incubated in serum-supplemented DMEM under cell culture
conditions or at 25°C. Once a day, samples were removed from the media, rinsed in de-ionized
H,O and 70% EtOH, imaged with a Canon PowerShot A650IS 12.1 megapixel digital camera,
sterilized in MeOH and returned to culture plates. Pnc-Si membrane stability and chip
discoloration were monitored for 7 days. To investigate whether cells affected discoloration and

membrane stability, 3T3-L1 cells were seeded directly into wells with pnc-Si samples.

b) Pnc-Si in Media and Other Chemicals

For monitoring discoloration in non sterile conditions in different media, salts, buffers and other
chemicals, samples were rinsed in de-ionized H,O followed by 70% EtOH and dried to clean
any debris off the surface. They were then incubated in the desired solution taken in tissue
culture wells in oven at 37°C. Samples were removed from the solution at desired time points,
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rinsed in de-ionized H,O and 70% EtOH, imaged with a Canon PowerShot A650IS 12.1

megapixel digital camera and returned to culture plates.

c¢) Dissolution of Pnc-Si in Media

Pnc-Si samples were sterilized and incubated in serum-free DMEM in the oven @37°C.
Samples were taken out at different time points (0, 90 min, 150 min, 6 h and 24 h). Individual
samples were taken for respective time points. They were thoroughly rinsed in de-ionized H,O

and IPA followed by N, gas blow drying and then sent for TEM/AFM imaging.

d) Enhancing Stability of Pnc-Si by Liquid-Phase Silanization

Samples were treated in a UV-ozone chamber (Novascan PSD-UVT-UVOP) for 15 minutes at
30°C to clean and decontaminate any organic matter or impurities off the surface. This
treatment also renders the samples oxidized before the silane deposition. 5 ml de-ionized H,O
was mixed with 4.8 ml MeOH in a petridish and kept covered. 2 ml of APTES (3-
Aminopropyltriethoxysilane) was added to this solution followed by 40 pl of glacial acetic acid
which helps in hydrolysis. The solution mixture was stirred properly and left covered for 10
minutes. The UV-ozone treated samples were dipped in the solution for 15 minutes. Vacuum
grease (silicone) was used to anchor as well as lift the chips off the bottom so that both the
sides are exposed to the silane solution. Samples were taken out and rinsed in de-ionized H,O
followed by running isopropyl alcohol (IPA) through the tweezers. After this they were dipped in
Pentane for 10 seconds and dried using Nitrogen gas. They were then left to bake in the oven at

75°C for 30 minutes and the amino-silanized samples were ready for use.
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2.3 Results and Discussion

2.3.1 Correlation between Pnc-Si Degradation and Discoloration

Porous silicon films dissolve in physiological media and produce soluble silicic acid compounds
[5, 12]. In days-long cell proliferation experiments, the deposited silicon films were chemically
attacked by cell culture media, and changes in the optical interference of these silicon layers
were manifest as changes in pnc-Si color, as seen for P-Si [10]. In fact, this pnc-Si degradation
was observed conveniently as color changes from native dark blue to purple-pink to yellow-gold
to silver (Figure 2.1). For example, complete removal of the thin crystalline silicon film after ~1

day exposed the yellow color of the oxide-coated silicon wafer.

We investigated the mechanism of discoloration and its ramifications for cell culture. This was
particularly important because of the ultrathinness of pnc-Si membranes. Chemically stable and
intact pnc-Si membranes are imperative for co-cultures [2] and quantitative studies of cell-cell
communication and drug permeability. However, less stable pnc-Si membranes are
advantageous as biocompatible and biodegradable scaffolds for tissue engineering or controlled

drug delivery applications [3, 4].

a) Microparticle Bead Assay as a Method to Visualize Pnc-Si Breakage

To correlate the membrane stability to qualitative color changes, a microparticle assay was
developed. The free standing membrane is optically transparent in growth media and thus it is
difficult to monitor its integrity through phase-contrast or fluorescence microscopy. For this
assay, 15 pum polystyrene beads were allowed to settle on top of pnc-Si membranes and then
viewed with an inverted microscope. The beads could be focused at the height of the membrane
slit edges which showed that the free standing membrane is intact. When pnc-Si membranes
broke, polystyrene beads dropped out of the focal plane, through the well volume at the
backside of the chip and onto the bottom of the 6-well plates (Movie 1: Phase-contrast movie of

74



microparticle assay in Supplementary Compact Disk). Therefore, this assay detected pnc-Si
membrane breakage as a change in microparticle focus. The pnc-Si membranes broke after 12-
13 hours at 25°C in serum-supplemented DMEM (Figure 2.1). This time consuming assay
clearly demonstrated membrane breakage, but a simpler indication of membrane integrity was
desired. As the material dissolves in media, the layer thickness decreases causing optical
interference or change in the wavelength of the reflected light off its surface. Therefore, pnc-Si
chip color was closely tracked simultaneously with membrane breakage. Membrane breakage
occurred as the chip started to discolor from blue to purple. Hence, pnc-Si chip discoloration
directly correlated to membrane integrity, and tracking discoloration was much easier than

visualizing the breakthrough of beads.

Time (in hours): t=0 t=13 t=14 t=20 t=24 t=30

Bead Assay :
15 pum beads

on pnc-Si

Discoloration

of the pnc-Si

chip

Figure 2.1 Correlation between pnc-Si membrane integrity and chip discoloration over 30 hours in serum-

supplemented DMEM at 25°C. Top panels: 15 um polystyrene beads settled on pnc-Si and were located via
phase microscopy. At ~12 hours, the pnc-Si membrane broke and the polystyrene beads fell out of the focal
plane. Bottom panels: pnc-Si chip discoloration showed a change in color from bright blue to gold over 30

hours. The initial transition from blue to purple closely matched the time point of membrane breakage.

These experiments showed that pnc-Si membranes were stable in serum-supplemented cell
culture media for about 12 hours before significant membrane biodegradation occurred.
Because long term stability is necessary for many applications, we questioned if surface
modifications could promote pnc-Si stability in biological media. One of the steps in fabrication
involved stripping of protective oxide layers to expose the pnc-Si [7]. It was observed that non-
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stripped samples did not discolor in cell growth media for a long time. Our observation that the
protective oxide stabilizes membranes motivated the hypothesis that densification of the
spontaneously formed superficial native oxide (of ~1 nm thickness) on pnc-Si (after fabrication

and oxide stripping) could leave the membrane film stable and protect it from chemical attack.

b) Post Production Rapid Thermal Processing of Pnc-Si

To investigate the ability of a densified native oxide to promote stability, pnc-Si samples
underwent rapid thermal processing. Rapid thermal processing (RTP) provides thermal energy
in a short period of time (few seconds) which induces a higher quality oxide layer. A rapid
thermal processing step could also be densifying the native oxide layer formed spontaneously
after the fabrication by getting rid of substantial amounts of sub-oxide species. After fabrication,
porous silicon has a fairly disordered surface with random bridging oxygen atoms, lattice defects
in the Si (imperfect grain boundaries), and random adsorbed water. This is a low-density layer
that provides little protection. By heating the sample through RTP, enough energy is supplied
so that some of these atoms can rearrange themselves, possibly creating a more continuous
film. In addition, if there is any extra oxygen around while the membrane is heated, the oxide
layer can actually grow in thickness as surface Si atoms get oxidized [21, 22, 24]. As an
additional benefit, post production rapid thermal processing renders the surface similar to

bioactive glass [36] [37].

After a post-production thermal processing step in the RTP unit was performed, discoloration
experiments were conducted as described above. Untreated pnc-Si discolored from blue to gold
within 1 day, which agreed with our previous experiments (Figure 2.1). By contrast pnc-Si with a
densified surface oxide layer and/or stabilized grain boundaries via RTP discolored after 4 days
(Figure 2.2). Therefore, post-production thermal processing significantly passivates the

chemical attack on pnc-Si by cell culture media. The RTP temperature, time and ramp rate
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could be used to regulate the life of pnc-Si membrane. In presence of 3T3-L1 cells, treated
membranes were less stable (discoloration in 3 days), which was likely due to chemical or pH
microenvironments created by growing cells. In other work with porous silicon [5], the growth of

an oxide layer considerably slowed silicon degradation.

Time (in hours): t=0 t=150
NO RTP
o
RTP

RTP + Cells

Figure 2.2 Effect of post-production thermal processing in the RTP on chip discoloration under cell culture
conditions in serum-supplemented DMEM. Without post-production RTP, pnc-Si samples discolored from
blue to gold within 1 day (top). RTP delayed discoloration by at least 4 days, with discoloration noted after ~7
days (middle). The presence of cells (3T3-L1) along with pnc-Si increased the rate discoloration, such that

the color change from blue to gold occurred between three and four days (bottom).

c) Physical Effects of RTP on Pnc-Si

Post-production thermal processing in RTP enhanced chemical stability and lowered
biodegradation rates but the physical effects (i.e., changes in pore size, porosity) of this
processing were unknown. One concern was that the porosity of the membrane could be
reduced by RTP. Therefore, pnc-Si samples were visualized with TEM before and after thermal
treatment in the RTP. TEM micrographs showed no difference in pore diameter or porosity
(calculated via custom MATLAB-based image processing, Figure 2.3 A) between untreated and

annealed samples (Figure 2.3 B).
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Figure 2.3 A) Pore size histograms of untreated and thermally processed pnc-Si were created from a
customized MATLAB program that also determined mean pore size and porosity (calculated as the pore
area/total image area), B) The untreated pnc-Si sample had a mean pore size of ~5.5 nm and porosity of
~3.7%. A thermally processed pnc-Si sample from the same manufacturing batch exhibited similar mean pore
size (~6 nm) and porosity (~4.6%). The maximum pore sizes of these two samples were the same (~33 nm)

and the pore size distributions were highly similar.

A more biologically relevant experiment was also performed to check if the pores were
functional in which Rhodamine 6G diffusion was measured through pnc-Si membranes.
Diffusion profiles of untreated and thermally-processed samples were not significantly different
(Figure 2.4), which showed that post-production RTP did not alter the porosity or pore sizes of
pnc-Si membranes. In the future, this test should be repeated using a larger dye molecule.
Rhodamine 6G has molecular size of less than 1 nm, which is low to compare changes in sizes

of similar order.
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Figure 2.4 A) Schematic of rnodamine diffusion across pnc-Si and its measurement. Fluorescent intensities
were measured along a line perpendicular to a pnc-Si membrane window for 20 minutes, B) Rhodamine
diffusion profiles across untreated and thermally processed pnc-Si. Fluorescent intensities decreased with
the distance from the window (distance axis) and increased with time. Importantly, the diffusion profiles of

untreated and thermally processed pnc-Si were nearly identical.

d) Mechanism of Pnc-Si Degradation

Further understanding of the discoloration mechanism is an active area of research in the
Nanomembrane Research Group. There are two hypotheses derived for the mechanism of pnc-
Si membrane degradation and related discoloration (Figure 2.5).

i) Simultaneous degradation: The dense native silicon dioxide layer slowly dissolves under
chemical attack from the media components to form orthosilicic acid. The dissolution takes
place according to the given equation. At the same time, pnc-Si oxidizes to form silicon dioxide
(oxidation takes place as media enters the pores from either side of the membrane). In

combination these processes lead to continuous depletion of the membrane.
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Si02+ 2H20 - H4Si04
Pnc-Si + 0, — SiO»
The SiO, layer depletes slowly at a rate equal to the difference between rate of formation (or
rate of pnc-Si oxidation) and rate of degradation (or rate of orthosilicic acid formation). This
hypothesis states that there is continuous depletion of pnc-Si and once pnc-Si is completely
consumed, there is no further SiO, formation. Hence the remaining SiO, continues to degrade
as orthosilicic acid leading to exposure of the bare silicon surface. At this point the color of the

pnc-Si chip turns silver.
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Figure 2.5 In simultaneous degradation mechanism, continuous depletion of the silicon dioxide and pnc-Si
layer takes place. Silicon dioxide converts to orthosilicic acid and pnc-Si gets oxidized. In sequential
degradation mechanism, silicon dioxide depletion completes to expose the pnc-Si. Exposed pnc-Si gets
oxidized to form more silicon dioxide which further dissolves. Both degradation mechanisms lead to change

in thicknesses of the layers and thus the color of the pnc-Si chip.
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ii) Sequential degradation: Pnc-Si is protected by the oxide layer until the oxide completely
depletes under the chemical attack to form orthosilicic acid.
Si02+ 2H20 - H4Si04

Once the oxide layer is gone, pnc-Si is exposed and undergoes oxidation forming SiO,. This
turns the membrane’s yellowish tinge transparent (SiO,).

Pnc-Si + 0, — SiO»
Now the new SiO, formed again dissolves in media as orthosilicic acid. After complete
conversion of pnc-Si to SiO,, followed by dissolution of SiO,, bare Si is exposed resulting in
silver pnc-Si chip color.
Both the hypotheses can be tested by characterization of surface layers using techniques such

as ellipsometry, X-ray photoelectron spectroscopy, FTIR or Infrared absorption spectroscopy.

e) Analysis of Pnc-Si Dissolution

Both the flat pnc-Si membrane surface and the inner pore walls are attacked by the media. After
fabrication, the pore edges are smooth and round. They become rough and irregular in shape
as discoloration occurs in biological media, as evident from the TEM images (Figure 2.6 B). The
AFM analysis supported the TEM data. It also showed an increase in the roughness (rms) of
pnc-Si surface from 0.16 nm to 0.22 nm to 0.33 nm on incubation in serum-free media for 0, 90
and 150 minutes respectively (Figure 2.6 A). This may be attributed to the deposition of proteins
and precipitates from the media [38-40] or due to the irregular erosion of the material from its

surface.

The changes in cut-off pore sizes and porosity observed by TEM images are in agreement with
the AFM images as well (Figure 2.6 C). After running the pore processing software for the TEM
images, it was found that the mean pore diameter increased from ~13 nm to ~17 nm after

incubation for 150 minutes in serum-free DMEM at 37°C in oven. Also the cut off diameter
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increased from ~30 nm to ~40 nm. This is similar to the AFM images which showed increase in
mean pore diameter from ~13 nm to ~23 nm over 150 minutes of incubation. From these tests,
it is evident that dissolution of pnc-Si is taking place and not delamination or cracking and

flaking of the material.
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Figure 2.6 A) Atomic force microscopy on pnc-Si samples before and after incubation in serum-free DMEM
(Image courtesy: Barrett J. Nehilla). Images show increase in roughness, mean pore size and cut-off diameter
after 150 minutes of incubation, B) Transmission electron microscopy on the same pnc-Si samples show
similar increase in mean pore size and change in shape of the pore edges (inset) (Image courtesy: David
Fang), C) Histograms from pore processing program show increase in number of pores with bigger diameter

and increase in cut-off diameter.

2.3.2 Other Influences on Pnc-Si and Its Dissolution

To understand which components of culture media were responsible for pnc-Si degradation,
pnc-Si was exposed to a range of media and buffers and monitored for discoloration. Pnc-Si
discolored in serum-supplemented cell growth media such as Dulbecco’s Modified Eagle
Medium (DMEM) and Endothelial Growth Medium (EGM) over time. However, it did not discolor
in Leibovitz's L-15, a sodium bicarbonate free media used to support cell growth in non-CO,

equilibrated environments (Figure 2.7). No discoloration in L-15 media suggests a role for
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sodium bicarbonate in discoloration. Sodium bicarbonate is commonly used for buffering cell
culture media in CO, equilibrated environments (5-10% CO,). This non toxic buffer improves the
pH control of media and provides cells with carbonate ions that are necessary for their

metabolic functions.

DMEM RPMI DMEM/F12 L15
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Figure 2.7 Discoloration does not take place in L-15 as it does in DMEM and RPMI media. Sodium

bicarbonate-free L-15 media does not discolor pnc-Si over a span of at least 2 days under incubation. DMEM
causes discoloration within a day followed by RPMI that discolors pnc-Si within two days. Both DMEM and
RPMI constitute sodium bicarbonate and this implies its role in pnc-Si degradation (Courtesy: Barrett J.

Nehilla)

The following set of chemical equations describes the mechanism in which sodium bicarbonate

maintains pH levels in CO, equilibrated environments.

(1) CO2(l) + H20 <=> HC03 <=>HCO3 + H*
(2) NaHCO3z <=> HCO03 + Nat
(3) HCO3 + H20 <=> HC03 + OH

From (2) and (3), NaHCO3+ H;0 <=> H2C03 + OH + Nat*

To investigate the role of sodium bicarbonate, discoloration of pnc-Si in different concentrations
of sodium bicarbonate was monitored. It was found that with increasing concentrations of

sodium bicarbonate, the rate of discoloration increased (Figure 2.8). Aqueous solutions of
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sodium bicarbonate are mildly basic and are commonly used to elevate pH levels. Thus, high
pH could be responsible for degradation and discoloration of pnc-Si. In addition, acidic

conditions are used in the fabrication process of pnc-Si [7].

NaHCO, (mg/ml)
0 02375 0475 0.95 1.90 3.80

Figure 2.8 Sodium bicarbonate dose responses

in the oven @ 37°C. Increase in concentrations

t=2h
of sodium bicarbonate resulted in increase in

the discoloration rate. NaHCO3 concentrations
lower than 3.8 mg/ml caused comparatively
slower discoloration, whereas 3.8 mg/ml
appeared to be a threshold above which
discoloration rates are much higher. This
experiment was conducted in non-sterile

conditions in the oven.

Interestingly, pnc-Si immersed in DMEM was found to be more stable in cell culture conditions
(pCO, ~5%, relative humidity ~90%) than in the oven (pCO, < 0.1%, relative humidity ~60%) at
the same temperature of 37°C (Figure 2.9 A). One important difference between the incubator
and the oven is the pCO, level. Higher pCO, levels in the incubator leads to CO, acidification,
thus decreasing the pH. This could explain the reason for pnc-Si stability in incubator but not in
the oven. Also, with increase in the oven temperature the rate of discoloration increased, which

is understandable from the dissolution reaction rate kinetics [12].

Biological media includes various other salts that could have a role in discoloration. To
investigate this, sodium chloride, a sodium-based salt apart from sodium bicarbonate, was
tested. Pnc-Si was immersed in increasing concentrations of NaCl at room temperature. It was
found that higher concentrations of NaCl caused discoloration at a faster rate than lower

concentrations (Figure 2.9 B).
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Figure 2.9 A) Comparison of discoloration rates in the oven and incubator with DMEM. Pnc-Si sample
discolored completely in the oven after 10 hours, whereas, it took almost 24 hours in the incubator for pnc-Si
to turn silver, B) Sodium chloride dose responses on bench top @ 23°C. Like sodium bicarbonate,
discoloration rate of pnc-Si increased with the increase in the concentration of sodium chloride solution. The
salt solutions used here are highly concentrated and thus the experiment was conducted at room

temperature.

To incorporate effects of pH as well as salts and figure out the dominant factor amongst the two,
solutions with different combinations of NaCl and NaHCO3; concentrations were used. It was
expected that the mixture with highest concentrations of both NaCl and NaHCO; would result in
fastest discoloration and solution with lower concentrations will cause slower discoloration.
Solutions with higher NaHCO; and lower NaCl were expected to cause discoloration due to
higher pH of NaOH formed, whereas those with lower NaHCO; and higher NaCl were expected
to discolor due to higher salt concentration. The difference in the discoloration rates due to
solutions with different concentrations of NaCl and NaHCO; could help in determining the
dominant factor. In several trials of this experiment, no clear trend for discoloration with sodium
chloride and sodium bicarbonate was observed. Experiments are still going on to elucidate the

exact mechanism involved.
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Previous work in the lab showed that addition of a strong reducing agent, DTT (dithiothreitol-
Cleland’s reagent), did not prevent discoloration and that the addition of a strong oxidizing agent
like hydrogen peroxide did not increase discoloration rate. On the other hand, oxidizing agent
like sodium hypochlorite (bleach) with higher pH (pH~11) discolored pnc-Si to some extent.
This indicates that the degradation mechanism is not just simple oxidation. From all the different
experiments conducted, it suggests that there is interplay of pH changes, salt concentrations

and pnc-Si characteristics that decide the life of this material in biological media.

Like other three dimensional tissue scaffolds or drug delivery system, dissolution of pnc-Si
should also depend on its porosity and pore size [9, 12, 41]: once the pores get bigger or the
porosity increases, the degradation process should accelerate because of increased internal
surface area. To test this idea, samples of pnc-Si with different porosities were taken and tested
in DMEM over a time period. As can be seen in figure 2.10, the sample having micro-size
pinholes was found to completely discolor in 3 hours, whereas the sample with no pores did not
start discoloring at this time point. There was not much of a difference between samples with
porosities of 1.23% and 6.48%, but their discoloration rates were in between the highly porous
and non-porous samples. It was evident that the rate of discoloration here increased with
increase in total surface area or porosity of membranes.

(i) (ii) (iii) (iv)
—— “ Figure 2.10 Discoloration is proportional to

=0 porosity of the membrane. Samples with different

porosity of 1.23% and mean pore size of 6.7+1.9
t=3h . . nm, (iii) porosity of 6.48% and mean pore size of
| . 8.1+2.7 nm, (iv) pin-holes (=10 pum in size) were

a

used.

porosities were tested in serum-free DMEM in oven

@ 37°C. Samples with (i) no visible pores, (ii)

t=10h
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Degradation of membrane barrier can be helpful in creating stratified tissue or graft in vitro. Two
different populations of cells can be cultured on either side of the membrane support, such as

endothelial cells and smooth muscle cells, and co-join as the membrane dissolves [42].

2.3.3 Enhancing Stability of Pnc-Si

With the additional post production thermal processing step in RTP, the degradation of pnc-Si
was prevented for 3-4 days (Figure 2.2). This sustainability needs to be further increased for
conventional applications of pnc-Si in the fields of co-culture and drug permeability assays.
Different surface treatments are known to increase stability of porous silicon in physiological
conditions. These treatments could be applied to a novel material like pnc-Si to further delay its
dissolution without hampering the biocompatibility. In the same way that a dense oxide layer
provides protection to underlying pnc-Si, other surface chemistries might enhance stability
without compromising the cell culture applications [13, 32]. Silane coupling agents that contain
three inorganic reactive groups (ethoxy in case of 3-aminopropyl triethoxy silane) bond well to

the metal hydroxyl groups on inorganic substrates like silicon (Figure 2.11).

Figure 2.11 The alkoxy groups on silicon
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Ligquid-phase amino-silanization was used to provide a protective amino-silane layer on the pnc-
Si surface to help prolong its discoloration. UV-ozone treatment of pnc-Si renders the surface
hydrophilic and oxidized/hydroxylized for the amino-silane to bond. As can be seen in the figure
2.12, when incubated in serum-free DMEM, the amino-silanized sample discolored after 12
hours in comparison to non-silanized sample which almost turned gold after 7 hours. A
combination of RTP and silanization worked better than just RTP (< 12 hours) and provided

stability for ~28 hours.

+RTP +APTES +RTP -APTES -RTP +APTES -RTP -APTES

Figure 2.12 Pnc-Si samples after RTP and APTES treatment were tested for chemical stability in serum-free
DMEM in oven @ 37°C. The non-treated sample started discoloring after 7 hours followed by amino-silanized
sample (< 12 hours). RTP treated sample (< 28 hours) showed better protection than APTES. Sample with
RTP as well as APTES treatment started discoloring after 28 hours. (The experiment was carried in an oven

to speed up the discoloration for faster results)

Amino terminal ends of silane groups could eventually be exploited for common silicon surface
modifications by adding polyethylene glycol or any other linker chemistry to control cell adhesion
[44]. Additionally, thermal carbonization alters the surface chemistry and also helps in stabilizing
porous silicon [31]. Studies examining improvement in stability of pnc-Si due to thermal

carbonization are in progress.
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2.4 Conclusion

This chapter shows that, like porous silicon, pnc-Si undergoes dissolution in cell culture media
rather than delaminating and cracking or flaking. Pnc-Si was found to be stable in low pH and
low salt concentrations, but there is interplay of pH changes, salt concentrations and pnc-Si
characteristics that decide the life of this material. Qualitative visual color changes of pnc-Si chip
were directly correlated to nanoporous membrane stability and its biodegradation in vitro
through a microparticle assay. The change in the color is due to variation in optical interference
of the silicon layers deposited on pnc-Si. As the thicknesses of the deposited layers deplete, the
wavelength of the light reflected from its surface shifts resulting in a visual color change. The
rate of substrate degradation was controlled through post production rapid thermal processing
and it is hypothesized to densify the spontaneously formed native oxide layer or form a superior
guality oxide layer rendering the surface glass-like. The biodegradation rates of pnc-Si were
further slowed down for some long-term cell culture applications by surface treatments like UV-
ozone oxidation followed by amino-silanization, but short-term experiments were immediately
possible after RTP alone. Biodegradation also creates an opportunity to create stratified tissue
in vitro by culturing different cell types on either side of pnc-Si membranes and allowing the two

populations to co-join as the membrane dissolves.
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Chapter 3

Pnc-Si Biocompatibility: Cell culture in a Two Dimensional Format’ [1]

3.1 Introduction

Porous nanocrystalline silicon (pnc-Si) membranes [2] can be used for various cell culture
related applications if they are biocompatible and stable enough for the cells to adhere, spread,
proliferate and remain viable for a suitable period of time. As seen in the previous chapter, work
on porous silicon (P-Si) provides insight into newly discovered pnc-Si. Pnc-Si is stable in
physiological conditions for at least 3-4 days after post production rapid thermal processing
which should be sufficient for short term cell culture experiments. Pnc-Si life could further be
extended for long term cell culture experiments (over several weeks) through additional
treatments like silanization, carbonization, protein coatings, etc. In this chapter, pnc-Si is
established as a viable cell culture substrate with the help of cell cultures of two distinct cell
lines. To verify that pnc-Si is a suitable substrate for cell culture, different cell growth metrics
such as cell viability, adhesion, spreading and proliferation of distinct cell lines (mouse embryo
fibroblasts 3T3-L1 and primary human umbilical vein endothelial cells) are investigated. 3T3-L1
is an immortalized and robust cell line, whereas HUVEC is an environmentally sensitive primary
cell line, which makes both of these cell types extremely distinct to test pnc-Si for a wide range

of cell cultures possible.

Cells are known to be sensitive to topological, chemical and electrical properties of substrates
on which they are grown [3]. Cells cultivated on microstructures made by semiconductor
technology grow normally on silicon surfaces covered with microelectrode arrays, as well as on

microperforated silicon membranes with square pores [4, 5]. The size of the pores in porous

" The material in this chapter is prepared for a manuscript and at the time of writing it is ready for
submission to Journal of American Chemical Society - Nano.
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silicon (P-Si) does not present a problem to cell growth, demonstrating that cells can be
cultivated on a nanoporous topology [5]. Surface modifications can also be done to promote or
hinder cell adhesion [6, 7]. For example, an amino-silanized substrate can promote or hinder

cell attachment, depending on the silane monolayer’s terminal functional group [8, 9].

As the first stage in mammalian cell proliferation in vitro, cell adhesion is an important parameter
in determining a surface's potential as a cell culture substrate [10, 11]. Anchorage-dependent
cells adhere optimally on wettable surfaces like tissue culture polystyrene, glass and
polycarbonate [12]. Pnc-Si membrane surfaces are likely "coated" by a thin silicon dioxide layer
after production due to air exposure which is then densified in the post production rapid thermal
processing step (see Chapter 2). Therefore, although pnc-Si is a novel nanomaterial, its surface
properties are similar to glass which should be favorable for cell adhesion [13]. The work
presented in this chapter directly compares cell adhesion on pnc-Si to common hydrophilic cell

culture substrates like glass and tissue culture grade polystyrene.

In the next stage after adhesion, cells start producing their extracellular matrix and spread
across the culture substrates [14]. It is possible that the nanoporous topography of pnc-Si
facilitated rapid maturation after cell adhesion since other nanotopographies affected cell
behavior in vitro [15-18]. The two cells lines used in this study, namely, 3T3-L1 and HUVEC are
expected to have normal cell adhesion and proliferation on nanoporous pnc-Si membranes
since a variety of cell types have been cultured on much thicker nanoporous silicon substrates
[19-21]. Hence, the surface properties and nanoporous topography of pnc-Si should not hinder
its use as a cell culture substrate. Proper spreading demonstrates the ease at which the cells
get used to the material’s surface and produce extra cellular matrix. Pnc-Si is expected to
support normal cell spreading and morphology in a similar manner as glass. After adhesion and

spreading, a cell culture substrate promotes cell proliferation. Cell proliferation is measured as
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per capita growth rate i.e. number of cell divisions per cell per hour and it approximately

corresponds to one cell division per day.

The cell culture tests in this chapter are carried in a ‘two dimensional’ format, in which the pnc-
Si chip is laid flat on the bottom of the culture well with the ‘membrane side’ facing up. Vacuum
grease is applied to keep the chip anchored as well as keep both sides of the membrane
completely immersed. Cells can be plated on the membrane side of the chip with the help of
cloning rings that prevent the cells from rolling off the surface and inverted microscope can be
used for easy visualization. Though a facile configuration, two dimensional format is not the
ideal format for regular experimental use. Transwell system of pnc-Si or so called the ‘three
dimensional’ configuration is the commercial format for carrying out actual drug permeability and

cellular co-culture experiments, and is discussed in the next chapter.

3.2 Material and Methods
3.2.1 Materials

Pnc-Si supplied by SiMPore Inc., Rochester, NY. Dulbecco’s Modified Eagle Medium (DMEM),
0.25% Trypsin-EDTA, Fetal Bovine Serum (FBS), penicillin/streptomycin, glutamine, Liebovitz L-
15 media, CellTracker Green 5-chloromethylfluorescein diacetate (CMFDA) and the Live/Dead
Viability/Cytotoxicity Kit (Calcein AM and EthD-1) were purchased from Invitrogen (Carlsbad,
CA, USA). AlexaFluor dyes were purchased from Invitrogen-Molecular Probes. Cloning rings
(6.4 mm inner diameter x 8 mm height) and poly-I-lysine (PLL) for cell culture were purchased
from Sigma (St. Louis, MO, USA). Methanol (MeOH), ethanol (EtOH), 22mm? glass cover slips
and all tissue -culture-treated polystyrene (TCPS) plasticwares (24-well culture plates,

petridishes, and BD Falcon T25/75 tissue culture flasks) were purchased from VWR.
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3.2.2 Cell Culture: HUVEC and NIH 3T3-L1

Cell studies were performed with primary human umbilical vein endothelial cells (HUVEC,
Microbiology & Immunology Lab, University of Rochester Medical Center, Rochester, NY, USA)
and immortalized mouse embryo fibroblasts (3T3-L1, ATCC, Rockville, MD, USA). These cells
were cultured in 0.1% gelatin coated T25/T75 flasks (BD Falcon) at 37°C in a 5% CO,,
humidified atmosphere. HUVEC were grown in EGM (Lonza) with 2% L-glutamine, 1%
penicillin/streptomycin and 10% FBS, and 3T3-L1 were grown in DMEM (Invitrogen)
supplemented with antibiotics and serum. Media was changed every other day. Cells were
harvested after reaching 70-80% confluence by trypsinization with 0.25% trypsin-EDTA and
subsequently seeded at appropriate densities. HUVEC and 3T3-L1 were used between

passages 4-8 and 17-25, respectively.

3.2.3 Cell Adhesion

HUVEC and 3T3-L1 were separately seeded within cloning rings on each of the five substrates:
poly-L-Lysine (PLL) coated tissue culture polystyrene, tissue culture polystyrene (TCP), glass
cover slips, teflon-fluorinated ethylene propylene (Integument Technologies, Inc.,Tonawanda,
NY) and pnc-Si (Figure 3.1). After seeding, cells were incubated for 5-6 hours in serum-
supplemented media to allow attachment and then stained with CMFDA. In detail, cells were
gently rinsed in PBS to remove non-adhered cells, and the media was replaced with 6 uM
CMFDA in serum-free media. After 45 minutes at 37°C, CMFDA solution was replaced with
serum-free media, and cells were incubated for another 30 minutes. For the pnc-Si samples, the
cloning rings were removed and the chips were flipped over for imaging. Microscopy was
performed with a 10X objective on an epifluorescent Nikon Eclipse TS-100F inverted
microscope equipped with a Cooke SensiCam cooled CCD camera. Microscope control and

image acquisition was achieved with customized MATLAB scripts. Cells were counted with a
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MATLAB script, and the percent adhesion was determined by comparing the MATLAB-counted

cell density to the original seeding density.

3.2.4 Cell Spreading

To measure cell spreading, HUVEC and 3T3-L1 cells were seeded inside cloning rings and onto
either glass cover slips or pnc-Si samples. An open perfusion microincubator (Harvard
Apparatus) was used to maintain cells at 37°C and mineral oil was floated on top of the media to
minimize evaporation. To account for lower ambient CO, concentrations outside the incubator,
sodium bicarbonate-free Liebovitz L-15 with 10% FBS was added (1:1, v/v) to normal cell
media. Cell attachment and spreading was monitored over 5 hours by acquiring images via time

lapse phase contrast imaging on the Nikon/Cooke system described above.

Vacuum grease

Cloningring

Pnc-Sichip - Cells
‘ R
Media
A B C D I’ \I Microscope

Figure 3.1 Two dimensional configuration of pnc-Si: A) vacuum grease is applied to the base of the pnc-Si
chip and it is immersed into the media full culture well at an angle to prevent the membrane from breaking,
B) the pnc-Si chip is anchored to the base of the well and vacuum grease is applied to the base of a cloning
ring, C) the cloning ring is placed carefully on the chip, and, D) cells are plated inside the cloning ring and

can be viewed through the slits using an inverted microscope.

3.2.5 Cell Proliferation

For growth kinetics experiments, HUVEC and 3T3-L1 cells were first grown to 70-80%
confluence in media with or without serum. Cells were then seeded onto tissue culture

polystyrene, glass or pnc-Si in two dimensional format at low densities. To control the culture
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area between polystyrene, glass and pnc-Si, cloning rings were attached via vacuum grease to
these substrates. Cell proliferation was monitored over 4-5 days by staining cells with CMFDA
and counting stained cells using the MATLAB script. Multiple images were taken with the Nikon
microscope, and cell densities were obtained for each substrate on each day. For pnc-Si, the
cloning rings were removed and samples were flipped over for imaging. At least three trials with
triplicate measurements were carried out for each study. The data was graphed according to

following exponential growth kinetics,

N — ert
No
where, ‘N/N¢‘ is the cell density normalized to the cell density on day one, ‘r’ is the per capita

growth rate (slope of semi-log plot) and ‘t’ is time.
3.2.6 Cell Viability

For cell viability experiments, HUVEC and 3T3-L1 were seeded onto glass cover slips or pnc-Si
samples in two dimensional format, and the culture area was constrained by cloning rings. After
incubation in serum-supplemented media for 2 days, the live/dead cytotoxicity assay was used
to stain cells. In detail, growth media was replaced with 2 uM calcein AM and 4 uM EthD-1 in
PBS. Cells were stained in this solution for 45 minutes at 25°C and subsequently imaged with
the Nikon microscope. After imaging, a control experiment was conducted by adding 70% EtOH
to cells for two hours and then repeating the live/dead assay. For pnc-Si, cloning rings were

removed and samples were flipped over for imaging.
3.2.7 Cell Counting from Fluorescent Images via MATLAB

For cell adhesion and growth kinetics data (Figures 3.2, 3.4 and 3.5), cells on different

substrates were stained and then counted with a custom-designed, MATLAB-based cell
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counting program (available for public download at www.nanomembranes.org). The MATLAB
code employed a user-defined fluorescence intensity threshold to mask fluorescent cell images
into binary black and white images. The white image objects thus were then counted as cells
only if their areas were within a user-defined range of pixels. To verify the accuracy of the cell
counting program, the centroid of each counted white image object (i.e., each “cell”) was labeled
with an identification number on the original fluorescent images. Any mismatches between the
counted centroids and the actual cell centroids were then identified and selected for removal.

The final MATLAB output included the total number of cells counted per image.

3.2.8 Data Analysis: Data was reported as the mean * standard error. All post-acquisition image
processing (overlays, pseudocolor) was conducted with ImageJ. Statistical analysis was
performed using SPSS software (SPSS, Inc. Chicago, IL, USA). For ANOVA, either a Kruskal-
Wallis or Dunn’s post-hoc analysis was performed. For all tests, significance was determined to

be p < 0.05.

3.3 Results and Discussion

3.3.1 Cell Adhesion

Optimal proliferation and spreading of anchorage-dependent cells in vitro requires thorough
attachment to culture substrates [22]. Anchorage-dependent HUVEC and 3T3-L1 cells were
used to explore the suitability of pnc-Si as a cell culture substrate. As the first stage in
mammalian cell proliferation in vitro [10, 11], cell adhesion is an important parameter in
determining the potential of a surface as a viable culture substrate. Anchorage-dependent cells
adhere optimally on wettable surfaces like tissue culture polystyrene, polycarbonate and glass,
but hydrophobic materials like teflon are inferior culture substrates [12] because cells do not
adhere to hydrophobic surfaces and instead remain rounded and eventually die.
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Fluorescence microscopy was used to investigate the cell adhesion properties of pnc-Si and
other common cell culture surfaces. After five hours in vitro, adhered cells were stained with
CMFDA (5-chloromethylfluorescein diacetate). CMFDA is a chloromethyl derivative of
fluorescein that freely diffuses through the membranes of live cells. Once inside the cell,
chloromethyl group of CMFDA reacts with thiols, probably via a ubiquitous glutathione S-
transferase-mediated reaction, to form a cell-impermeant fluorescent dye. CMFDA has a
relatively low pKa, which ensures that it will exhibit bright, green fluorescence (ex/em A ~495
nm/~515 nm) in the cytoplasm at all physiological pH levels for at least a few cell generations.
After staining, viable cells were counted via MATLAB-based scripts and then cell adhesion
values were obtained by normalizing to the original cell seeding density. For pnc-Si, counts
were acquired from both supported and free-standing pnc-Si membrane areas since the
topographical properties of these areas are identical. There was no significant difference
between HUVEC (50.45+5.70%, 64.27+1.26%, 65.97£10.93%) or 3T3-L1 (65.14+7.57%,
65.78+4.39%, 74.531£9.04%) adhesion to pnc-Si, glass and tissue culture plastic, respectively
(p<0.05) (Figure 3.2). High cell adhesion to poly-L-lysine-coated tissue culture plastic
(80.51+6.32% for HUVEC, 92.31+3.48% for 3T3-L1) was expected since PLL is a commonly-
used and highly-charged polymer that improves initial cell adhesion before cells produce their
own extracellular matrix [23, 24]. PLL was used as a posititve control for this experiment. Since
teflon (teflon-FEP) is a poorly wettable substrate with low cell adhesion strengths [25], it was
used as a negative control and showed low adhesion (17.72+2.12% for HUVEC, 32.53+£3.04%
for 3T3-L1) (Figure 3.2). For all substrates, 3T3-L1 adhesion was greater than that of HUVEC
because this immortalized cell line is more robust than primary HUVEC. These results showed
that cell adhesion to pnc-Si was comparable to common cell culture substrates. Normal cell
adhesion was expected because pnc-Si is likely “coated” by a superficial thin, native oxide layer
after production. Therefore, the silicon dioxide layer makes pnc-Si surface properties similar to
glass and thus favorable for cell adhesion.
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Figure 3.2 Cell Adhesion: Percent adhesion of HUVEC (A) and 3T3-L1 (B) cells on pnc-Si, glass and tissue
culture polystyrene after 5 hours of cell culture. Teflon and PLL-coated glass were included as negative and
positive controls, respectively. (n >= 3 with triplicate measurements). One-way ANOVA found differences in
attachment of 3T3-L1/HUVEC to pnc-Si, glass, and plastic to be insignificant (p > 0.05). Significant

differences were observed for the control experiments.

Additional treatments of pnc-Si with serum or extracellular matrix proteins may further enhance
cell adhesion [6] in future studies. Also, the terminal amino group of silanized pnc-Si surfaces

can be exploited with functional chemistry to enhance cell adhesion.
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3.3.2 Cell Spreading

After adhesion, cells spread across culture substrates [14]. Since pnc-Si and glass are optically
transparent and have similar silicon dioxide surface properties, we compared 3T3-L1 and
HUVEC cell spreading on these surfaces with time-lapse phase contrast microscopy (Figure

3.3).

Time (hours) 0 1 2 3 4 5

3T3-L1
on glass

3T3-L1
on pnc-Si

HUVEC
on glass

HUVEC
on pncSi

Figure 3.3 Cell spreading: Phase contrast images from time-lapse movies (Movies 2-5) of 3T3-L1 (top 2 rows)
and HUVEC (bottom 2 rows) on glass and pnc-Si over 5 hours. Both cell types adhered and spread equally

well on pnc-Si and glass. Cell morphology was also normal. The 100 um scale bar applies to all images.

Immediately after plating, both cell types had settled (0 hours) but not adhered or spread on the
surface as they exhibited spherical morphologies. Over next 2 hours, cells adhered and spread
across the substrate. After 5 hours, both 3T3-L1 and HUVEC cells appeared fully spread and
show movements on both glass and pnc-Si. 3T3-L1 maintained elongated fibroblast-like

morphology especially on pnc-Si and HUVEC exhibited cobblestone morphology which is typical
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of confluent HUVEC monolayers [26]. The HUVEC maturation to cobblestone morphology was
noticeable on pnc-Si but delayed on glass. It is possible that the nanoporous topography of pnc-
Si facilitated rapid maturation after cell adhesion. Importantly, both 3T3-L1 and HUVEC spread
across nearly the entire free-standing pnc-Si membrane after 5 hours. The rapidity with which
3T3-L1 and HUVEC spread on pnc-Si suggests that these membranes will facilitate the
formation of high integrity monolayers on pnc-Si. Cell spreading in time-lapse phase contrast
movies for both cell types on glass and pnc-Si are available as supplementary data (Movies 2-5

in Supplementary Compact Disk).

3.3.3 Cell Proliferation

Pnc-Si clearly supported cell adhesion and spreading, so cell proliferation was investigated
next. To quantify cell proliferation, cells were grown for 4-5 days on different substrates,
fluorescent cell counts were acquired daily and per capita growth rates (number of cell divisions
per cell per hour) were calculated. Growth in serum-free media was used as a control to show
that the assay was sensitive to less favorable growth conditions. Figure 3.4 shows that HUVEC
proliferated faster on pnc-Si (per capita growth rate: 0.0296+0.0055 divisions/cell-hour) than on
glass (0.0198+0.0024 divisions/cell-hour) and tissue culture polystyrene (0.0223+0.0036
divisions/cell-hour). 3T3-L1 cells showed statistically similar per capita growth rates on pnc-Si,
glass and tissue culture plastic (0.0302+0.0066, 0.0318+0.0077, 0.0365+0.0051 divisions/cell-
hour, respectively). These values correspond to approximately 1 cell division per day for both
HUVEC and 3T3-L1 on pnc-Si. The values for 3T3-L1 data are in agreement with our prior work

[27]. The serum starved cells had significantly low per capita growth rates.
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Figure 3.4 Cell growth kinetics: Per capita growth rate (number of cell divisions per cell per hour) of HUVEC
(A) and 3T3-L1 (B) on glass, pnc-Si and tissue culture polystyrene over 5 days. Serum starved cells were
used as a control and showed low per capita growth in both cell types. Per capita growth rates of 3T3-L1 on
all 3 substrates were not significantly different (p > 0.05). Per capita growth of HUVEC on pnc-Si was

significantly greater than on glass and plastic.

The increase in HUVEC growth rate could derive from differences in surface topology or the

profile of bound proteins from serum. Also, the access to nutrients through the pnc-Si

105



membrane nanopores from apical as well as basal sides could have enhanced the sensitive
HUVEC growth. In the future, non-porous pnc-Si material having similar surface properties but
no functional pores can be used to cut off nutrient access from one side and investigate these
possibilities. On much thicker nanoporous silicon substrates, a variety of cell types have been
successfully cultured [19-21, 28, 29]. Therefore, it is not surprising that the nanoporous
topography and the superficial oxide surface properties of pnc-Si membranes do not interfere

with 3T3-L1 and HUVEC cell adhesion and proliferation over 4-5 days.

3.3.4 Effects of Pnc-Si Degradation on Cell Proliferation

Chapter 2 showed that pnc-Si is biodegradable in cell growth media and that the pnc-Si chip
discolored over the course of time. As pnc-Si discolored from blue to gold in cell media over 1-3
days, its surface properties also changed. Therefore, it was possible that these changes in the
pnc-Si surface affected cell proliferation. Although the degradation byproducts of porous silicon
were found non-toxic to primary hepatocytes in another study [6], we have not established that
P-Si and pnc-Si degrade by the same mechanism and so it was important to characterize the
potential toxicity of nanocrystalline silicon biodegradation with 3T3-L1 and HUVEC. To
investigate the biocompatibility of pnc-Si degradation byproducts, per capita growth rates for the
first 2 days of cell culture were compared to growth rates for the next 2 days of culture (Figure
3.5). HUVEC and 3T3-L1 growth rates in first two days of culture (0.0344+0.0117 divisions/cell-
hour, 0.0314+0.0007 divisions/cell-hour, respectively) were not statistically different from the
next two days of culture (0.0269+0.0073 divisions/cell-hour, 0.02718+0.0042 divisions/cell-hour,
respectively). Since pnc-Si degraded over 1-3 days in cell culture media (Chapter 2), cells in the
second two days of culture were certainly exposed to pnc-Si degradation compounds.
Therefore, even though the underlying pnc-Si membrane surface chemistry changed during cell
growth experiments and degradation byproducts were released into the growth media, the

processes had no observable effect on cell proliferation rates of immortalized and primary cells.
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Figure 3.5 Effects of pnc-Si degradation on cell proliferation: Comparison of per capita growth rate of HUVEC
(A) and 3T3-L1 (B) during first 2 days and the next 2 days of culture. Cell counts were normalized to the initial
cell seeding density to determine the rate for the first 2 days. During next 2 days, the cell counts were
normalized to the density on the third day. No significant difference was observed between the growth rate

on the first 2 days to the next 2 days of culture for both HUVEC and 3T3-L1 cells (p < 0.05).

3.3.5 Cell Viability

Although the cell adhesion, spreading and proliferation data suggested that pnc-Si was a
favorable cell culture substrate and not acutely cytotoxic, cell viability was directly measured to

confirm the biocompatibility of pnc-Si. In detail, cell viability on glass and pnc-Si was tested with
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a cell viability assay consisting of green calcein AM (live) and red EthD-1 (dead) fluorescent

stains (Figure 3.6).

t=48 hours

3T3-L1

HUVEC

Figure 3.6 Cell viability of primary and immortalized cell lines on glass and pnc-Si: 3T3-L1 and HUVEC
viability on glass and pnc-Si after 2 days in vitro, as measured by the Live/Dead Cell Viability Assay
(Invitrogen). Robust green fluorescence showed nearly 100% viability of both 3T3-L1 and HUVEC after 2
days. After 2 hours in 70% EtOH (positive control to kill cells), both cell types stained red by EthD-1, the dead

cell stain.

Live cells are distinguished by the presence of ubiquitous intracellular esterase activity. This
enzyme converts a virtually non-fluorescent, cell-permeant and uncharged ester, calcein
acetoxymethyl (AM), to intensely fluorescent and charged calcein. Once inside the cell, the
lipophilic groups of ester are hydrolytically cleaved by non-specific esterases, resulting in a

charged form that leaks out of cells much slowly than its parent compound. The polyanionic
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calcein dye is well retained within live cells, producing an intense uniform green fluorescence
(ex'fem A ~495 nm/~515 nm). EthD-1 enters cells with damaged membranes and undergoes
nearly 40-fold enhancement of fluorescence upon intercalating with nucleic acids, thereby
producing a bright red fluorescence in dead cells (ex’fem A ~495 nm/~635 nm). A microscopy-
based cell viability assay was chosen because other work showed that certain colorimetric
viability assays of cells on porous silicon were unreliable [9]. After 2 days in vitro, both 3T3-L1

and HUVEC were 100% viable on both glass and pnc-Si (Figure 3.6).

Furthermore, cell morphologies in the nearly confluent monolayer appeared normal. EtOH-killed
cells stained completely red, which confirmed the specificity of this assay. The lack of
background fluorescence in these images shows that autofluorescence of the pnc-Si substrate
is negligible at least at these wavelengths. This experiment validated the accuracy of our
previous microscopy-based cell adhesion and growth studies and showed that pnc-Si was

comparable to glass as a biocompatible cell culture substrate manifesting no acute cytotoxicity.

109



3.4 Conclusion

This chapter demonstrated that nanoporous pnc-Si membranes are viable cell culture
substrates in two dimensional format. To that end, the adhesion, spreading, growth kinetics and
viability of immortalized 3T3-L1 and primary HUVEC were compared on pnc-Si, glass and tissue
culture plastic. Pnc-Si performed comparably to the common cell culture substrates in each of
these metrics. Importantly, pnc-Si biodegradation exerted no cytotoxic effects even after its own

degradation over the culture period.

The thinness of pnc-Si should enable the development of more physiologically relevant in vitro
tissue models. Compared to conventional polymeric track-etched membranes for cell culture,
pnc-Si membranes are orders-of-magnitude more permeable, optically transparent and only 15
nm thick. Therefore, pnc-Si is a new biomaterial that should find many uses in the study of cell
biology and physiology (e.g., monolayer transport assays, cellular co-cultures) and is a potential
biodegradable scaffold for three-dimensional tissue constructs. The two dimensional format is
not ideal for regular experimental use. Pnc-Si’s silicon planer geometry can be exploited to use
it in more desirable formats for transwell and microfluidic applications. A transwell system of
pnc-Si or the “three dimensional configuration” is introduced in the next chapter. This format is

the commercial format used for carrying drug permeability and cellular co-culture experiments.
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Chapter 4

Pnc-Si Transwell Hybrid: Cell Culture in Three Dimensions

4.1 Introduction

The previous chapter demonstrated pnc-Si as a short term cell culture substrate for HUVEC and
3T3-L1 fibroblasts in a two dimensional format. The goal in this chapter is to establish the
usefulness of pnc-Si for cell culture experiments. To accomplish this, cell culture is extended to
three dimensions using custom-designed pnc-Si transwell devices, the configuration in which
nanoporous membranes are used in commercial applications (see www.millipore.com). The
transwell is created by assembling pnc-Si chips in a SepCon™, which is a polypropylene cup-
like housing. With the addition of a flange, this assembly forms a ‘pnc-Si transwell hybrid’ that
closely resembles the shape and dimensions of the commercial transwell inserts for 24-well
plates. In transwells, the porous membrane divides the well into two chambers: an upper and a
lower chamber (apical/donor and basolateral/receiver chambers respectively) (Figure 4.1). The

transwell system creates an in vitro cellular microenvironment for testing.

Membrane-based cell culture incorporates unique design features to improve flexibility, allowing
researchers discrete access to both the apical and basolateral cell surfaces for experimental
design. In vitro models of cellular systems can be set up for analyzing various cellular
interaction mechanisms as well as to monitor cell monolayer permeability to drugs, toxins, etc
[1-3]. Long term in vitro transwell culture models offer a number of ethical and economic
advantages, helping understand a biological process much sooner apart from offering a viable
alternative to live animal testing. The combination of lower-cost and higher throughput using

such devices can help bring products to the market faster.
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Figure 4.1 Three dimensional cell culture methods: A) cell type | is seeded on bottom side of the membrane
of an inverted transwell insert, which is inserted in a 24-well plate after the cells adhere, followed by seeding
of cell type Il on the other side of membrane, B) cell type | is plated on the bottom of a 24-well plate, followed
by seeding of cell type Il on the upper side of a membrane insert, C) cells are allowed to form a monolayer
after seeding on upper side of a membrane insert, and drug/toxin molecules allowed to permeate across to

the bottom chamber of the transwell.

Transwells are used for two major types of cell culture applications. First, the transwell
membranes serve as semi-permeable substrates in assays of cell monolayer barrier function. In
these applications, cells are grown to confluence on upper side of the transwell membrane
(Figure 4.2). The ability of cell monolayers to regulate transport between chambers is

determined with electrical resistance measurements or by measuring the flux of small,
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fluorescent- or radio-labeled molecules. For accurate measurement of barrier function, the
membrane filter that separates the two chambers must have significantly less resistance to
transport than the confluent cell monolayer [4]. For example, the diffusive permeability of track
etched (TE) membranes is limiting for some monolayer permeability studies and in these
instances the high permeability of pnc-Si should offer new opportunities. Caco-2 monolayers are
routinely used as in vitro model for small intestinal villus epithelium because drug transport
through properly differentiated Caco-2 monolayers correlates directly with drug adsorption rates
in vivo [5]. So, pnc-Si has the potential to extend the limits of in vitro drug permeability models
featuring Caco-2 monolayers. Pnc-Si membranes should also be helpful for in vitro studies of
vascular permeability. These studies examine the ability of inflammatory signals and leukocytes
to regulate the permeability of endothelial monolayers [6]. The high resistance of track-etched
membranes severely limits the dynamic range of vascular permeability assay. By extending the
dynamic range of these assays by an order-of-magnitude or more, pnc-Si membranes should
enable more detailed studies of the kinetics and concentration dependence of inflammatory

agents in vitro.
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Figure 4.2 Cell monolayer barrier function assay: A confluent cell monolayer is formed on apical side of the
nanoporous membrane, across which drug/toxin molecules are allowed to permeate to reach the lower
chamber, where they can be detected to examine the cell monolayer barrier function. Influence of

inflammatory signals can regulate the permeability of the endothelial monolayers.
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In the second application of transwell devices, membrane filters are used to physically separate
different cell types in a cellular co-culture. Such arrangements are employed in the study of cell-
cell communication, for three-dimensional tissue models and in the creation of bioreactors
requiring ‘feeder’ cells to support the growth of a second cell type [7]. Transwell systems are
often used to examine the ability of one cell type to influence the activities of another (Figure
4.3). Such studies occasionally find that cells separated by transwell devices do not display the
same signaling known to occur in vivo, while cells plated together on the same side of the
surface do [1, 2, 8, 9]. An apparent conclusion from such results is that intercellular signaling is
mediated by cell-cell contacts. However, this conclusion could be misleading because an
alternative possibility is that signaling can be mediated by diffusible factors that are rendered

ineffective by the current transwell set-up.

Given that the cell types of interest are typically co-localized in vivo, it is reasonable that
diffusing molecules responsible for cell-cell communication are produced in small quantities and
only effective near cells where concentrations are high. Used as high permeability, ultrathin
membranes separating two cell types, pnc-Si membranes appear uniquely suitable for
investigations of cell-cell communication mechanisms. For example, the paradox related to
transwell experiments involving the suppression of T-cells by T-regulatory cells (T-regs). In vivo
data has established that T-regs suppress the response of T-cells to immune complexes [10].
The current transwell experiments fail to reconstitute this regulation in vitro, whereas, the cell
cultures that permit contact between the cell types can [11]. There are many other instances of
communication systems between cell types in vivo that are modeled by transwell devices in
vitro. In embryonic development, secreted signaling molecules known as morphogens drive
embryonic tissue differentiation, and in neuronal development, endothelial cells are thought to
drive the differentiation of neural progenitors using signaling molecules that act at short

distances [8].
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Figure 4.3 Cell to cell communication: Signaling molecules from cell type | reach the receptors on cell type Il
after diffusing across the nanoporous membrane. The nanoporous membrane separates the two cell types

but still allows them to interact through diffusive signaling molecules.

For both classes of transwell experiments, formation of a confluent cell monolayer is imperative.
The morphology and physical integrity of cell-cell junctions can be visualized by fluorescent
staining of junction proteins. The functional integrity of these monolayers on pnc- Si can then be
assessed with trans-epithelial or trans-endothelial electrical resistance (TEER) and albumin
transport experiments [12]. TEER measurements are used to rapidly and conveniently track
monolayer integrity via changes in ion flux resistance as a measure of tight junction integrity

[13].

In order to employ pnc-Si in transwell applications, it is important to first examine the stability
and biocompatibility of pnc-Si in the transwell format. To test this, studies similar to those in
Chapter 2 and 3 were carried out in this chapter. As the first step towards complete
characterization of transwell biocompatibility and cell proliferation, we examined HUVEC
adhesion with pnc-Si transwells. Maximum stability of treated pnc-Si in three dimensional format

was also investigated for long term cell culture applications.
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4.2 Material and Methods
4.2.1 Materials

Pnc-Si membranes were supplied by SiMPore Inc., Rochester, NY. SepCon™ polypropylene
tubes and rings (Harbec Plastics, Ontario, NY) were purchased. Endothelial Growth Media
(EGM) was purchased from Lonza, and Dulbecco’s Modified Eagle Medium (DMEM), 0.25%
Trypsin-EDTA, Fetal Bovine Serum (FBS), penicillin/streptomycin, glutamine, Liebovitz L-15
media, CellTracker Green 5-chloromethylfluorescein diacetate (CMFDA) and the Live/Dead
Viability/Cytotoxicity Kit (Calcein AM and EthD-1) were purchased from Invitrogen (Carlsbad,
CA, USA). APTES (3-aminopropyl triethoxy silane) was purchased from Sigma (St. Louis, MO,
USA). Methanol (MeOH), ethanol (EtOH), all tissue culture-treated polystyrene (TCPS)
plasticware (24-well culture plates, petridishes, and BD Falcon T25/75 tissue culture flasks)

were purchased from VWR.
4.2.2 Cell Culture: HUVEC

Cell studies were performed with primary human umbilical vein endothelial cells (HUVEC,
Microbiology & Immunology Lab, University of Rochester Medical Center, Rochester, NY, USA).
These cells were cultured in 0.1% gelatin coated T25/T75 flasks (BD Falcon) at 37°C in a 5%
CO,, humidified atmosphere. HUVEC were grown in EGM (Lonza) with 2% L-glutamine, 1%
penicillin/streptomycin and 10% FBS. Media was changed every other day. Cells were
harvested after reaching 70-80% confluence by trypsinization with 0.25% trypsin-EDTA and

subsequently seeded at appropriate densities. HUVEC were used between passages 4-8.
4.2.3 Pnc-Si Transwell Assembly

The pnc-Si transwell insert is composed of the bottom half of a SepCon™ and the top flange of

a commercial transwell device. Flange from Corning transwell insert was cut using a Dremel tool
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and conveniently matched the diameter of the SepCon™. These hybrid SepCon™ transwells
fitted perfectly in the 24-well plates. Pnc-Si chips were assembled in the SepCon™ tube using
rubber o-ring followed by a plastic retention ring (Figure 4.4). Pnc-Si chip was placed such that
the membrane side of the chip was facing down/out. This assembly reduces the frontal exposed
surface area of pnc-Si from ~0.33 cm® to 0.22 cm? The SepCon™ pnc-Si assembly was
autoclaved for sterilization, whereas the transwell insert flange was soaked in 70% ethanol for
about 20 minutes before being used for cell culture or chemical stability experiments. The flange

melts in the high temperature of autoclave, hence was treated differently.

Plastic retention ring -

i Transwell flange
Pnc-Si membrane

S PO
Rubber o-ring — ey P —
S
1> Upper chamber
Plastic housing
g ——> Lower chamber
Sepcon™ Pnc-Si Transwell hybrid 24-well plate
Side view Bottom view

Custom Commercial Pnc-Sichip
polypropylene  transwell
tube flange

Figure 4.4 Pnc-Si transwell assembly: Pnc-Si membrane chip is assembled in the plastic housing by
clamping it in between a rubber o-ring and a plastic retention ring. A transwell flange is attached to the

assembled SepConTMto form the pnc-Si transwell device. (Image courtesy: Barrett J. Nehilla)
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4.2.4 Chemical Stability

To monitor discoloration as a measure of chemical stability, pnc-Si tranwells were sterilized and
then incubated in serum-supplemented DMEM under cell culture conditions or at 37°C in dry
heat oven. Once a day, samples were removed from the media, rinsed in de-ionized H,O and
70% EtOH, imaged with a Canon PowerShot A650IS 12.1 megapixel digital camera, sterilized in
MeOH and returned to culture plates. Pnc-Si chip discoloration was monitored for several days.
Care was taken to ensure that there was no air trapped around the pnc-Si chip so that it was

completely immersed in media.

4.2.5 Post Production Rapid Thermal Processing

Typically, pnc-Si samples underwent an additional post-production thermal processing step in
the Rapid Thermal Processing unit (SSI Solaris 150 Rapid Thermal Processing Unit) to enhance
their chemical stability in cell growth media. Samples were placed on a silicon carbide-coated
graphite susceptor and exposed to Argon gas. The temperature was increased at 10°C/s to a
steady state of 800°C. Samples were maintained at 800°C for 5 minutes, cooled to 25°C and

used without further processing.

4.2.6 Liquid-Phase Silanization

Pnc-Si samples were treated in a UV-ozone chamber (Novascan PSD-UVT-UVOP) for 15
minutes at 30°C to clean and decontaminate the surface from any organic matter or impurities.
This treatment also renders the surface oxidized before the amino-silane deposition. 5 ml de-
ionized H,O was mixed with 4.8 ml MeOH in a petridish and kept covered. 2 ml of APTES (3-
aminopropyltriethoxysilane) was added to this solution followed by 40 pl of glacial acetic acid
which helps in hydrolysis. The solution mixture was stirred properly and left covered for 10
minutes. The treated samples were dipped in the solution for 15 minutes. Vacuum grease
(silicone) was used to anchor as well as lift the chips from the bottom so that both the sides are
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exposed to the amino-silane solution. Samples were taken out and rinsed in de-ionized H,O
followed by running isopropyl alcohol (IPA) through the tweezers. After this they were dipped in
pentane for 10 seconds and dried using N, gas. They were then left to bake in oven at 75°C for

30 minutes and the amino-silanized samples were ready for use.
4.2.7 Cell Adhesion

HUVEC were seeded on the membrane side of treated and untreated pnc-Si samples
assembled in SepCon™ transwell hybrids. For this, the transwell inserts were flipped over to
rest on the flanges in a petridish and the cells were seeded onto the exposed pnc-Si surface.
After seeding, cells were incubated for 5-6 hours in serum-supplemented media to allow
attachment and then stained with CMFDA. In detail, cells were gently rinsed in PBS to remove
non-adhered cells, and the media was replaced with 6 uM CMFDA in serum-free media. After
45 minutes at 37°C, the CMFDA solution was replaced with serum-free media, and cells were
incubated for another 30 minutes. For imaging, the pnc-Si transwell inserts with cells were
flipped back into the 24-well plates containing media. Microscopy was performed with a 10X
objective on an epifluorescent Nikon Eclipse TS-100F inverted microscope equipped with
Cooke SensiCam cooled CCD camera used to capture images. Microscope control and image
acquisition was achieved with customized MATLAB scripts. Cells were counted with a MATLAB
script, and the percent adhesion was determined by normalizing the MATLAB-counted cell

density to the original seeding density.
4.2.8 Contact Angle Study

Contact angles were measured for non-silanized and silanized samples, with or without
incubation in EGM (+ 10%FBS) (serum-supplemented Endothelial growth media). After being
silanized, the samples were incubated in media for 25 minutes. They were then rinsed gently

with HBSS followed by IPA and left to dry on benchtop. 4 pul of de-ionized H,O was put on each
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surface and imaged carefully keeping the surface horizontal and in same plane as the camera

focus. The contact angles were approximately measured using ImageJ.

4.2.9 Cell Morphology and Viability

After cells were seeded on the flipped pnc-Si transwell inserts, they were returned to the
incubator in serum-supplemented media to allow proper attachment and spreading. Cells were
stained with calcein AM. Growth media was replaced with 2 uM calcein AM and 4 pM EthD-1 in
PBS taken in 24-well plates. Cells were stained in this solution for 45 minutes at 25°C and
subsequently imaged with the Nikon microscope. After imaging, the transwell inserts with cells
were again incubated in 24-well plates containing media. Correspondingly, images were taken

at different days to monitor HUVEC viability and morphology.

4.2.10 Cell Counting from Fluorescent Images via MATLAB

For cell culture data, cells were stained and then counted with a custom-designed, MATLAB-
based cell counting program (available for public download at www.nanomembranes.org). The
MATLAB code employed a user-defined fluorescence intensity threshold to mask fluorescent
cell images into binary black and white images. The white image objects were then counted as
cells only if their areas were within a user-defined range of pixels. To verify the accuracy of the
cell counting program, the centroid of each counted white image object (i.e., each “cell’) was
labeled with an identification number on the original fluorescent images. Any mismatches
between the counted centroids and the actual cell centroids were then identified and selected

for removal. The final MATLAB output included the total number of cells counted per image.
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4.3 Results and Discussion

4.3.1 Chemical Stability and Biodegradation

As discussed before in Chapter 2, pnc-Si was observed to discolor from its native dark blue

color to purple-pink to yellow-gold to silver in days-long cell culture experiments. Previous

experiments also showed that untreated pnc-Si membranes in two dimensional format

discolored in serum-supplemented cell culture media within a day, whereas pnc-Si with a

densified surface oxide layer and/or stabilized grain boundaries via post production rapid

thermal processing discolored after 4 days (Figures 2.1, 2.2).

Interestingly, untreated pnc-Si was found to be more stable in the three dimensional format,

lasting for almost a week in typical cell culture conditions that degrade membranes in just a day

in the two dimensional format. None of the following hypotheses were found to be true after

conducting preliminary experiments:

Hypothesis: The bulk silicon on ‘well’ side of pnc-Si chip catalyzes the degradation of the
pnc-Si on the ‘membrane’ side. In the three dimensional format, a separation of these
two sides of the chip is provided by the SepCon™ and hence pnc-Si is more stable. To
test this, two-slit samples with both intact slits, one intact slit, both broken slits and no
slits (blank chip) were used to regulate the passage of the catalytic reaction. It was
expected that the sample with no slits would undergo slowest discoloration followed by
samples with both intact slits, one intact slit and both broken slits, but no such trend was
observed.

Hypothesis: The extrinsic stress characteristics of the free standing membrane play a
role in its chemical vulnerability. Clamping pnc-Si in a SepCon™ format increases film
stresses which in turn increase stability in comparison to a non-clamped flat sample in

two dimensional format. To investigate this, samples with different clamping stresses,
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such as, samples clamped with thicker o-ring, with no o-ring and with vaccum grease in
place of o-ring were used. The results did not show any particular order for discoloration
rates with respect to the clamping stresses.

Hypothesis: The attacking components from the media adhere to the polypropylene tube
or rubber o-ring in the three dimensional format and this prevents their effect on the pnc-
Si membrane, keeping it stable for longer. To test this hypothesis, SepCon™ and o-ring
pieces were incubated in media along with pnc-Si sample in two dimensional format. We
observed that the discoloration was still faster in two dimensional format as compared to
transwell format.

Hypothesis: The edges have an exposed pnc-Si sandwiched between the oxide layers
that catalyze the membrane collapse. These edges are unexposed to media in case of
three dimensional format. To investigate this, the edges of a pnc-Si chip were coated
with ‘nail polish’ polymer (nitrocellulose in ethyle acetate) to simulate the three
dimensional format and compared to actual three dimensional format, but still the
discoloration rate in coated chip was found to be faster.

Hypothesis: Overall less surface area is exposed to biological media in the three
dimensional SepCon™ arrangement as compared to the two dimensional format (0.22
cm? compared to 0.33 cm?). We analyzed this by coating different areas of pnc-Si chip in
two dimensional format with ‘nail polish’ to reduce the surface area exposed. It was
observed that the coated area did not discolor, however the discoloration of exposed

area was faster than the sample in three dimensional format.

Maximum Stability of Pnc-Si

Apart from post production rapid thermal processing of pnc-Si, surface treatments like liquid

amino-silanization further delayed membrane degradation. Amino-silanization provided a

protective amino-silane layer on the pnc-Si surface (Figure 2.12). As in the two dimensional

125



format, thermal and amino-silane treatments should also enhance the chemical stability of pnc-
Si in the three dimensional format. To investigate this, samples underwent RTP and amino-
silane treatments and were assembled in three dimensional format before incubating in DMEM.
In this long term study, samples were imaged at least once in a week after rinsing in de-ionized

water followed by 70% ethanol and then returned to incubator.

As seen in figure 4.5, the untreated samples in two dimensional format discolored first (< 2
days) and then the untreated transwell samples discolored next (< 7 days). After 2 weeks, the
APTES-treated samples completely discolored. This showed that APTES alone offered no
benefit over RTP. At week 2, the RTP and RTP+APTES samples began to discolor. After 3
weeks, the RTP samples were completely discolored, and the RTP+APTES samples were close

behind.

3D 2D
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Figure 4.5 Maximum stability of pnc-Si in cell culture conditions. Pnc-Si samples with or without RTP and

APTES treatment were autoclaved and incubated in DMEM in transwell as well as two dimensional format.
Two samples for each condition were used. RTP+APTES treatment provided maximum passivation with no
discoloration until third week (< 3 weeks), whereas non-treated samples in 3D format almost discolored in
one week. In 2D format, RTP+APTES provided stability for more than a week (< 2 weeks) and the non-treated

samples discolored in less than a week (< 2 days). (Courtesy: Barrett J. Nehilla)

A similar experiment using samples from a different wafer was carried out (Figure 4.6). It was

observed that the untreated sample in three dimensional format discolored first (< 7 days) and
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the amino-silanized (APTES) sample in the transwell format was completely discolored by
second week. Samples that were only treated with amino-silane (< 2 weeks) did not fare as well
as samples that were only RTP treated (< 9 weeks). A combination of RTP and APTES worked
even better and provided stability over a period of 9 weeks. After 9 weeks of monitoring
discoloration, this study was stopped. Additionally, samples that were steam sterilized in
autoclave for cell culture use were also more stable. It is known that autoclaving of porous

silicon substrates gives rise to increased silicon oxide and also to some Si-OH bonding [14, 15].

30 20

+RTP +Silane +RTP -Silane -RTP +Silane
s1 2 s1 2 51 2
o
— | ;

cof-|.|
erlols]
ok

Week 0

Week 1

Week 2

Week 3

NA)
D7 7
oelals

Figure 4.6 Maximum stability test of pnc-Si from a different wafer showed RTP+APTES samples to last for
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over 9 weeks without discoloring in cell culture conditions. RTP only samples also showed no discoloration
until the ninth week, whereas the non-treated samples and APTES only samples discolored within one and
two weeks respectively. In two dimensional format, RTP+APTES showed increased stability and started

discoloring after 9 weeks.

In combination, pnc-Si samples when assembled in transwell format, after post production rapid
thermal processing followed by amino-silanization and autoclaving, did not discolor till 9 weeks
in serum-supplemented DMEM under incubator conditions (37°C, pCO, ~5%, relative humidity
~90%). Such stability is ideal for long term cell culture applications. The second trial differed

from the first experiment. The difference could be due to material variation as the two
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experiments were performed using samples from different wafers manufactured over a period
when fabrication methods and supplies underwent few alterations. Chemically stable and intact
pnc-Si membranes are imperative for membrane-based co-cultures [16] and quantitative studies
of cell-cell communication and drug permeability. However, less stable pnc-Si membranes are
advantageous as biocompatible and biodegradable scaffolds for tissue engineering or controlled

drug delivery applications [17, 18].

4.3.2 Contact Angles and Cell Adhesion

After long term stability was established for pnc-Si transwells with treatments like post
production rapid thermal processing and amino-silanization, it was important to see if cells in
pnc-Si transwells were as normal as they were in case of the two dimensional format (Figures
3.2-3.6). It is known that anchorage-dependent cells like HUVEC adhere optimally on wettable
surfaces like tissue culture polystyrene, polycarbonate and glass, while hydrophobic materials
like teflon make inferior culture substrates [19]. Silanization of pnc-Si raised the concern that it
would render pnc-Si hydrophobic. While an amino-silane monolayer should be hydrophilic in
nature due to its exposed amino-terminal groups, the hydrophobic silane groups might dominate
thick or semi-inverted monolayers formed due to liquid-phase silanization [20]. To investigate
this, contact angles were measured for both treated and untreated pnc-Si surfaces by placing
40 ul of water on them. The angle between the water surface and pnc-Si surface was estimated
from the image taken after keeping the focus in same plane as the surface. We found that,
amino-silanization significantly increased the contact angle of pnc-Si from ~37° to ~72°. The
contact angles are close to the values found in a recent study comparing liquid-phase and gas-
phase amino-silanization of silicon substrates [20]. This hydrophobicity could lead to improper
cell adhesion on the amino-silanized pnc-Si. Interestingly, after the treated samples were
incubated in biological media for 25 minutes, contact angles again decreased and were similar

to the non-treated samples (Figure 4.7). This result likely arose from the adsorption of serum
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proteins from the media onto the treated surface to passivate the amino-silane layer. Another
possibility is that the components of the media reacted with the surface to remove any non-

covalently attached silanes.

Incubated in EGM (+FBS) for 25 mins

non treated silanized non treated silanized

Non-$ Silanized
Mon-Silanized | Silanized | (pre-incubated | {pre-incubated
in media) in media)
Eﬁ;fgﬂ 375+256° | 72525 | 27.5:25° 375425

Figure 4.7 Contact angle measurements of treated and non-treated pnc-Si. Images were taken after keeping
the focal plane close to the plane of the pnc-Si surface. The contact angle between 40 pl water and pnc-Si
surface was estimated using ImageJ. The table gives a range of values of contact angles for the pnc-Si
surfaces before and after incubation in biological media. Contact angle of silanized surface was nearly

reduced to half after the media incubation.

As the contact angles of amino-silanized pnc-Si were found to be similar to non-treated pnc-Si
after pre-incubation in media, cell adhesion was investigated next. To examine this,
suspensions of cells were plated on treated as well as non-treated pnc-Si surfaces of inverted
transwell inserts (Figure 4.1). The transwells were kept inverted in a petridish because placing
the transwell inserts back into the 24-well plate before cell attachment would have allowed cells

to fall from the pnc-Si surface to the bottom of the 24-well plate. The cells were allowed to
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adhere for 4-5 hours of incubation. After five hours of attachment and spreading, cells were
stained with CMFDA and fluorescent imaging was done. During staining and imaging, the
transwells were placed back into the 24-well plates containing media. Cells were counted via
MATLAB-based scripts and cell adhesion values were obtained by normalizing to the original
cell seeding density. For pnc-Si, cell counts were acquired from both supported and free-
standing pnc-Si membrane areas since the topographical properties of these areas are
identical. From the cell adhesion study, we found no significant difference between HUVEC
adhesion on pnc-Si and amino-silanized pnc-Si (61.14+7.72% and 54.68+14.44%, respectively.
The cell adhesion value for non-treated pnc-Si agrees with the cell adhesion data in two
dimensional format reported in Chapter 3. Other studies have shown normal cell attachment
after such treatments [21], and additional treatments of pnc-Si with serum or extracellular matrix
proteins (like collagen, fibronectin) may further enhance cell adhesion [22] in the future studies.
Also, amino-terminal group of silanized pnc-Si surfaces might used in conjunction with

functional linker chemistries to regulate cell adhesion.

4.3.3 Cell Morphology

The morphology of anchorage-dependent cells is an indicator of their health and thus the
biocompatibility of the substrate environment. To test the ability of cells to spread on pnc-Si in
three dimensional format, a cell suspension was plated on non-treated pnc-Si surface of
inverted transwell insert. The cells were allowed to adhere and spread for 4-5 hours of
incubation after which they were stained with calcein AM and imaged through fluorescence
microscopy. During staining and imaging, the transwells were placed back into the 24-well
plates containing media. After imaging, the transwells were returned to the incubator for
observations at later time points. In this experiment, we found that after 4-5 hours of cell plating,
the morphologies of the adhered and stained cells on pnc-Si in transwell format were abnormal

(Figure 4.8). The cells exhibited rounded morphology or had plenty of spindle processes.
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However, the green fluorescence due to the live stain proved that most cells were viable. It took
~2 days for HUVEC to elicit a normal morphology. On day 4, the spreading and cell density was
higher than on day 2, and cells looked ~60% confluent. At this time point, most of the HUVEC
exhibited characteristic cobblestone morphology. Since cells exhibit normal morphology within 2
days of cell seeding and proliferate normally, short term morphological abnormalities do not

seem to affect overall cell health.

(i) After ~5 hours (i) After 2 days (iii) After 4 days

Figure 4.8 HUVEC morphology on pnc-Si in transwell format. Fluorescent images of live stained cells on pnc-
Si surface after (i) 5 hours, (ii) 2 days and (iii) 4 days. The cell morphology after 4-5 hours of plating was
found to be abnormal, but improved over the course of two days. On day 4, the cells were well spread and

exhibited characteristic morphology. The 100 um scale bar applies to all the images.

Preliminary results showed that 12-13 hours long adhesion assays with inverted transwells
resulted in normal morphology. The low volume of media on inverted transwells started
evaporating in this time frame and should be replenished. In the future, a longer incubation
period in this experiment could confirm whether all the cells subsequently attain normal

morphology and proliferate to form a healthy monolayer.

After 4-5 hours of incubation for cell adhesion on a substrate, rounded cell morphology with no
projections implies a less favorable surface for cell culture. However, occasionally cells show

morphology with spindle processes and rounded shapes immediately after attachment, but they
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recover over time to exhibit characteristic morphology. This delay could either take place
because of the cells getting accustomed to the substrate topography and surface chemistry or
may be the stress induced due to surrounding forces acting on the cells [23]. Since the studies
in two dimensional format showed normal HUVEC morphology, pnc-Si topography or surface
chemistry is unlikely to cause the delay in morphological recovery in the three dimensional
format. Another possible reason for the delay could be the stress induced in the cells because

of hanging from the pnc-Si in a transwell format.

HUVEC morphology could also depend on the plating density. It is possible that very high
seeding density permitted “normal” cell adhesion but then prevented cells still in suspension
from adhering to the surfaces and instead lead to formation of clumps or cell aggregates.
Hence, the plating density should be optimized for pnc-Si transwell seeding. The change in
substrate properties due to different sterilization techniques could also affect the cell behavior,
depending on whether the substrate was autoclaved (steam sterilized) or rinsed in 70% ethanol.
Traces of alcohol are bound to hinder cell spreading, whereas autoclaving could render the
surface oxidized and make it a favorable surface. It is known that autoclaving of porous silicon
substrates gives rise to increased silicon oxide and also to some Si-OH bonding [14, 15].
Another possibility is the deposition of any contaminants from the SepCon™ plastic pieces on
the pnc-Si surface during autoclaving that could hinder cell spreading. Additionally, change in
the pnc-Si material properties over time with varying fabrication conditions and supplies could

have affected its biocompatibility to some extent.
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4.4 Conclusion

The work in this chapter established that pnc-Si can be used in three dimensional format which
makes it applicable in different co-culture and drug permeability experiments. The transwell
format changes the configuration of pnc-Si making it possible to directly replace commercially
available 24-well inserts in applications. To form pnc-Si transwells, pnc-Si was assembled in a
SepCon™ tube by clamping in between a rubber o-ring and a plastic retention ring. The
transwell format was found to enhance pnc-Si stability in biological media which was further
improved with surface treatments like post production rapid thermal processing and amino-
silanization. The transwell format did not seem to hinder HUVEC cell adhesion, but a delay in
recovery from abnormal cell morphology was observed. This delay should not affect the overall
cell health and lead to formation of a cell monolayer because short term morphological
abnormalities can be overcome by increasing the incubation period after cell plating on inverted
transwells. After accomplishing nine weeks long chemical stability and biocompatibility, long

term cell culture applications should now be possible using pnc-Si in a transwell format.
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Chapter 5

Conclusion and Future Directions

5.1 Conclusion

This thesis investigates the feasibility of porous nanocrystalline silicon (pnc-Si) as a molecularly
thin and highly permeable substrate for cell culture experiments. Pnc-Si is a novel nanoporous
membrane material with relatively inexpensive manufacturing and sufficient strength for use in
laboratory devices. The work in this thesis has established that cell adhesion and growth on
pnc-Si is equivalent to that on tissue culture grade plastic and glass. We also discovered
methods to control the biodegradation of pnc-Si in its two dimensional as well as three
dimensional formats. Though the two dimensional format showed short term stability, pnc-Si
assembled as a transwell device showed optimal stability and biocompatibility for long term cell
cultures. Such a viable cell culture substrate will be useful in membrane-based cell biology
research, drug delivery and tissue engineering applications. Pnc-Si can be utilized to create
improved in vitro models of cellular systems that match the in vivo dimensions with a degree of
control unattainable with current transwell technologies. Enhanced in vitro models will enable
more accurate pharmacological screening of therapies and permit more relevant investigations

in developmental biology and pathology.

Pnc-Si was observed to undergo dissolution in cell culture media similar to porous silicon.
Qualitative visual color changes of pnc-Si chip were directly correlated to nanoporous
membrane stability and its biodegradation in vitro through a microparticle assay. The change in
color was hypothesized to occur due to the variation in optical interference of the silicon layers
deposited on pnc-Si. As the thickness of the stack depletes, it results in the change in

wavelength of the light reflected off its surface. The biodegradation was discovered to be
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controllable and non-cytotoxic. The rate of substrate degradation was controlled through post
production rapid thermal processing (RTP), which is hypothesized to densify the spontaneously
formed native oxide layer or form a superior quality oxide layer and render the surface glass-
like. The biodegradation rates of pnc-Si were further slowed down for additional chemical

stability by surface treatments like UV-ozone oxidation followed by amino-silanization (APTES).

Pnc-Si membranes were observed to be a viable cell culture substrate in the two dimensional
format. Short term cell culture experiments were carried out to assess the biocompatibility of
pnc-Si. These short term experiments were possible after post production rapid thermal
processing to enhance chemical stability. To test biocompatibility, the adhesion, spreading,
growth kinetics and viability of immortalized fibroblasts (3T3-L1) and primary human umbilical
vein endothelial cells (HUVEC) were investigated on pnc-Si membranes and compared to glass
coverslips and tissue culture grade polystyrene. Pnc-Si performed comparably to these common
cell culture substrates in each of these metrics and showed convincing values for cell adhesion
percentages and per capita growth rates. However, the two dimensional format is only
applicable for limited short term experiments. Fortunately, pnc-Si’s silicon planer geometry can

be exploited to use it in more desirable formats such as transwells.

Using pnc-Si in transwell formats opens application to co-culture and drug permeability
experiments. To form pnc-Si transwell hybrids, pnc-Si was assembled in a SepCon™ tube that
can replace commercially available 24-well cell culture inserts. The transwell format enhanced
pnc-Si stability in biological media which was further improved with surface treatments like post
production rapid thermal processing and amino-silanization. Pnc-Si stability is suitable for long
term cell culture applications in the transwell format. The three dimensional configuration and
surface treatments did not affect cell adhesion, but the transwell format did increase the time

required for HUVECs to obtain normal cell morphology. Cell culture applications are now
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possible for longer periods by using pnc-Si in a three dimensional environment rather than two

dimensional.

5.2 Future directions

The unigue characteristics of pnc-Si predict numerous advantages in studies related to cellular
co-cultures, monolayer barrier functions and tissue engineering. As the next step towards being
an enabling technology for such applications, the characterization of pnc-Si transwell
biocompatibility should be completed by inspecting cell proliferation kinetics. These experiments
should be conducted over the time scale of long cell culture research (typically, 6-8 weeks) and
compared to commercial transwells. In addition, cells could be cultured on pnc-Si with larger

free standing area for better assay sensitivity and visualization.

Further treatments can be carried out to ensure a consistent growth surface providing enhanced
cell attachment and maximum yield. Comparisons should be made amongst surfaces coated
with extracellular matrix proteins like collagen or fibronectin, which promote cell adhesion and
healthy monolayer formation. Terminal silane molecules of amino-silanized pnc-Si can be
exploited with carbodiimide linker chemistry to regulate protein adsorption. Surface treatments

like thermal carbonization can be incorporated for further increase in pnc-Si stability.

Even though a correlation between the pnc-Si degradation was made with the discoloration of
the pnc-Si chip, the exact mechanism of degradation is not fully understood. Recent study in the
lab involving ammonium molybdate based colorimetric assay showed that pnc-Si degrades as
orthosilicic acid. This degradation resembles the degradation of porous silicon. Moreover, the
scope of techniques used to characterize surface chemistry such as ellipsometry, FTIR (Fourier
transform infrared) spectroscopy, ICPOES (Inductively coupled plasma optical emission

spectrometry) or other optical techniques should be investigated. An observation that was made
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but not pursued completely was the increased stability of pnc-Si in three dimensional transwell

format. Different hypotheses that were rejected should be validated again.

After the above goals are met, work in three dimensional cell culture can be further extended
with sophisticated experiments establishing pnc-Si as an enabling technology for cellular co-
culture and monolayer studies. In both these classes of experiments, pnc-Si should offer unique
advantages of high permeability, sensitivity and low sample loss over current membrane-based

culture devices featuring 1000 times thicker membranes.

In a proof of principle experiment, we recently demonstrated the potential of pnc-Si as a co-
culture substrate®. In this experiment, different populations of neutrophils (with red and green
fluorescent tags respectively) were adhered to opposite sides of the nanoporous membrane and
easily imaged via fluorescence microscopy (Figure 5.1). The 8 um difference in focal planes
closely matched neutrophil diameters (~8-9 um), and demonstrated that the “red neutrophils”
were separated from the “green neutrophils” by an invisible and ultrathin (15 nm) pnc-Si
membrane. Therefore, pnc-Si membranes supported cell co-cultures and facile fluorescent

examination.

The ability of pnc-Si to support more physiologically relevant cellular co-cultures should be
investigated next. For example, signaling between T-cells and T-regulatory cells in the immune
system could be elucidated. Pnc-Si can be used to test the ability of T-regs to suppress T-cell
activation via soluble factors that diffuse short distances. Other co-cultures that require cells to
be in spatial arrangement matching in vivo conditions could also be investigated. For example,

the human vascular endothelial cell-smooth muscle cell co-culture that emulates in vivo vascular

* This information is available in a manuscript and at the time of writing the manuscript is ready for
submission to Journal of American Chemical Society - Nano.

Agrawal, A.A., Nehilla, B.J., Reisig, K.V., Gaborski, T.R., Fang, D.Z., Striemer, C.S., Fauchet, P.M., and
McGrath, J.L. (2009). Porous nanocrystalline silicon membranes as highly permeable and molecularly
thin substrates for cell culture. ACS Nano (submitted).
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architecture or functional brain microvascular endothelial cell-astrocyte co-culture as an in vitro

model of the blood brain barrier, are possible with pnc-Si.

O pum

+4 um E +4 um

Red AlexaFluor 546 anti-
CD62L stained neutrophil

Green AlexaFluor 488 anti- )
‘ CD62Lstained neutrophil ™ == == Pnc-Si €===>Focalplane

Figure 5.1 Neutrophil co-culture: Ultrathin pnc-Si membranes are suitable for cellular co-culture and
transparent for fluorescence microscopy. Two human neutrophil populations were stained with either green
AlexaFluor 488 anti-CD62L or red AlexaFluor 546 anti-CD62L. Differential interference contrast (DIC; left
panels) and wide-field fluorescent (right panels) images were captured at -4, 0 and +4 um, where 0 was
estimated to be the membrane focal plane. Green cells on the bottom of the membrane are in focus at -4 ym
(single green arrow) and red cells on the top of the membrane are in focus at +4 ym (double red arrows).

(Image Courtesy: Thomas Gaborski)
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Co-culture on ultrathin pnc-Si membrane should help elucidate mechanisms at the level of
membrane-protein to membrane-protein interaction between two cell types across its
nanopores. Pnc-Si based in vitro model system can be applied to tissue engineering as well.
The biodegradation of pnc-Si creates an opportunity to construct stratified tissue in vitro by
culturing different cell types on either side of pnc-Si membranes and allowing the two
populations to conjoin and directly interact as the membrane dissolves after several days of co-

culture.

As the biocompatibility of pnc-Si is established, it should provide a consistent growth surface
with optimal cell attachment and proliferation. The growth of healthy vascular endothelial
monolayers with expression of mature cell-cell adhesion complexes and low macromoleculer
permeability should be demonstrated on a pnc-Si support. The presence of adheren junctions,
tight junctions and gap junctions could be verified by immunofluorescence. Also, endothelial
barrier function could be quantitatively monitored with trans-endothelial electrical resistance
(TEER) or albumin flux. These parameters should be directly compared to monolayers grown in
commercial transwell devices. Further, dose and kinetic responses to inflammatory signals
(from drugs like histamine and thrombin) could be measured through the change in endothelial

permeability.

The successful completion of the future work along with the foundation of work presented in the
thesis will establish pnc-Si as a platform for answering questions that cannot be addressed with

current commercial devices.

141



	cover_page
	MISC
	Chapter_1_v.3
	Chapter_2_v.3
	Chapter_3_v.3
	Chapter_4_v.3
	Chapter_5_v.3

