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Assays for initiating, controlling and studying endothelial cell behavior and blood vessel formation have
applications in developmental biology, cancer and tissue engineering. In vitro vasculogenesis models
typically combine complex three-dimensional gels of extracellular matrix proteins with other stimuli like
growth factor supplements. Biomaterials with unique micro- and nanoscale features may provide simpler
substrates to study endothelial cell morphogenesis. In this work, patterns of nanoporous, nanothin silicon
membranes (porous nanocrystalline silicon, or pnc-Si) are fabricated to control the permeability of an
endothelial cell culture substrate. Permeability on the basal surface of primary and immortalized endo-
thelial cells causes vacuole formation and endothelial organization into capillary-like structures. This
phenomenon is repeatable, robust and controlled entirely by patterns of free-standing, highly permeable
pnc-Si membranes. Pnc-Si is a new biomaterial with precisely defined micro- and nanoscale features that
can be used as a unique in vitro platform to study endothelial cell behavior and vasculogenesis.

� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Biomaterials with nanoscale dimensions and structures can be
used to control cell adhesion, morphology and function in vitro
and in vivo. Silicon is often used for nanomaterials because of its
simple, highly controllable, scalable and inexpensive manufactur-
ing. Work with porous silicon substrates has demonstrated that
nanostructured silicon is biocompatible for cell culture in vitro [1]
and as a cell support in vivo [2]. Since then, nanostructured silicon
biomaterials have been used in many biomedical applications:
membranes for immunoisolation of medical implants, particulates
for pharmaceutical delivery, imaging probes, and surface cues to
alter cell adhesion, morphology and inflammatory responses
[3–5]. Porous nanocrystalline silicon (pnc-Si) is a new type of
porous silicon characterized by nanoscale through-pores and nano-
meter thickness in defined, microscale free-standing membrane
areas. Tight control over pnc-Si pore diameters (�5–100 nm) allows
size-dependent separation of biomolecules and other nanoparticles
with size selectivity as low as 5.0 nm [6,7]. Experimental observa-
tions of biomolecule diffusion through porous membranes showed
good agreement with theoretical predictions [8]. The negligible
thickness (�5–60 nm) of pnc-Si membranes affords remarkably
high hydraulic and gas permeability [7,9]. These fundamental
properties make pnc-Si a unique nanomaterial for chemical,
biomolecule and nanoparticle separations.

Studies have established that pnc-Si, like porous silicon, is
biocompatible. Specifically, primary and immortalized mammalian
cells adhere to pnc-Si with an efficiency nearly identical to that of
common cell culture substrates such as glass and polystyrene [10].
The cells exhibited typical morphologies, proliferated normally and
remained viable after several days of culture [10]. Pnc-Si chips are
incorporated easily into plastic housings that mimic commercial
transwell cell culture devices. However, unlike commercial trans-
wells with 10 lm thick membranes, pnc-Si transwells boast a
nanometers-thick, highly permeable and optically transparent
pnc-Si membrane. The biocompatibility of pnc-Si membranes and
their molecular-scale thinness affords a unique opportunity to
create in vitro mimics of biological tissue. For example, in the
blood–brain barrier (BBB), astrocytic end feet are separated from
the abluminal surface of brain endothelial cells by �20 nm [11].
Many in vitro BBB models establish co-cultures of endothelial
cells and astrocytes on opposite sides of commercial transwell
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membranes [12,13] that are 1000� thicker than the in vivo spac-
ing. During development of a BBB co-culture model on pnc-Si
transwells with anatomically accurate separation (�30 nm)
between endothelium and astrocytes [11], interesting endothelial
cell behavior was discovered on nanoporous, nanothin pnc-Si
membranes.

In this work, endothelial cells were grown on 30 nm thick, free-
standing, nanoporous pnc-Si membranes patterned adjacent to
impermeable pnc-Si in custom transwell culture devices. Surpris-
ingly, endothelial cells were found to express vacuoles and orga-
nize into capillary-like structures in a manner that required
substrate permeability. Previously, such hallmarks of vasculogene-
sis were only seen when cells were grown in 3-D constructs of
extracellular matrix (ECM) proteins or hydrogels and with the
addition of pro-angiogenic growth factors [14–19]. The apparent
ability of pnc-Si membranes to trigger elements of the vasculogen-
esis program in endothelial cells without the addition of pro-angio-
genic conditions suggests that substrate permeability itself can
influence cell maturation and morphogenesis. The possibility of
controlling endothelial cell behavior with 2-D patterns of free-
standing pnc-Si membranes makes pnc-Si a new tool for in vitro
angiogenesis assays and for promoting vessel formation in tissue
engineering applications.
2. Materials and methods

2.1. Pnc-Si fabrication and transwell assembly

Pnc-Si membranes were fabricated using standard semiconduc-
tor processes, as described elsewhere [6] and in the online supple-
mentary material. Each silicon wafer was designed to yield �80
samples, or chips. Each chip contained two �2000 lm � 100 lm
slits with free-standing 30 nm thick pnc-Si membranes containing
pores with diameters �15 nm. The pnc-Si chips were secured in
custom-designed polypropylene housings (Harbec Plastics, Inc.,
Ontario, NY) to mimic the geometry of commercial transwell
devices (Fig. 1). Pnc-Si transwells were autoclaved before use.
2.2. Fabrication of microporous silicon nitride membranes

Microporous, nano-thin silicon nitride (SiN) membranes were
fabricated using semiconductor processing techniques similar to
previous reports [20,21] and further described in the supplemen-
tary material. The pores were patterned as 3 lm circles on a rect-
angular coordinate system with a 6 lm center–center spacing,
resulting in 22.7% porosity. The silicon nitride membrane was
50 nm thick. Chips were manually cleaved from the wafer and
inspected optically, by scanning and transmission electron micros-
copy (SEM/TEM).
2.3. Cell culture

Cell studies were performed with bEnd.3 mouse brain endothe-
lial cells [22] from ATCC (Rockville, MD, USA), primary human
umbilical vein endothelial cells (HUVECs; Microbiology & Immu-
nology Lab, University of Rochester Medical Center, Rochester,
NY, USA) and mouse embryo fibroblasts (3T3-L1, ATCC). Routine
cell culture was performed as described in the supplementary
material. After trypsinization, cells were seeded on the bottom sur-
face of transwells at 5 � 105 cells cm–2, allowed to attach and then
grown upside-down for all experiments (Fig. 1C). Cell culture on
pnc-Si transwells was compared to commercial PET Transwells�

with 0.4 lm pore diameters (Corning), or on tissue culture-treated
polystyrene (TCPS). On silicon nitride membranes with 3 lm pore
diameters, cells were seeded (2.5 � 106 cells ml–1) and grown for
3 days on SimPore CytoVu� imaging slides before analysis.

2.4. Live/dead staining

After specified growth periods, calcein-AM (2 lM) and ethidium
bromide (4 lM) were incubated with cells for 30 min in the dark at
21 �C. Cells were gently rinsed with Hanks’ balanced salt solution
(HBSS) and observed with an inverted epifluorescent Nikon Eclipse
TS-100F microscope equipped with a Cooke Sensicam HP cooled
CCD camera (20� objective). Phase contrast, green and red fluores-
cent images were acquired for each sample. Green and red chan-
nels were overlaid in ImageJ 1.4G, and free-standing pnc-Si areas
were delineated in Adobe Illustrator CS3. If needed, brightness
and contrast adjustment were applied to entire image files in Ima-
geJ before cropping in Adobe Photoshop CS3 for presentation. Vac-
uoles were counted on three different samples of free-standing
pnc-Si, supported pnc-Si, PET and TCPS, and data were presented
as the mean with standard deviations as error bars (Fig. 2D).

2.5. Vacuole experiments

To study nucleus–vacuole co-localization, bEnd.3 cells were
grown for 1 day on pnc-Si transwells and then stained with calce-
in-AM (2 lM) and Hoechst 33342 (1 lM). After rinsing with HBSS,
samples were observed with an inverted epifluorescent Zeiss Axio-
vert 200 M microscope equipped with a Cooke Sensicam cooled
CCD camera (20� objective). Phase-contrast, blue and green fluo-
rescent images were acquired for each sample.

To investigate fluid uptake into vacuoles, growth media with 6-
carboxyfluorescein (60 lg ml–1) was added to bEnd.3 cells imme-
diately after seeding. Cells were cultured for 1 day in this media
and then rinsed extensively in HBSS to remove unincorporated
dye. Phase-contrast and green fluorescent images were acquired
for each sample with the Nikon system.

The bEnd.3 cells were cultured on PET and pnc-Si transwells for
1 day in order to allow vacuole formation. To inhibit vacuole for-
mation, normal growth media was replaced with media containing
bafilomycin A1 (10 nM). After 1 day of culture in bafilomycin A1,
cells were stained with live/dead solution and observed with the
Nikon system.

To test whether permeability or membrane mechanics con-
trolled vacuole formation, the flat side of pnc-Si samples was
adhered to cloning rings with vacuum grease. Then, cells were
adhered to pnc-Si samples in media (�300 ll), and these cloning
ring samples were inverted into Petri dishes. To block the pnc-Si
permeability but maintain fluid on both sides of the cells, a drop
of media was applied to the well side and then limited to the well
volume (�300 nl) with a coverslip. Control samples were prepared
by attaching another cloning ring to the well-side of pnc-Si and fill-
ing it with media (�300 ll).

2.6. Diffusion measurements

Hydrogen peroxide (H2O2) and sodium fluorescein (NaF) diffu-
sion were studied with pnc-Si transwells. H2O2 (200 ll, 300 lM,
n = 3) or NaF (200 ll, 19.94 lM, n = 2) was added to the apical well
of transwells and allowed to diffuse across pnc-Si membranes into
the basolateral volume (1 ml) for 24 h. H2O2 concentrations in the
basolateral well (the ‘‘diffusate’’) were quantified with the Amplex
Red assay kit (Invitrogen). NaF concentrations were quantified by
measuring the fluorescence intensity (excitation/emission wave-
lengths = 485 nm/520 nm) of the basolateral well in a Tecan Infi-
nite 200 M fluorescence microplate reader. To study cytochrome
C diffusion, 400 ll of 2 mg ml–1 cytochrome C in PBS was added
to the apical well of pnc-Si transwells (n = 2), and PBS (40 ll)



Fig. 1. The transwell configuration and nanoscale structure of pnc-Si. (A) Bottom view of commercial PET (left) and pnc-Si (right) transwells for cell culture in 24-well plates.
(B) Geometry of an individual pnc-Si chip, which shows two slits of �2 mm � 0.1 mm free-standing pnc-Si surrounded by supported pnc-Si. (C) Side view geometry of pnc-Si
chip for cell culture. (D) Side view schematic of a transwell device with apical and basolateral volumes separated by membrane material and cultured cells. The relative height
of the apical and basolateral media volumes is not representative of all experiments with pnc-Si transwells. (E) SEM micrograph of broken and folded, free-standing pnc-Si
illustrates the �30 nm membrane thinness and nanoporous topography. (F) AFM scan of pnc-Si membrane illustrates the relatively monodisperse distribution of pnc-Si
nanopore sizes.
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was added to the basolateral side of the transwell. After 24 h at
4 �C, the protein concentration of the apical and basolateral vol-
umes was quantified by absorbance values at 410 nm. Control
transwells contained pnc-Si chips without membranes.
2.7. Statistical analyses

Calculated data were presented as mean values ± standard
deviations. In Fig. 2, a one-way ANOVA and Tukey post hoc analysis
determined differences with significance at P = 0.01. In Fig. 4,
differences between typical and low-porosity samples were
calculated by an unpaired t-test with significance at P = 0.01.
3. Results

3.1. Pnc-Si and pnc-Si transwells

Pnc-Si chips were assembled into custom transwell housings
that mimicked commercial devices like Corning Transwell� inserts
(Fig. 1A). Two rectangular slits designed to be 2000 lm � 100 lm
(actual area = 182,877.3 ± 67,047.2 lm2, n = 3 chips) defined the
highly permeable, nanoporous, nanocrystalline, free-standing
pnc-Si membrane (Fig. 1B). The remaining area, ‘‘supported pnc-
Si’’ (Fig. 1C), is also nanoporous and nanocrystalline but imperme-
able because it is supported on underlying layers of silicon and
SiO2. Pnc-Si transwells were assembled by securing pnc-Si samples
in custom biocompatible polypropylene housings such that free-
standing pnc-Si separated apical and basolateral media volumes
(Fig. 1A, C, D). The 30 nm ultrathin pnc-Si membrane (Fig. 1E) is
robust; pnc-Si transwells can be autoclaved and handled without
tearing. Before using samples for cell culture, pore size distribu-
tions of pnc-Si samples were quantified from either TEM micro-
graphs or atomic force microscopy (AFM) scans (Fig. 1F). Typical
pore diameters were 14.7 ± 2.1 nm with membrane porosity of
5.6 ± 2.1% (n = 3 chips, 100s of pores), and samples always exhib-
ited a sharp cut-off near the largest pore size.

3.2. Endothelial cells form vacuoles on free-standing pnc-Si

Interesting endothelial cell behavior was discovered when the
mouse brain endothelial cell line, bEnd.3, was cultured on the



Fig. 2. Vacuole formation in endothelial cells is determined by patterns of highly permeable, free-standing pnc-Si membranes. (A) Phase-contrast (top panel) and
fluorescence (bottom panel) images of bEnd.3 cells grown on pnc-Si transwells show non-fluorescent, well-defined regions, presumably vacuoles, within cells only on free-
standing membranes (delineated by white lines). Arrows specify vacuoles in two different cells. (B) On PET membranes, very few bEnd.3 cells expressed vacuoles within the
cytoplasm. (C) Cells cultured on impermeable tissue culture plastic had no vacuoles. (D) The number of ‘holes’, or vacuoles, expressed in cells per unit area of different culture
surfaces. There are more ‘‘holes’’ on free-standing pnc-Si than the other surfaces (F = 42.52, ⁄P < 0.01). Red fluorescence in (A–C) was from dead cells. Scale bars = 30 lm.
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underside of pnc-Si transwells. In phase-contrast images (Fig. 2A,
top), the free-standing pnc-Si membrane was transparent, which
revealed well-defined regions of unstained ‘‘holes’’ within cells.
Cells on free-standing and supported pnc-Si areas were visible in
fluorescent images (Fig. 2A, bottom), which showed that the
unstained ‘‘holes’’ (arrows) were limited to the free-standing
pnc-Si area (between the white lines). These unstained regions
were observed within 1 day of cell adhesion and persisted for more
than 2 weeks. In contrast, for cultures on commercial polyester
(PET) transwells with 0.4 lm pore diameters, 10 lm thickness
and �100� less permeability, very few unstained regions were
identified across the entire membrane area (Fig. 2B). Even fewer
unstained regions were found after growing cells for 2 weeks on
impermeable TCPS (Fig. 2C). For all surfaces, very few dead (red
fluorescent) cells were observed. The number of these unstained
regions on supported pnc-Si (1196.0 ± 810.7), free-standing pnc-
Si (56020.1 ± 8045.4), PET (8257.5 ± 11410.0) and TCPS
(1747.6 ± 363.8) was quantified (Fig. 2D, n = 3), which showed that
cell ‘‘holes’’ were highly localized on free-standing pnc-Si. Based on
their frequency and distribution within the cytoplasm of bEnd.3
cells, we hypothesized that these ‘‘holes’’ were vacuoles.

Several experiments confirmed that unstained ‘‘holes’’ in
bEnd.3 cells were vacuoles. The ‘‘holes’’ in the green fluorescent
cytoplasm (calcein AM) did not overlap with blue fluorescent
(Hoechst 33342) nuclei (Fig. 3A). On the other hand, the cell
‘‘holes’’ were loaded with the cell membrane-impermeant dye
6-carboxyfluorescein (6-CF, Fig. 3B). The cell ‘‘holes’’ were well
resolved in phase-contrast images (left panel). Co-localization of
a ‘‘hole’’ in phase contrast with green fluorescence from 6-CF (right
panel) suggested that 6-CF was pinocytosed by cells from the
culture media and concentrated within fluid-filled vacuolar mem-
branes. Other groups have used fluorescent dyes to label vacuoles
as well [14,23,24]. Low doses of the vacuolar-type H(+)-ATPase
inhibitor bafilomycin A1 (10 nM) prevented expression of the
unstained regions over free-standing pnc-Si (Fig. 3C) without alter-
ing cell morphology. Although some dead (red fluorescent) cells
were seen, overall cell viability remained high. Bafilomycin A1 also
inhibited drug-induced vacuole formation in endothelial cells [25]
and other cell types [26]. These complementary studies showed
that the ‘‘holes’’ in bEnd.3 cells over free-standing pnc-Si mem-
branes were vacuoles.

Primary HUVECs also displayed vacuoles after a day of culture
on pnc-Si (Supplementary Fig. 1A), while immortalized 3T3-L1
fibroblasts did not (Supplementary Fig. 1B). Thus, while the induc-
tion of vacuoles on pnc-Si was not a universal response, it was
characteristic of at least two types of vascular endothelial cells.
Interestingly, the fibroblasts also appeared to respond to pnc-Si.
These cells grew more densely and with 3-D structure only over
the free-standing membrane regions of the pnc-Si transwells
(Supplementary Fig. 1B).

3.3. Vacuole formation is a response to substrate permeability

We hypothesized that substrate permeability was the
environmental variable responsible for vacuole formation due to
trends in vacuole formation: bEnd.3 cells displayed many vacuoles
on highly permeable, free-standing pnc-Si, fewer vacuoles on
low-permeability polymer membranes and no vacuoles on



Fig. 4. Low porosity pnc-Si transwells induced endothelial vacuolization. (A)
Representative TEM micrographs of a typical pnc-Si sample with 15 nm average
pore diameter (top panel) and a low porosity pnc-Si sample with undetectable
pores (bottom panel). Scale bars = 50 nm. (B) The diffusion of selected small
molecules through typical and low-porosity pnc-Si samples, measured as the
percentage of the expected equilibrium concentration. Hydrogen peroxide is not
hindered in low-porosity pnc-Si (P > 0.70). A slightly larger small molecule, sodium
fluorescein (NaF), is slightly hindered (P = 0.03). By contrast, cytochrome C has a
larger hydrodynamic radius and diffused through typical pnc-Si but not through the
low-porosity pnc-Si sample (⁄P = 0.0049). (C) On the low-porosity pnc-Si sample
with undetectable pores, bEnd.3 cells expressed vacuoles over free-standing pnc-Si.
Scale bar = 30 lm.

Fig. 3. Unlabeled regions within live/dead-stained cells are vacuoles. (A) bEnd.3
cells stained simultaneously with green calcein-AM (live cell cytoplasm) and blue
Hoechst 33342 (nucleus) showed no overlap between unstained vacuoles and blue
nuclei. (B) Vacuoles in a phase-contrast image (left panel) were loaded with green
fluorescent 6-carboxyfluorescein, a fluid-phase marker, in an overlay image (right
panel). (C) Treatment of bEnd.3 cells with 10 nM bafilomycin A1, a vacuolar-type
(H+)-ATPase inhibitor, abrogated vacuole expression within 24 h. Scale
bars = 30 lm.

4674 B.J. Nehilla et al. / Acta Biomaterialia 10 (2014) 4670–4677
impermeable pnc-Si or TCPS. The first test of this hypothesis com-
pared vacuole formation on normal (Fig. 4A, top) and low-porosity
(Fig. 4A, bottom) pnc-Si samples. The low-porosity samples were
produced with lower annealing temperatures during pore forma-
tion [6,27]. TEM scans of low-porosity membranes showed no
through-pores, indicating that any pores in these membranes were
smaller than the TEM resolution (62 nm). Therefore, the pore size
was measured indirectly by examining the diffusion of a molecular
size ladder consisting of H2O2 (34 Da), NaF (383 Da) and cyto-
chrome C (13 kDa). The hydrodynamic radius of these molecules
was 0.16 nm [28], 0.46 nm [29] and 2.1 nm [30], respectively,
which was calculated via the Stokes–Einstein relationship and pub-
lished diffusion coefficients. Molecular diffusion measurements
(Fig. 4B) across low-porosity pnc-Si samples showed that H2O2

freely passed, NaF was slightly hindered, and cytochrome C did
not pass. This result suggests that low-porosity membranes have
pores �0.5–1 nm in diameter and are still highly permeable to
small molecules. By contrast, all three molecules easily passed
through normal pnc-Si. When bEnd.3 cells were grown on low-
porosity pnc-Si, they again displayed vacuoles over free-standing
membranes, although the vacuoles were less numerous than on
standard pnc-Si (Fig. 4C).
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To test if vacuole formation was specific to the pnc-Si material,
cells were grown on 50 nm thick microporous SiN (Fig. 5A). These
membranes were produced with photolithography techniques
developed by others [20,21], and they featured 2.90 ± 0.08 lm
pores (n = 3 chips, 12 pores). Although these microporous SiN
membranes have pore diameters �100� that of pnc-Si, they are
actually less permeable to small molecule diffusion than pnc-Si
with �15 nm pores. This is because pore density is the important
determinant of diffusion permeability of molecularly thin
membranes [8,31]. The bEnd.3 cells developed vacuoles on
free-standing SiN (but not on supported SiN) with roughly half
the frequency seen on pnc-Si (Fig. 5B). This result clearly indicates
that vacuole formation on molecularly thin membranes is not spe-
cific to nanoporous pnc-Si. Interestingly, although fewer vacuoles
were seen on microporous SiN than on nanoporous pnc-Si, the vac-
uoles were much larger, which may be related to the fact that SiN
membrane pores were also much larger.

Substrate deformability is an important determinant of cell
phenotype [32]. We therefore considered an alternative hypothesis
that vacuole formation was a response to the fact that free-
standing pnc-Si is more deformable than supported pnc-Si. To test
this idea, a coverslip was attached to the backside of a pnc-Si chip,
which reduced the basal fluid volume to �300 nl. Control samples
with hundreds of microliters of media on both sides of the pnc-Si
membrane expressed vacuoles (Supplementary Fig. 2A), but cells
grown on pnc-Si with blocked basal permeability did not express
Fig. 5. Vacuole formation is not specific to pnc-Si. (A) TEM micrograph shows 3 lm
diameter pores and 6 lm pore to pore spacing of silicon nitride (not pnc-Si)
microporous membranes. Scale bar = 10 lm. (B) Calcein AM-stained b.End3 cells
expressed vacuoles only on free-standing microporous silicon nitride. Scale
bar = 100 lm.
vacuoles (Supplementary Fig. 2B). Since blocked and control mem-
branes have the same deformability but elicit different vacuole
expression behaviors, a difference in membrane compliance is
not responsible for vacuole formation.

One additional piece of evidence suggested that substrate per-
meability was responsible for vacuole formation in bEnd.3 cells.
When free-standing pnc-Si areas were limited to squares about
the size of a cell (1750 mm2), vacuoles formed only in the few cells
that were either on top of the free-standing membrane or immedi-
ately adjacent to it (Supplementary Fig. 2C). The adjacent cells
expressing vacuoles may have responded to the nearby substrate
permeability or may have recently migrated away from the free-
standing patch. Thus, the induction of vacuoles in endothelial cells
is a highly localized, single-cell response to substrate permeability.
3.4. Tubule formation after prolonged culture on pnc-Si

After several days of bEnd.3 growth and vacuole expression on
pnc-Si transwells, endothelial cells self-assembled into capillary-
like structures and branched networks that followed the free-
standing membrane geometry (Fig. 6A). These organized cells
extended for hundreds of microns. Higher-resolution images of
these structures showed that vacuoles in neighboring cells were
directly apposed and elongated (Fig. 6B). Such images suggest a
process of vacuole coalescence and lumen formation between adja-
cent endothelial cells reminiscent of lumen formation in vivo [23].
The presence of vacuoles, nascent lumens and organized, multicel-
lular structures on pnc-Si transwells also closely resembles the
capillary-like structures created by in vitro tubulogenesis assays
[14,15,17,23,33]. However, endothelial cell morphogenesis on
pnc-Si transwells was elicited without the commonly used media
supplements of pro-angiogenic factors (i.e. VEGF, phorbol
myristate acetate) [15,34,35].

Interestingly, fibroblasts did not form vacuoles or tubules when
cultured on highly permeable pnc-Si, but they—like endothelial
cells—did respond by forming a 3-D culture structure over the
free-standing membrane. Thus basal permeability may induce
phenotype changes in multiple cell types, but the specific
response depends on the cell type and its function in native tissue.
In the case of endothelial cells, high basal permeability appears to
Fig. 6. Endothelial cells form tubes on pnc-Si transwells. (A) The bEnd.3 cells
organized into 2-D tubes with closely apposed vacuoles, and were aligned with
free-standing pnc-Si membrane areas. (B) Higher magnification of bEnd.3 on a pnc-
Si transwell shows elongated endothelial cells with adjacent vacuoles (arrows) and
branched structures. Scale bars = 30 lm.
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be a trigger for blood vessel formation. With fibroblasts, high basal
permeability appears to trigger cell proliferation, which is also seen
in healing tissue.
4. Discussion

While our previous study established pnc-Si as a viable cell cul-
ture substrate with cell adhesion and growth properties similar to
glass [10], cells were not grown in a transwell format. Therefore,
the impact of the high permeability of pnc-Si membranes [6] on
cell behavior was not revealed. Here pnc-Si chips were suspended
in custom-made transwell housings. Endothelial cells displayed
vacuoles on regions of the chip where the membrane was free-
standing but not in flanking regions where the pores of the mem-
brane were blocked by the underlying silicon. Vacuoles were also
seen when endothelial cells were cultured on permeable polymer
and SiN substrates, but the degree of vacuole formation varied
directly with substrate permeability. Both HUVECs and bEnd.3
endothelial cells responded to the free-standing membrane by dis-
playing vacuoles but fibroblasts did not. After a few days, the endo-
thelial cell culture appeared to undergo tubulogenesis with
nascent vessels emanating from the free-standing membrane
regions. Interestingly, fibroblasts appeared to proliferate and grow
vertically over the free-standing membrane. These results suggest
that basal permeability is an underappreciated microenvironmen-
tal parameter important for eliciting more tissue-like phenotypes
in cell cultures.

Inspired by extensive literature documenting the impact of sub-
strate compliance on cell phenotype [32,36,37], we considered an
alternative hypothesis that cells were responding to the ‘‘softness’’
of the freely suspended pnc-Si membrane. We ruled this out by
attaching a coverslip to the back of the pnc-Si chip, which limited
the basal volume to �300 nl (Supplementary Fig. 2). This approach
effectively ‘‘chokes’’ off the basal permeability without changing
membrane mechanics. Because no vacuoles were seen in cells on
these modified transwells, the results point again to substrate per-
meability, not mechanics, as the environmental variable that leads
to vacuole formation.

We also considered evidence that the hydraulic permeability of
pnc-Si created conditions of continuous transcellular flow [38] and
resulted in vacuole formation. In vivo, transcellular flow across cell
monolayers can result from interstitial flow, which induces vacuole
formation and capillary-like structures in human endothelial cells
[17,19,39]. In our experiments, an imbalance in the media heights
between apical and basolateral chambers of the transwells (e.g.
hydrostatic pressure) inadvertently could result in transcellular
flow. However, several experiments showed that transcellular flow
is not the trigger of vacuoles in our experiments. First, b.End3 cells
expressed vacuoles on low-porosity membranes with <2 nm pores
(Fig. 4). Given the transwell dimensions, the maximum transcellu-
lar flow across these low-porosity pnc-Si membranes was
�0.2 lm s–1. Much higher interstitial flow rates (10 lm s–1) were
used to induce vacuole formation in vitro [17,19,39], and hence
the 0.2 lm s–1 flowrate of pnc-Si was an unlikely cause of vacuole
formation. Furthermore, b.End3 cells expressed vacuoles on pnc-Si
membranes with hydrostatic fluid flow blocked by a coverslip
(Supplementary Fig. 2). Second, b.End3 cells expressed vacuoles
on microporous SiN membranes (Fig. 5) even though the high
hydraulic permeability of SiN membranes prevented an imbalance
in media heights. Finally, while a basal to apical flow direction is
necessary to induce vacuoles [38], vacuoles appeared regardless
of the orientation of cells in the transwell (data not shown). There-
fore, the high diffusive permeability of the membranes, not trans-
cellular flow due to hydraulic permeability, appears to be the
determinant of vacuoles in our studies.
The mechanisms by which permeability at the basal surface of
cultured endothelial cells could trigger vacuole and tube formation
are not yet clear. It is possible that when endothelial cells are
grown on impermeable substrates such as TCPS or supported
pnc-Si, biomolecules could be concentrated at basal cell surfaces
and inhibit vacuole formation. By contrast, on permeable sub-
strates such as free-standing pnc-Si or 3-D gels of ECM, these
inhibitory factors could diffuse from the basal surfaces, thus
enabling vacuole formation. For example, thrombospondin-1
(TSP-1) acts as an antiangiogenic signaling factor by binding to
endothelial integrin receptors (i.e. CD36) and inhibiting many hall-
marks of vasculogenesis [35,40]. TSP-1 is a large molecule (> 100
kD) however, and cells expressed vacuoles on low-porosity mem-
branes with maximum pore sizes of <2 nm (<10 kDa). This result
(Fig. 5) points to small protein fragments or peptide inhibitors of
angiogenesis that are smaller than �2 nm, rather than large pro-
tein inhibitors such as TSP-1. Peptide sequences with antiangio-
genic activity have been identified on a multitude of larger
proteins [41,42], and these can be smaller than the �2 nm cut-off
identified in our studies. For example, a �150 amino acid domain
of human histidine-rich glycoprotein (HRGP) has antiangiogenic
activity in vivo, and can be cleaved endogenously from the larger
HRGP protein via proteolytic activity [41]. The diffusion of antian-
giogenic peptides or protein fragments from basal cell surfaces,
enabled by substrate permeability, may be a key factor in driving
vacuole and lumen formation in many angiogenesis assays.
5. Conclusions

This work showed an intriguing and physiologically relevant
response in cultured endothelial cells that was specific to pnc-Si
transwells. Unlike cells grown on less permeable substrates such
as TCPS or polymer membranes, endothelial cells on pnc-Si trans-
wells expressed vacuoles and formed multicellular networks that
resembled capillary-like structures. These cells responded to the
permeability of free-standing, nanoporous and nanothin pnc-Si
membranes but not the membrane compliance or transmembrane
fluid flow. Permeability at basal surfaces of endothelial cells may
have allowed the dilution of an angiogenesis inhibitor, which we
predict to be <2 nm. Pnc-Si transwells promoted vacuole and tube
formation despite the lack of specialized stimuli (i.e. growth fac-
tors) in the cell culture media or 3-D ECM gels. Therefore, pnc-Si
transwells are new, simpler devices with unique micro- and nano-
structures that can be used to investigate how basolateral perme-
ability alters cell behavior and morphology.
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Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Figs. 1–6 are difficult
to interpret in black and white. The full color images can be found
in the on-line version, at http://dx.doi.org/10.1016/j.actbio.2014.
07.022.
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