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Abstract

The use of conventional in vitro and preclinical animal models often fail to properly recapitulate
the complex nature of human diseases and hamper the success of translational therapies in humans
[1-3] Consequently, research has moved towards organ-on-chip technology to better mimic human
tissue interfaces and organ functionality. Herein, we describe a novel approach for the fabrication
of a biocompatible membrane made of porous silicon (PSi) for use in organ-on-chip technology
that provides key advantages when modeling complex tissue interfaces seen in vivo. By combining
well-established methods in the semiconductor industry with organ-on-chip technology, we have
developed a novel way of producing thin (25 um) freestanding PSi biocompatible membranes with
both nano (~15.5 nm diameter pores) and macroporous (~0.5 um diameter pores) structures. To
validate the proposed novel membrane, we chose to recapitulate the dynamic environment of the
alveolar blood gas exchange interface in alveolar co-culture. Viability assays and
immunofluorescence imaging indicate that human pulmonary cells remain viable on the PSi
membrane during long-term culture (14 days). Interestingly, it was observed that macrophages can
significantly remodel and degrade the PSi membrane substrate in culture. This degradation will
allow for more intimate physiological cellular contact between cells, mimicking a true blood-gas
exchange interface as observed in vivo. Broadly, we believe that this novel PSi membrane may be
used in more complex organ-on-chip and lab-on-chip model systems to accurately recapitulate
human anatomy and physiology to provide further insight into human disease pathology and pre-

clinical response to therapeutics.
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1. Introduction

In the scope of biomedical research many advances have been made in the past few decades that
have been pivotal to our understanding of disease pathology, treatment, and pre-clinical drug
therapy response. Many of these discoveries thus far have been made with the use of multiple
animal models and traditional cell culture experimentation [4—7]. While these methods are useful
when studying single cellular pathways or overarching biological processes, they often falter when
studying the meticulous nature of human disease and limit our abilities to develop effective
therapeutics [8—10]. It has become increasingly clear that conventional animal models and cell
culture do not provide the necessary information to extrapolate human biology and fail to
recapitulate human anatomy and physiology [11-13]. Therefore, there is a great need for advanced
model systems that can more accurately facilitate intercellular communication and tissue
architecture to model human disease progression and that can predict the efficacy of future

treatment options.



In order to address this gap in knowledge, researchers have developed organ-on-chip devices or
tissue chips [14]. Organ-on-chip devices are in vitro models that incorporate multiple cell types
and act to recapitulate the anatomy and physiology within human organ systems. By utilizing
techniques pioneered in the microchip manufacturing industry, biomedical engineers can create
micro-fabricated engineered systems that can be used to culture living cells [1]. These organ-on-
chip devices can maintain healthy cell populations with lineage-specific function as observed in
human organ systems. Through controlling the micro-environment in which the cell populations
reside, cell behavior is remarkably similar to cell populations in living tissue [1,15—-18]. Current
studies to date have utilized these organ-on-chip devices to study human skin, bone, cartilage,
kidney, liver, blood vessels, intestine, lung, and multiple other organ systems [19-26], and have

recently been used to rapidly identify antiviral therapies [27].

Conventional organ-on-chip devices are often constructed of polydimethylsiloxane (PDMS), a
flexible, biocompatible polymer that serves as the scaffold for in vitro microfluidic organ systems.
The first seminal lung-on-a-chip (LOAC) device published by Huh ef al. follows this convention
[15,16] an other LOAC studies have utlized thin PDMS membranes that can incorporate cyclic
strain thereby mimicing the biomechanical forces observed in alveolar tissue [29]. Within these
devices, an engineered porous PDMS membrane is located at the interface between two or more
different cell types that allow for the transfer of nutrient media, gasses, and signaling molecules.
For example, the utility of PDMS has been exploited to create airways on a chip exposed to inhaled
toxicants, such as cigarette smoke [30]. While this design is reliable and easily fine-tuned, there
are numerous technical challenges involved in making an extremely thin PDMS barrier (<10 pm)
[28,29]. In addition, the hydrophobicity of PDMS leads to absorption and binding of hydrophobic
molecules and requires additional treatments of exogenous extracellular matrix (ECM)
components for cell adhesion, making this material sub-optimal for cell culture [31-33]. Newer
second generation LOAC devices have recently been created replacing the PDMS material with
stretchable membranes made of collagen and elastin to better emulate the three-dimensional
alveolar structure [34]. Other groups have created improved artificial basement membranes to
separate different cell types through a combination of lithography and vacuum assisted UV curing
techniques by electrospun gelatin nanofibers [35]. To this end, we sought to evaluate a new

material substrate (porous silicon) for structural membranes based on a bottom-up fabrication



technique that allow for cell adherence along with exhibiting properties of biocompatibility and

mechanical flexibility.

For this new material substrate, we examined the extent to which crystalline silicon could be used
as an alternate structural material in lieu of PDMS membranes. Due to its popularity in the
semiconductor industry, natural abundance, cost-effectiveness and process maturity, silicon was
an ideal material to pursue [28,36]. Large areas of crystalline silicon can be thinned to less than 2
micrometers (um), which dramatically increases its mechanical flexibility [37]. One particular
form of silicon, termed porous silicon (PSi), has been shown to exhibit many unique beneficial
properties including flexibility, biocompatibility, hydrophilicity, optical transparency, and
biodegradability [38—42]. The structure of PSi can be modified to create micro- and nano-sized
pores [25]. In addition, PSi membranes have also been shown to have excellent optical
transparency which facilitates imaging with fluorescence microscopy [42]. These properties, in
conjunction with the existing methods utilized to favorably alter the material, further validated the
use of silicon as a structural membrane material in an organ-on-chip device. Ultra-thin
macroporous silicon (macro-PSi) and nanoporous (nano-PSi) silicon membranes have been
previously created by a lift-off method which ultimately proved to have limited reproducibility
and mechanical stability [43]. In this work we introduce a novel method for fabricating and
implementing ultra-thin fully PSi membranes into our alveolar co-culture system. To further
validate the potential for these PSi membranes in organ-on-chip technology and to advance this in
vitro platform, novel LOAC fabricated devices were cultured with human pulmonary epithelial,
endothelial, and macrophage cells in long-term culture to more accurately mimic the parenchymal,

vascular, and immune compartments of the lung.
2. Methods and Materials
2.1 Overview

Two-inch polished silicon wafers were thinned to approximately 2 - 25 um via anisotropic etching
in a strong aqueous solution of potassium hydroxide (KOH). The thinned wafers were anodized in
an electrolyte solution of hydrofluoric acid to produce either macropores or nanopores. Using
widely used methods to produce nanopores, thinned wafers were anodized to obtain thinned
membranes with pores penetrating throughout the entirety of the membrane. The thinned, porous

membranes were bonded between two identical toroidal pieces of PDMS to create an annulus with



two cell culture wells separated by the PSi membrane. Multiple cell types were plated onto the
porous membrane within the culture well, and cellular viability, lineage, and interactions were
characterized utilizing multiple microscopy methods. Once cellular interactions were evaluated,
the porous membranes were integrated into a prototype microfluidic device to determine their
potential use in organ-on-chip devices. The microfluidic device utilized SU-8 photoresist
patterning, producing a mold used to create microchannels within two pieces of PDMS, which

were then aligned and bonded on either side of a PSi membrane to create the device prototype.
2.2 Potassium hydroxide wafer thinning

In a 1000 mL beaker, 600 g reagent-grade potassium hydroxide (KOH) purchased from Sigma-
Aldrich (St. Louis, MO) was dissolved in 600 mL of deionized water (50 wt%). The KOH solution
was suspended in an isothermal water bath held at 90°C as shown in Figure 2 C. A two-inch
double-sided polished, p-type (boron-doped), (1 0 0) orientation silicon wafer with a resistivity of
0.01-0.1 Q-cm purchased from University Wafer (Boston, MA) was mounted in custom-fabricated
polytetrafluoroethylene (PTFE) etch rings and was anisotropically etched in the KOH solution to
a thickness between 2 - 25 um determined by SEM analysis of cross-sections. The etch rates were

determined experimentally for each wafer throughout the process.
2.3 Electrochemical anodization to obtain nanopores

The thinned wafer was mounted in a dual-tank custom-made polyvinylchloride (PVC) anodization
cell as shown in Figure 3 A and B. Both tanks were filled with electrolyte solution consisting of
1.5-parts 48 wt% hydrofluoric acid (HF) in H,O to 1-part reagent-grade 200 proof ethanol
purchased from Sigma-Aldrich (St. Louis, MO) (1.5:1-HF:EtOH by volume). One square inch
platinum electrodes within the cell were connected to a power source (Keithley 2410 1100V
Source Measurement Unit), and a current density of 90 mA/cm? was applied to induce
electrochemical anodization of the thinned silicon wafer. Utilizing calculated anodization rates (~1
um/min), wafers were anodized to 150% of the calculated “through-anodization™ time (37.5
minutes), to create thin though-etched porous membranes. Through-anodization was confirmed
utilizing scanning electron microscopy and MATLAB image analysis. Percent porosity and
average pore diameter of nanopores were calculated utilizing scanning electron microscopy and

MATLAB image analysis.



2.4 Electrochemical anodization to obtain macropores

The thinned wafer was mounted in a dual-tank custom-made PTFE anodization cell. Both tanks
were filled with 48 wt% HF (4% by wt) in reagent-grade dimethylformamide purchased from
Sigma-Aldrich (St. Louis, MO). One square inch platinum electrodes within the cell were
connected to a power source (Keithley 2410 1100V Source Measurement Unit), and a current
density of 4 mA/cm? was applied to induce electrochemical anodization of the thinned silicon
wafer. These anodization parameters resulted in an etch rate of approximately 3.3 pm/hour. Percent
porosity and average pore diameter of macropores were calculated via scanning electron

microscopy and MATLAB image analysis.
2.5 PDMS formation

SylgardTM 184 was mixed with SylgardTM Silicone Elastomer Curing Agent (10% wt) and
loaded into a 10 mL BD-Syringe (Luer-Lok tip) and degassed under vacuum. From the resulting
PDMS, 0.5 mL was extruded into each individual well within a Falcon® Multi-Well 24-well cell
culture tray and cured at 65° C for 1 hour. Cylindrical holes (5 mm diameter) were created in the
center of the resulting molded PDMS discs with a biopsy punch to achieve a small annulus as
shown in Figure 5. Small sections of the fully porous membrane were then sandwiched between
two aligned annuli, and subsequently bonded using an ozone generator (Electro-Technic Products

Inc. model BD-20) and heated at 80°C for 10 minutes on a hotplate to further bond the PDMS.
2.6 SU-8 PDMS microfluidic channel molding and fabrication

A clean silicon wafer was statically coated with ~1 mL of SU-8 2050 negative photoresist
purchased from Kayaku Advanced Materials (Westborough, MA) and spun 1,500 rpm for 1
minute. The wafer was then subsequently soft-baked in a convection oven at 65°C for 10 minutes
and then at 95°C for 50 minutes which gave a layer of SU-8 2050 that was approximately 125 um
thick. Following this, the wafer was covered with a photomask designed in AutoCAD and exposed
to a UV light source for 4 minutes. As seen in Figure S3, the mask was designed to have circular
inlets and outlets (3.14 mm3) that connect to a circular center culture well (4.91 mm3) via
rectangular fluidic channels (1 mm x 0.5 mm). After exposure, the wafer was once again soft-
baked at 65°C for 10 minutes and 95°C for 50 minutes. The wafer was then submerged in SU-8

developer purchased from Kayaku Advanced Materials (Westborough, MA) for 4 minutes and was



then rinsed with reagent-grade isopropyl alcohol purchased from Sigma-Aldrich (St. Louis, MO),
to produce on the wafer a negative-pattern mold for PDMS microchannel fabrication. The mold
was then hard-baked in a convection oven at 250°C for 10 minutes. Once the negative-pattern
mold cooled to room temperature, the wafer was placed in a 70 mL aluminum weighing dish

purchased from Fisher Scientific (Hampton, NH).
2.7 PDMS microfluidic device formation

8.5 mL of PDMS was extruded over the negative pattern mold in the aluminum weighing dish and
set to de-gas under vacuum for 20 minutes. After, the weighing dish and contents were baked in a
convection oven at 65°C for 1 hour and set to cool overnight. Once cured overnight, the patterned
PDMS was then extracted and layered with a PSi membrane in the center culture well and aligned

and bonded.
2.8 Scanning electron microscopy

All scanning electron microscopy analysis for process development/verification and post-culture
characterization was performed using a JEOL JSM-7100F Field Emission Scanning Electron

Microscope.
2.9 Confocal microscopy

Multi-spectral confocal microscopy with a Leica TCS-SP8 outfitted with spectral hybrid detectors
was performed on PSi nanoporous membranes (25 pm thickness) that were mounted with ProLong
Gold and #1.5 high precision coverslips. A series of confocal spectral images with emission
bandwidths steps of 20 nm was acquired with LASX software in xyl mode from 500-660 nm on a
single detector during simultaneous excitation at the 488 nm and 594 nm wavelengths. The
respective laser power settings were used to reproduce experimental conditions used in the indirect
immunofluorescence staining. All images were exported in tiff format and spectral data are

expressed as mean gray level intensity.
2.10 Biological reagents

Calcein-AM, Alexa Fluor™ 594 Phalloidin and Prolong Gold mounting media were obtained from
ThermoFisher Scientific (Waltham, MA). Mouse monoclonal anti-occludin antibodies were

obtained from Sigma Aldrich (St. Louis, MO). Rabbit polyclonal anti-VE-cadherin antibodies



(rabbit IgG) were obtained from Cell Signaling Technology (Danvers, MA). Alexa 488—
conjugated goat anti-rabbit antibodies and Alexa 549-conjugated goat anti-mouse antibodies were

obtained from ThermoFisher Scientific (Waltham, MA).
2.11 Cell culture and seeding

H441 cells (human lung epithelial cell line) and THP-1 cells (human macrophages) were purchased
from the American Type Culture Collection (Manassas, VA). Both H441 and THP-1 cells were
cultured at 37°C in a 5% CO; incubator in RPMI-1640 medium containing 10% fetal bovine serum
(FBS) and antibiotics (Life Technologies, Grand Island, NY). THP-1 cells were not differentiated
with phorbol-12-myristate-13-acetate (PMA) prior to seeding. Human lung microvascular
endothelial cells (HMVECs) were purchased from Lonza (Walkersville, MD). Cells were cultured
at 37°C in a 5% CO: incubator in EGMTM-2 MV Microvascular Endothelial Cell Growth
Medium-2 BulletKitTM (Lonza). Cells were maintained and passaged as recommended by the
manufacturer. The H441 epithelial cells were fed every 2 to 3 days and subcultured using 0.25%
trypsin (Invitrogen) to detach the adherent cells. The THP-1 macrophages were also fed every two
to three days and remained suspension monocyte cells at a concentration of less than 1 x 10°
cells/mL. The HMVECs were passaged according to the manufacturer’s specifications using the
recommended subculturing reagents for these cells including Trypsin/EDTA (CC-5012), Trypsin
Neutralizing Solution (CC-5002), and HEPES Buffered Saline Solution (CC-5022). HMVECs had

growth medium changed every 48 hours.

2.12 Fluorescence microscopy to determine cell adherence, long-term viability, and co-culture on

nanoporous silicon

Viable H441 cells and HMVECs were trypsinized, counted, and adhered to thinned PSi
membranes at a density of 120 cells/uL of media. To allow for cell adherence to the PSi substrate,
cells were incubated at 37°C in a 5% CO: incubator overnight. Cells were fixed with 4%
paraformaldehyde, permeabilized with TX-100, blocked in 5% BSA buffer, and then stained with
phalloidin and mounted with mounting media containing DAPI. Cells were visualized with a BX60
Olympus epifluorescence microscope with an Olympus camera. To determine the long-term
viability of H441 cells and HMVEC:s, cells were counted and plated as described above. After 14
days of culture, cells were stained with 4 pg/mL Calcein AM in PBS and incubated for 1 hour at

37°C. Calcein AM is a cell-permeant dye that is used to determine cell viability in eukaryotic cells.



In viable cells, the nonfluorescent Calcein AM is converted to green fluorescent Calcein, after
acetoxymethyl ester hydrolysis by intracellular esterases. Viable cells were visualized with an

Olympus IX50 inverted microscope.

To determine whether cells can successfully adhere to both sides of the nano-PSi membrane, H441
cells were seeded to one side of the PSi membrane for 24 hours. The next day HMVECs were
seeded on the opposite side of the membrane. Cells were then fixed, permeabilized and blocked as
described above. Cells were then stained with the correct working dilution of anti-occludin and
anti-VE cadherin antibodies simultaneously in PBS containing 3% FBS and incubated at 4°C
overnight. The membranes were then washed, and the respective fluorescent secondary antibodies
were incubated with the membranes at room temperature for 2 hours prior to washing and
mounting with mounting medium. Human epithelial and endothelial cells were visualized with a

BX60 Olympus epifluorescence microscope with an Olympus camera as described above.
2.13 Scanning electron microscopy of cellular populations to visualize cell-membrane interactions

Cells were fixed in 4% paraformaldehyde for 1 hour on a rocker. Following fixation, the cells were
washed with PBS (2 x 4 min). The cells were then treated with 1% osmium tetroxide in PBS for
30 minutes and then rinsed twice with deionized H20. The cells were then washed in increasing
concentrations of EtOH for 5 minutes at each concentration (25%, 50%, 75%, 95%). Next, the
cells were washed with 100% EtOH for 5 minutes two times (2 x 5 min). Following EtOH washes,
the cells were treated with reagent grade hexamethyldisilazane purchased from Sigma-Aldrich (St.
Louis, MO) for 10 minutes twice (2 x 10 min). Following washes, the PSi membranes were
extracted from the annuli cell culture wells, dried with nitrogen, and sputter-coated with Au/Pd at
75 millitorrs with a current of 45 milliamps for 30 seconds using a Denton Vacuum Desk II. The

resultant sample was then imaged in an SEM.
2.14 Statistical Analysis

Data are presented as mean + standard error of the mean (SEM). Analyses were performed using
GraphPad Prism 6.0 (San Diego, CA). First, Levene’s test for homogeneity of variance was
performed with the complete PSi thickness data (two biological replicates with three to five
technical replicates (n = 3-5)). A difference between the variances was observed, therefore, a non-

parametric test (Kruskal-Wallis) was performed. Significance was noted at P < 0.05.



3. Results and Discussion
3.1 Porous Silicon Membrane Fabrication, Characterization, and Implementation

In this work, we have developed methods for obtaining novel ultra-thin biological PSi membranes
for use in organ-on-chip devices. The combination of thinning a silicon wafer using KOH followed
by the electrochemical anodization of the thinned wafer provides a simple and reproducible
method of creating thin, fully porous membranes. The basic process parameters were characterized
and optimized yielding a tailored membrane with respect to thickness, pore size, and porosity.
Adjusting these parameters, we serendipitously designed the PSi membrane to allow diffusion of
small gas molecules, small signaling proteins, and to facilitate the trafficking of immunological
cells as observed in vivo. Furthermore, we utilize these novel PSi membranes in surrogate models
for the blood-gas exchange interface observed within the human alveolus (Figure 1). In order to
do so, we evaluated the viability of cell types observed at this interface on each side of the novel
PSi membrane, both independently, and in co-culture where cells are cultured on both sides of the
membrane within their respective regions. To the best of our knowledge, this novel PSi membrane

exhibits many unique properties that have yet to be studied and exploited in organ-on-chip systems.

- Air

> % «+——— Epithelial cells

<+——— Porous silicon membrane
Y 2 LW ) | | L L L | = <—— Endothelial cells
=y 4 L} ‘ _!—‘
AN A

«+—— Liquid (blood)

Figure 1. Figure 1: Human alveolar lung structure is accurately modeled by the novel PSi
membrane Lung-on-a-chip (LOAC) microfluidic device. (A) Schematic of human lung with
branching bronchi. (B) Schematic of human alveoli at the distal ends of branching bronchi at the
blood-gas exchange interface. (C) A representation of an engineered LOAC device showing the
nanostructured PSi membrane adjacent to both human epithelial and endothelial cells mimicking
the parenchymal and vascular compartments of the lung.

To mimic the anatomical distance between endothelial cell membranes (vasculature) and
pulmonary epithelial cell membranes (parenchyma) at the basement membrane interface of an

alveolus (~1 pm) [42,43], we developed methods for producing uniform thinned bulk silicon



membranes using double-sided polished (DSP) silicon wafers via anisotropic wet chemical etching
(Figure 2). After recording initial thickness measurements (typically on the order of 280 um),
wafers were mounted in PTFE rings which left both sides of the wafer exposed and then submerged

in an apparatus containing a super-saturated solution (~17.8M, 50 wt%) of KOH.

Figure 2. Wet chemical etching apparatus allows for uniform thinning of double-sided polished
(DSP) silicon wafers (A) Scanning electron microscopy (SEM) image of DSP silicon wafer prior
to chemical etching measured at 193 um in width. (B) DSP silicon wafer mounted in
polytetrafluoroethylene (PTFE) “etch rings” prior to being submerged in wet chemical etching
apparatus containing super-saturated solution of potassium hydroxide (~17.8M, 50 wt%). (C)
SEM cross-sectional thickness image of silicon wafers post-wet chemical etching measured at 25.0
pm.

While submerged, the bulk silicon was anisotropically etched enabling uniform thinning of the
silicon wafer bilaterally. Following one hour of wet chemical etching, wafers were re-measured
and etch rates were determined for each individual silicon wafer. Bilateral anisotropic etch rates
of the wafers used varied between ~1.5 pm/min and ~2.5 pm/min. This methodology yields the
ability to precisely control the resultant thickness of the silicon membranes. As a result, we were

able to achieve consistently thin wafers (25 um). (Figure 2C)

Through-wafer electrochemical anodization of the thinned silicon substrates yielded permeable
silicon membranes with the formation of tunable nano- to macropores (Figure 3). In order to
electrochemically etch the wafers, thinned silicon wafers were placed into a dual-tank etch cell
with a hydrofluoric acid electrolyte solution introduced on both sides (Figure 3 A and B). Once
the etch cell was secured, a current was applied to the system, which resulted in the dissolution of
silicon in localized regions directly correlating to porous structures. Electrochemical anodization

parameters were optimized to allow for the formation of porous structures that penetrated



throughout the thinned silicon wafers at a uniform rate. Experiments were conducted with a current
density of 90 mA/cm? in a solution of HF and ethanol EtOH for periods of time calculated such
that nanopores, with an average value of 15.5 nm + 6.21 nm in diameter, spanned the entire
thickness of the membrane (Figure 3 C and D, Figure S1 B). To further explore possible silicon
membrane types with varying pore sizes, silicon wafers were etched with a current density of 4
mA/cm? in solutions of HF and dimethylformamide which yielded macropore structures with an
average pore diameter of 0.469 pm + 0.210 pm (Figure 3 E and F, Figure S1 D). Following
anodization, the thinned wafers were analyzed with scanning electron microscopy (SEM) to
determine electrochemical etch rates for each process. Additionally, SEM images were used to
observe the morphological characteristics of the pore structure and quantify percent porosity of
both macro-PSi (~76.8% porous) and nano-PSi (~50.7% porous) (Figure S1). The formation of
macropore structures (~3.3 pm/hour) was markedly slower in comparison to etch rates associated
with the formation of nanopore structures (~1 pm/min). As a result, the remainder of the study
utilized parameters developed to obtain nanoporous membranes that could be fabricated in a
shorter time frame for the sake of feasibility. Utilizing estimated electrochemical etch rates of the
silicon wafers and known thicknesses, thinned wafers were etched to 150% completion to achieve
relatively uniform “through-etching” (Figure 4). Through-etching greatly increases the surface
area of silicon exposed to atmosphere and is vulnerable to native oxide growth. To limit oxide
growth on the membranes and maintain relative uniformity between all samples, the membranes

were stored under high vacuum at <10 Torr.
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Figure 3. Successful thinned silicon wafers mounted in a custom-made double-tank
electrochemical etching cell to create nano- and macro-PSi membranes. (A) Schematic of the etch
cell used for electrochemical etching of thinned silicon to afford PSi membranes. (B) PTFE etch
cell used for electrochemical anodization. (C) SEM cross-sectional image of a silicon wafer
demonstrating successful nanopore propagation. (D) SEM top-down image of nanopore structures
giving a porous surface with a percent porosity of 50.7% and an average pore diameter of 15.5 nm
+ 6.21 nm. (E) SEM cross-sectional image of a silicon wafer demonstrating macropore
propagation throughout the silicon membrane. (F) SEM top-down image of macropore structures
giving a porous surface with a percent porosity of 76.8% and an average pore diameter of 0.469
pum £ 0.210 pm.
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Figure 4. Silicon wafers anodized to 150% completion contain nanopores permeating throughout
the entirety of the membrane to afford fully PSi membranes. (A) Cross section of a fully anodized
silicon wafer where pore striations can be observed spanning the entirety of the wafer imaged at
2,500x. (B and C) Angled images of the “backside” of two different PSi membranes where
nanopores are seen to be punching through confirming the PSi membranes are fully porous imaged
at 43,000x and 6,000x respectively.

To replicate a 3D organ-on-a-chip system, a PDMS annulus was used as a housing unit to
encapsulate the PSi membrane (Figure 5). The PSi membrane is suspended between two PDMS
outer layers which serves two purposes. First, cells plated in suspension have bilateral fluid transfer
as seen in conventional organ-on-chip technologies [46]. Second, multiple cell types could be
cultured (epithelial and endothelial) with the membrane separating the cell types, acting as the

interstitial space as found in in vivo human lungs.
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Figure 5. Tissue culture annulus allows for cells to be cultured in suspension on the PSi membrane.
(A) Image of PSi membrane incorporated between two PDMS annuli via ozone bonding. (B)
Schematic diagram detailing tissue culture annulus layering and design.

3.2 Spectral Characterization of PSi membranes

The PSi membranes exhibited a very small (<11 gray levels) multispectral autofluorescence
characteristic in the yellow-orange spectral range (570 to 600) when excited with both the 488 and
594 lasers. Multispectral autofluorescence was absent in the specific emission ranges collected for
AF488 (505 nm-535 nm) and AF594 (620 nm-650 nm), suggesting that the use of these

fluorophores will permit for confocal microscopy free from PSi autofluorescence artifact.
3.3 Cell adherence, viability, and morphology

In order to study the cellular interactions of epithelium and endothelium at the alveolocapillary
barrier, a well-established pulmonary co-culture model was used including human distal lung
epithelial cells (H441 cells) and human microvascular endothelial cells (HMVECs) [45]. This
model has been used to validate previously developed seminal LOAC devices [16,17]. To this end,
H441 cells and HMVECs were initially plated on PSi membranes to determine whether these
materials were suitable to maintain cell viability and cell adherence. Importantly, no additional
surface treatments, which are characteristic of previous organ-on-chip devices such as collagen
and fibronectin coating or oxygen plasma treatments were required [16,40,48]. Cells were plated
on PSi and then visualized with phalloidin and 4',6-diamidino-2-phenylindole (DAPI) to determine
cell morphology and adherence. H441 cells and HMVECs exhibited normal cell morphology

associated with viable cells (round homogeneously stained nuclei and polymerized actin filaments



at the cell periphery) and adhered to PSi structures (Figure 6 A and B). These results are in
accordance with previous studies indicating surface roughness enhances cell adherence due to

increased surface arca [48].

Longer-term cell culture viability was also assessed to ensure that cellular growth and proliferation
on the PSi membrane was possible for future, extended (> 14 days in culture) cell culture
experiments. For these studies, H441 cells, HMVECs, and human macrophages (THP-1 cells)
were all plated individually on the PSi membranes for up to 14 days. After 14 days in culture,
adherent epithelial and endothelial cells were viable, metabolically active, and had normal cell
morphology as evidenced by the cellular staining with Calcein-AM (Figure 6 C). Cell adherence
and morphology of adherent human macrophages over this period was also noted and examined
by SEM analysis. These data indicate that thinned PSi membranes provide a cell appropriate, non-
toxic, supportive and adherent surface to maintain cellular co-cultures with at least three separate

cell types.

Next, we determined whether H441 cells and HMVECs could adhere to opposite sides of a PSi
membrane which had been previously thinned to 25 microns, to successfully create a co-culture
system. H441 cells were plated and allowed to adhere overnight. After 24 hours, HMVECs were
seeded on the opposite side of the PSi membrane and allowed to adhere overnight. The membrane
was then fixed and stained with immunofluorescent antibodies to identify the individual cell types;
human epithelial cells that preferentially express Occludin and human endothelial cells that
preferentially express Cadherin 5 [50]. Each cell type adhered to their respective (opposing) sides
of the thinned, PSi membrane (Figure 6 D and E) and could be uniquely identified. Cell adherence
and normal cell morphology were also confirmed through SEM analysis (Figure 6 F and G).
During immunofluorescence visualization, the HMVECs were the first cells to be observed as they
were closest to the objective lens. More importantly, the H441 cells could be visualized through
the thinned PSi membrane on the opposite side of the membrane, indicating that the PSi membrane
was thin enough and of a compatible material to image both sides in studies requiring more than
one fluorescent molecule such as DAPI, AF488 and AF594 (Figure 6 D and E). These results

support the tenet that using optically transparent materials such as thin PSi membranes with pore



diameters in the nanometer range decreases undesired optical effects which impede bilateral

microscopy [51].

Figure 6. Cell adherence, sustained viability and cell specificity during co-culturing on thinned
PSi membranes. (A and B) Fluorescence microscope images (400X magnification) of epithelial
(H441) and endothelial (HMVEC) cells on the topside of the 25-micron PSi membrane on a
fabricated annulus stained with phalloidin (red) and DAPI (blue). (C) Fluorescence microscope
images (100X magnification) of viable H441 cells (Calcein-AM) seeded for 14 days on the topside
of a PSi membrane within a fabricated annulus. (D and E) Fluorescence microscope images
(1000X magnification) of H441 and HMVEC cells on a nano-PSi membrane stained with an
epithelial-specific marker (Occludin, red) and endothelial-specific marker (VE cadherin, green)
during a co-culture experiment. (F and G) SEM images (200X magnification) of HMVEC and
H441 cells adhered to thinned, nano-PSi membranes following a co-culture experiment. H441 cells
cultured on the bottom side of the nano-PSi membrane and HMVECs were cultured on the topside
of the nano-PSi membrane.

Previous cell culture studies have shown that porous nanocrystalline silicon (pnc-Si) is thinned in
cell culture media over 30 hours and that cells accelerate the onset of dissolution by altering the
pH or through other chemical mechanisms [37]. Slight variations in the thicknesses and

morphology of the PSi membranes were identified during the initial longer-term cell culture



experiments, therefore, we wanted to determine if cellular or acellular effects altered NP and/or
PSi over the 14-day time period. To this end, the thicknesses of thinned NP and PSi membranes
were quantified via SEM analysis prior to cell culture and after 14 days in either cell culture media
alone, cultured with adherent HMVECs, or cultured with THP-1 macrophages. For these
experiments, all cell types were adhered to one side of the silicon structures. Membranes were
trypsinized and treated extensively with solvents (methanol, isopropanol, and acetone) to remove
all adherent cells and any cell-associated secreted components. NP and PSi membrane thicknesses
did not change after 14 days in cell culture alone or cultured with adherent HMVECs (Figure 7
A). However, over the course of 14 days, PSi membranes but not NP wafers underwent a
significant reduction in thickness of approximately 25% in the presence of adherent macrophages
(Figure 7 A). To determine a possible cellular mechanism of PSi thinning, the membranes were
fixed and analyzed through SEM without prior trypsinization to maintain adherent macrophages
on the membranes. THP-1 macrophages were observed trafficking through the PSi membranes
(Figure 7 B and C). This was not a single chance event since macrophages adjacent to each other
were identified on the same PSi membrane trafficking through simultaneously (Figure 7 B). Upon
closer observation, adherent macrophages significantly altered the PSi membranes and increased
pore diameters, which were initially within the nanometer range (day 0) created by the anodization
process, into micron-scale pores (greater than 10 um diameter) through a cellular or mechanical
process (Figure 7 B-E). Higher magnification images identified pseudopodia (Figure 7 D) being
created by the macrophages within the PSi and some macrophages that nearly trafficked to the
opposing side of the membrane with the periphery of their plasma membranes (Figure 7 E). These

data indicate cellular process enhanced the biodegradation of PSi membranes in vitro.
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Figure 7: Silicon dissolution and observed trafficking of human macrophages through thinned,
nano-PSi membranes via SEM analysis. (A) Human macrophages (THP-1 cells) and endothelial
cells (HMVECs) were adhered to thinned, nano-PSi membranes and cultured at 37°C in cell
culture media. After fourteen days, the membranes and cells were fixed and stained for SEM
analysis. Cross-section distances were quantified, and the percent dissolution of the silicon
membranes was quantified in triplicate (n = 3). Data presented are mean + SD. Asterisks represent
a significant difference between membrane thicknesses before and after cell culture. (p < 0.05).
The data represent the aggregate of three biological replicates of the same 14-day procedure. (B
and C) Representative SEM image of a human macrophage altering the silicon membrane through
mechanical or chemical mechanisms imaged at 2,000x and 2,500x respectively. (D and E) Higher
magnification of pseudopodia and the membrane periphery of a human macrophage transforming
the nano-PSi membrane imaged at 8,000x and 9,500x respectively.



While these experiments were conducted within the fabricated annuli (Figure 5) to evaluate
cellular interactions and potential use of PSi membranes in organ-on-chip technology, we
ultimately aim to use the fabricated PSi membranes in more complex microfluidic organ-on-chip
devices. As a proof of concept, we developed a preliminary microfluidic LOAC device with
independent channels that are unified by a center culture well with a PSi membrane in between
(Figure S3). This preliminary design mimics conventional organ-on-chip devices where
independent channels can be seeded with varying cell types separated by a membrane that serves
to recapitulate the interstitial space in order to study tissue interfaces. Due to the reproducibility
associated with fabricating tissue culture annuli containing PSi membranes, we chose to continue
to use the techniques previously described that were used to bond PDMS to PSi membranes. While
this method proved effective, this was done with large cell culture wells that were not connected
to microfluid channels. In order to create cell culture wells that could be connected to microfluidic
channels within PDMS, we utilized SU-8 soft lithography to generate negative molds. These
negative molds were designed so that culture wells could be patterned into PDMS, layered, and
bonded in such a way that both epithelial and endothelial cell types could be cultured within their
respective regions separated by a PSi membrane (Figure S3). In addition, the independent
microfluidic channels were connected to tubing so that they may be combined with a fluid system
that would allow for the continuous supply of nutrient media and more closely mimic the
parenchymal and vascular compartments of the lung at the blood-gas exchange interface. In future
studies, we hope to use this design, or similar designs, to carry out detailed studies with the

intention of further understanding pulmonary disease pathology and drug toxicity.
3.4 Implications of the novel porous silicon membrane

Our developed methods allow for a novel fabrication of biocompatible thinned PSi membranes.
While thinning silicon wafers using KOH and anodization are well-established techniques in the
field, our work presents a different way of combining these techniques in order to generate viable,
reproducible membranes for use in organ-on-chip technology. In our design, silicon wafers can be
readily loaded into PTFE etch rings and submerged in a solution of KOH, and accurately and
uniformly be etched to desired thicknesses. As previously described by Wang et al. [33], there is
an observable increase in light transmission through the membrane as the silicon wafers become

increasingly thin which was further evidence that the wafers were being thinned to the targeted



thicknesses. Our developed method for anodization is unique because rather than using
conventional “lift-off” methods [43], we utilize a PTFE dual tank etch cell to obtain large area
ultra-thin fully PSi membranes that are mechanically stable and can be readily integrated into
PDMS organ-on-chip devices. As previously discussed, we have the capabilities to generate PSi
membranes with varying pore sizes (~15.5 nm to 0.5 um in diameter), porosity, and thicknesses.
While outside the scope of this work, i.e., a proof-of-concept study, ongoing experiments are
focused on the evaluation of the formation parameter space of PSi membranes and their associated
properties (mechanical, biocompatibility, biodegradability, chemical stability) relative to

application in organs-on-a-chip.

The thickness, pore sizes and porosity of the fabricated PSi membranes described herein are
adjustable (i.e., tunable) and can be compared to previous studies utilizing different materials and
anodizing parameters. For example, porous nanocrystalline silicon (pnc-Si) membranes are
significantly thinner (10 to 50 nm) and have pore sizes that are only 3 to 80 nm in diameter and
exhibit a low level of porosity (15%) compared to the PSi membranes described in this study (50
— 76%) [37]. Track-etched membranes made from either polycarbonate (PC), poly(ethylene
terephalate) (PET) or polyester-sulfone (PES) also exhibit low pore densities and are limited in
terms of pore sizes (450 nm) compared to this study [44]. However, improved isoporous
membranes made from polyester have been reported with ten times greater porosity with pore sizes
ranging from 0.7 to 50 microns. Finally, other membrane separation copolymer materials, such as
gelatin methacrylate (GeIMA) and dextran glycidyl methacrylate (DexMA) have also been shown
to be tunable and have pore sizes ranging from 20 to 35 microns similar to the PSi membranes

described above [45].

Based on previously published literature [58], we sought to utilize a high current generator to
electrochemically bond the fabricated novel PSi membranes into PDMS devices that were
engineered to evaluate the biocompatibility, biodegradability, and overall potential of PSi
membranes in organ-on-chip technology. Using this model, cell adherence and viability were
observed and characterized in order to inform us about the potential of this membrane in an organ-

on-chip device.

Our data indicate that PSi provides an adherent, biocompatible surface for multiple cell types

(epithelial, endothelial and macrophage cells) that are viable over a two-week period in cell culture.



We observed increased cell adhesion onto PSi, which had increased surface roughness compared
to bulk silicon, possibly due to increased surface area or improved receptor interactions as seen in
previous studies [52]. Improved adhesion to macro- and nano-PSi substrates has been previously
reported using human aortic endothelial cells, which utilized small cell protrusions (pseudopodia)
to adhere to the macroporous surface [51]. Psuedopodia were observed on nano-PSi membranes

via SEM.

The vast majority of fabricated organ-on-a-chip devices use difficult-to-manufacture thin PDMS
membranes (~10-25 um) to create structural support between cell types [56]. One significant
difference in this study compared to previous PDMS organ-on-a-chip devices is that macrophages,
epithelial, and endothelial cells adhered directly to the PSi membrane. PDMS membranes require
both oxygen plasma treatment (to reduce hydrophobicity) and different extracellular matrix (ECM)
coatings (to enhance cell attachment) for proper cell seeding that have transient effects in culture
[56-58]. The PSi membranes fabricated in this paper did not require any additional treatments
prior to cell culture and no issues were observed with cell adhesion for up to 14 days. Therefore,
PSi membranes may be an alternative to current PDMS membranes. Compared to the hydrophilic
and biocompatible nature of PSi, the hydrophobicity of PDMS may lead to uncrosslinked PDMS
leaching from the surface into cell culture media and may absorb exogenous hydrophobic
molecules that may lead to potential problems during longer-term, chronic studies [28,30]. In
addition, future studies with PSi membranes may enable us to determine the extent to which cells

can secrete and create de novo ECM components possibly with the addition of pulmonary
fibroblasts.

During long-term culture, PSi was further thinned and penetrated by human macrophages through
an unknown biomechanical or biochemical mechanism. The remarkable dissolution of the PSi
surface observed in this study is in agreement with previous reports that indicate PSi and porous
nanocrystalline silicon can be dissolved in aqueous solutions (pH of 7 and 37 °C) over several days
[36]. Degradation of PSi has also been shown to be independent of material size, occurs in the
presence of cell culture components (FBS), occurs more quickly with unmodified PSi, and its
degradation products (silicic acid and orthosilicic acid) are non-toxic [59]. Indeed, PSi has been
used in nanomedicine therapeutic studies utilizing PSi nanoparticles, because they are dissolvable

structures that are biodegradable [60]. Cell attachment and movement through PSi of



undifferentiated THP-1 monocytes were evident during long-term culture (Fig. 7). THP-1
monocytes are sensitive to culture conditions that can alter THP-1 morphology as well as affect
their response to differentiation stimuli [61]. The adherence of the undifferentiated macrophages
was unexpected because these cells had not been exposed to PMA, which differentiates suspension
THP-1 monocytes into mitotically inactive macrophages [54]. Adherence to PSi may occur
through specific receptors, such as scavenger receptors that recognize specific repeating patterns,
and binding may provide intracellular signals that determine cell direction via actin polymerization
or important differentiation signaling [61]. Cellular forces for chemotaxis and adhesion have been
quantified in multiple studies and occur between 10 and 7000 piconewtons [62]. Therefore, future
studies will determine the extent to which biomechanical forces and biochemical pathways alter

PSi during long-term culture.
4. Conclusion

In summary, we report on a novel method to fabricate a viable, reproducible PSi membrane that
can be successfully integrated into PDMS-based organ-on-chip systems. This fabrication approach
yields flexibility in setting the morphological and structural characteristics of the thin PSi
membranes, such as pore diameter, porosity, and membrane thickness. Our study suggests that our
PSi membranes may provide an improved alternative tissue interface, as opposed to conventional
PDMS membranes used in current organ-on-chip technologies, because PSi membranes enable
direct cell adhesion to both sides of the PSi membrane and the PSi membrane biodegrades over
time. These advantages are due to the fact that cells do not readily remodel PDMS membranes
compared to dynamic organ systems where cells interact with extracellular interfaces and traffic
through tissue layers (i.e., immunological responses). Our model facilitates such interactions and
may in the future more accurately recapitulate these dynamic in vivo systems. The use of these
fabricated PSi membranes in organ-on-chip technology may allow for more accurate assessments
of potential therapeutics and further our understanding of human disease pathology. Future studies
will seek to understand and characterize multiple unique properties of the proposed PSi
membranes. Furthermore, we will also evaluate the efficacy of PSi membranes in complex
microfluidic organ-on-chip devices. Lastly, we will refine strategies to produce membranes that

mimic the anatomical distance (~1pum) between cellular populations at the alveolocapillary barrier.
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Figure S1. MATLAB image processing converting SEM images to grayscale, allowing percent
porosity to be calculated. (A) Example SEM top-down image of top nano-PSi membrane used in
image processing. (B) Image processing calculating an average percent porosity of 50.722%
porous and an average pore diameter of 15.5 nm = 6.21 nm for nano-PSi membranes. (C) Example
SEM top-down image of top macro-PSi membrane used in image processing. (D) Image
processing calculating an average percent porosity of 76.843% porous and an average pore
diameter of 0.469 pm + 0.210 pm for macro-PSi membranes.
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Figure S2. MATLAB image processing analyzing light intensity in SEM allowing for computed
surface topography depth maps to be generated. (A) Image processing of the top side of a through-
etched wafer used to generate a 2D depthmap. (B) 3D depthmap of the top side of a through-etched
wafer generated using 2D depthmap image processing. (C) Image processing of backside of a
through-etched wafer used to generate a 2D depthmap. (D) 3D depthmap of backside of a through-
etched wafer generated using 2D depthmap image processing.



Figure S3. A prototype microfluidic LOAC device with a PSi membrane that would allow for
independent seeding of both endothelial and epithelial pulmonary cells within their respective
regions. Dimensions are noted in Materials and Methods 2.6. (A) The fabricated PDMS
microfluidic device with independent channels visualized in blue and red. (B) Schematic of the
LOAC microfluidic design in an exploded view detailing the center culture well and PSi membrane
placement. (C) Schematic of LOAC microfluidic device from the top-down view detailing
connection points for the implementation of a fluid system.



