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Abstract

A fully effective prosthetic heart valve has not yet been developed. A successful tissue-engineered
valve prosthetic must contain a scaffold that fully supports valve endothelial cell function.
Recently, topographic features of scaffolds have been shown to influence the behavior of a variety
of cell types and should be considered in rational scaffold design and fabrication. The basement
membrane of the aortic valve endothelium provides important parameters for tissue engineering
scaffold design. This study presents a quantitative characterization of the topographic features of
the native aortic valve endothelial basement membrane; topographical features were measured,
and quantitative data were generated using scanning electron microscopy (SEM), atomic force
microscopy (AFM), transmission electron microscopy (TEM), and light microscopy. Optimal
conditions for basement membrane isolation were established. Histological,
immunohistochemical, and TEM analyses following decellularization confirmed basement
membrane integrity. SEM and AFM photomicrographs of isolated basement membrane were
captured and quantitatively analyzed. The basement membrane of the aortic valve has a rich, felt-
like, 3-D nanoscale topography, consisting of pores, fibers, and elevations. All features measured
were in the sub-100 nm range. No statistical difference was found between the fibrosal and
ventricular surfaces of the cusp. These data provide a rational starting point for the design of
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extracellular scaffolds with nanoscale topographic features that mimic those found in the native
aortic heart valve basement membrane.

INTRODUCTION

Aortic valve disease, which can lead to heart failure, constitutes a high percentage of
cardiovascularrelated deaths. Every year approximately 60,000 mechanical and bioprosthetic
aortic heart valve replacements are implanted in the United States and 170,000 worldwide.!
Implantation of mechanical and bioprosthetic valves is the most commonly utilized method
for the treatment of heart valve disease. Although mechanical heart valves perform well,
long-term they are associated with thrombogenic responses, necessitating life-long
anticoagulation therapy for recipients.2 Bio-prosthetic heart valves have superior
hemodynamic characteristics but are limited by their short lifespan and tendency to calcify.?
Neither current therapy for heart valve replacement addresses the need for growth potential
in patients, specifically in pediatric aortic heart valve replacements. Therefore, current
research trends are focusing on the development of tissue-engineered heart valves (TEHV).
This study seeks to optimize parameters for the scaffold design aspect of TEHV, and, in
particular, the characterization of design parameters that will optimize endothelial cell
growth on the scaffold surface. Topography of the aortic heart valve basement membrane is
an essential scaffold design parameter that has not yet been addressed.

The basement membrane, located on the ventricular and fibrosal sides of the heart valve, is a
thin (20-100 nm), self-assembled, sheet-like structure through which the endothelial cells
associate with the underlying stromal elements. The basement membrane provides structural
support, divides tissues into various compartments, and regulates cell behavior.3# Previous
research has established that basement membranes are comprised mainly of extracellular
matrix proteins, proteoglycans, and glycoproteins, such as collagen (type 1V) and laminin.3
The basement membrane also serves as a reservoir for soluble trophic factors. Detailed
analysis of corneal and bladder basement membranes documented a rich three-dimensional
(3-D) architecture consisting of a meshwork of pores, fibers and elevations.6=9 In addition to
its structural role, the basement membrane influences cellular behavior by providing a
suitable topography for cellular attachment.

The study of cellular response to micro-topography has been substantiall®-1%; however,
recent work has demonstrated that the basement membrane is composed of nanoscale
features and that the major impact of topographic cueing occurs with these nanoscale
features.16:17 Previous studies have shown that contact with nanoscale features increases
both cell density!8 and cell spreading during the initial cell culture stages. This creates a
more biomimetic confluent layer of endothelial cells than that observed on smooth
surfaces.1® Nanoscale topographic features have recently been shown to modulate cell
adhesion, spreading, focal adhesion formation, orientation, proliferation, differentiation, and
migration in other cell lines.16:17.20 Syrface elevations ranging between 13 and 95 nm have
been shown to increase endothelial spreading, with the largest cellular response seen on the
smallest 13 nm feature sizes.2! Nanoscale roughness also enhances adhesion and growth of
endothelial cells.22 Identification of the nanoscale basement membrane surface topography,
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upon which the endothelial cells of the aortic heart valve grow, provides a rational basis for
TEHYV scaffold design.

This paper reports on a technique for de-endothelialization of the aortic heart valve that
preserves the integrity of the basement membrane. The process by which two independent
but complementary imaging techniques, scanning electron microscopy (SEM) and atomic
force microscopy (AFM), were used to investigate features of the basement membrane, such
as pore depth, pore diameter, fiber diameter, and elevation height, is also reported. The
ventricular and fibrosal surfaces of the valve are exposed to differing forces as the valve
opens and blood leaves the heart; therefore, the study also investigated whether these
differing conditions are reflected in the size or type of topographical features of the
basement membrane.

MATERIALS AND METHODS

Aortic heart valves were harvested from 12- to 18-month-old market-weight pigs and
dissected within 90 min of slaughter. All cusps were washed in Sorenson's buffer prior to
removal of the endothelium. All reagents, unless otherwise stated, were purchased from
Sigma-Aldrich (Dublin, Ireland). A schematic detailing the experimental procedure is
provided in Figure 1. Preliminary studies on the removal of endothelial cells from the valve
cusp, adapted from Abrams et a/.,%-%:23 involved varying combinations of
ethylenediaminetetraacetic acid (EDTA) concentrations (1.5-7.5 mM) and incubation times
in EDTA (5-180 min). The effects of sonicating (Brandson 3150, Branson Ultrasonics BV,
Eemnes, The Netherlands) at a current of 2 A during the cellular removal process was also
investigated. Following de-endothelialization all cusps were fixed for 2 h in either 2%
glutaraldehyde/Sorenson's for SEM, AFM, and TEM analysis or 4% paraformaldehyde/
phosphate-buffered saline (PBS) for light microscopy. Control cusps (not exposed to EDTA
or sonication) were fixed identically immediately following dissection.

Verification of basement membrane integrity

Histological examination was carried out on both de-endothelialized (r7= 2) and control
samples (7= 2) in order to confirm the effectiveness of the cellular removal technique.
Tissues were fixed and processed using standard techniques,’” embedded in paraffin,
sectioned at 6 4m, and stained with hematoxylin and eosin (H&E), Verhoeff's elastic,
Masson's trichrome, and Alcian blue with periodic acid Schiff (PAS). The H&E stained
sections were used to evaluate the efficiency of the endothelial cell removal technique while
the other stains allowed investigation of the integrity of the remainder of the cusp tissue
following the de-endothelialization process.

Immunolabeling for laminin, a basement membrane component, was also carried out on
frozen sections of both de-endothelialized (7= 2) and control (r7= 2) cusps to evaluate the
integrity of the basement membrane following EDTA treatment. Cusps were cryopreserved
in 20% sucrose/PBS for 12 h at 4°C following paraformaldehyde fixation. Tissues were
embedded in Tissue Freezing Medium (Triangle Biomedical Sciences, Durham, NC) and
sectioned at 6 4m. For immunhistochemical staining, sections were blocked with 3% normal
goat serum (NGS)/PBS and incubated for 30 min. Sections were labeled with 50 L of 1:40
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dilution of rabbit anti-laminin (Sigma-Aldrich, St. Louis, MO) for 1 h followed by 30 min of
incubation in goat anti-rabbit (IgG) secondary antibody (Alexa Fluor 594, Molecular Probes,
Eugene, OR) at a concentration of 1:1000. Sections were counterstained with a nuclear dye,
4’-6-diamidino-2-phenylindole (DAPI), for 30 min. All incubations were carried out at room
temperature in a moisture chamber. Frozen sections of human cornea were used as a positive
control for laminin staining, and sections stained with secondary antibody alone were used
as a negative control. Slides were viewed using rhodamine and DAPI filters on a
fluorescence microscope (Axiovert 200M, Zeiss, Thornwood, NY).

Glutaraldehyde-fixed de-endothelialized (7= 3) and control cusps (7= 1) were examined by
transmission electron microscopy. Asymmetrical samples (~2mm*3mm), cut from the
central region of the cusps, allowed the fibrosal and ventricular surfaces of the cusp to be
distinguished following processing. Samples were rinsed in Sorenson's buffer following
initial glutaraldehyde fixation. Prior to resin infiltration, samples were post-fixed in 2%
osmium tetroxide/Sorenson's for 1 h, dehydrated through several exchanges in graded
alcohol (30-100%), rinsed in propylene oxide, and infiltrated in a 1:1 mixture of propylene
oxide and resin overnight. The resin used was an approximate 1:1 mixture of Epon and
Spurr (Polysciences, Warrington, PA), and samples were infiltrated in 100% resin following
three to four 45 min washes. The samples were then embedded in resin-filled molds and
allowed to harden overnight. Sections of 70-80 nm were cut using an ultramicrotome. To
enhance the contrast of the TEM images, sections were stained with uranyl acetate for 10
min and then with lead citrate for an additional 10 min. Photomicrographs at various
magnifications were taken (Philips CM120 TEM, Eindhoven, The Netherlands). Five
photomicrographs from the fibrosal and ventricular sides of each sample were taken at a
magnification of 30,000x. Photomicrographs of control and de-endothelialized samples were
compared.

Scanning electron microscopy

Asymmetrical sections of de-endothelialized (7= 3) and control cusps (n7= 1), as described
for TEM analysis, were also used for SEM analysis. Two samples from the central region of
each cusp were dehydrated in graded alcohols (30-100%) followed by several 15 min
exchanges in absolute alcohol and critical point dried in CO,. Samples were mounted on
carbon stubs, and a 4 nm coating of gold was then applied using the ion-beam sputter coater
(VCR Group, San Francisco, CA). A low-voltage, high-resolution SEM (S-4700 Hitachi
Scientific Instruments, Berkshire, England) was used at 15 kV to capture images at various
magnifications ranging from 300 to 30,000 x. Stereo pairs at +5° and at a magnification of
30,000% were also taken from the de-endothelialized samples. Three-dimensional
measurements of the basement membrane, such as elevation heights and pore depths, were
quantified using the formula:

Z 5 P/2Sin(a/2)

where Z is the feature height, P is the parallax, and « is half of the angle of the stereo pair.
Three random areas on both sides of each de-endothelialised sample were examined,
resulting in 18 sets of stereo pairs. From each of the 18 stereo pairs, 10 pore depth and 10

Tissue Eng. Author manuscript; available in PMC 2016 April 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

BRODY et al.

Page 5

elevation height measurements were calculated, and from the 0° image of each stereo pair 10
fiber diameter and 10 pore diameter measurements were taken using image analysis software
(Image Pro, Media Cybernetics, Berkshire, England). All measurements were taken from
random locations on the images, and statistical tables were used to choose the random
location.

SEM photomicrographs taken at a magnification of 2,000 x were also used to quantify the
effects of the de-endothelialization treatment in terms of percentage decrease in the number
of cells on the valve surface. Both sides of control (7= 1) and de-endothelialized (7= 3)
samples were examined, and three photomicrographs were captured per side. Cells in each
photomicrograph were then counted and the number of cells present on de-endothelialized
samples was compared to those of control samples.

Atomic force microscopy

RESULTS

Atomic force microscopy (AFM) images of the fibrosal and ventricular surfaces of 2%
glutaraldehyde fixed de-endothelialized and control cusps were captured (/7= 3) (NanoScope
I1la Multimode, Digital Instruments, Santa Barbara, CA). Images were acquired in tapping
mode in solution using a commercially available liquid cell (Digital Instruments) with 120
4m oxide sharpened silicon nitride V-shaped cantilevers. The nominal spring constant of the
cantilever was 0.35 N/m. Tissue samples were attached to the puck using a small drop of
adhesive (Loctite, Super BonderR 495 Instant Adhesive, Rocky Hill, CT), which was
allowed to dry for several minutes. A small drop of buffer PBS placed on the top surface of
the tissue prior to assembling the liquid cell prevented tissue dehydration. Images for each
sample were obtained on the basement membrane surface, one image of the fibrosal side and
one image of the ventricular side, and were collected with the J scanner, which has a
maximum range of 125 gm by 125 um, operating at a scan rate of 2 Hz. The images were
collected with 256 data points per line. All measurements were obtained in PBS, samples
were taken from the central region of the cusp, and images were captured of random
locations. Dimensional measurements such as pore depth, elevation height, fiber diameter,
and pore diameter were taken using image analysis software (Image Pro).

Verification of basement membrane integrity

Varying conditions for effective de-endothelialization were assessed, and it was established
that optimal conditions for endothelial cell removal on the porcine aortic valve cusps were

15 min in 2.5 mM EDTA followed by 1.5 min of sonication at 2 A in 2.5 mM EDTA. Both
histological and immunohistochemical analyses verified that the basement membrane was

not damaged as a result of the de-endothelialization process.

Sections of porcine aortic valve from control and EDTA treated tissues were stained with
H&E to investigate the overall tissue integrity and presence or absence of endothelial cells.
Our observations indicated that the monolayer of endothelial cells present on the control
samples is predominantly removed post de-endothelialization (Fig. 2). Examination of
sections stained with Masson's trichrome, Verhoeff's elastin, and Van Gieson stain verified
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the preservation of normal cusp stromal anatomy following de-endothelialization. Alcian
blue with PAS is a commonly used stain for the basement membrane. The periodic acid, a
strong oxidizing agent, is thought to liberate aldehydes from polysaccharides, thereby
allowing the Schiff reaction to stain the sites of liberation on the polysaccharides. It is
believed that reticular fibers are the PAS-positive component of the basement membrane.24
Examination of alcian blue with PAS-stained sections verified that the integrity of the
basement membrane was preserved following de-endothelialization (Fig. 3).

An antibody to laminin, an established basement membrane component, was used to
thoroughly characterize the presence of intact basement membrane. Frozen sections of both
control and de-endothelialized sections stained with anti-laminin stained positive in both de-
endothelialized and control cases, further confirming the presence of a continuous layer of
basement membrane following EDTA treatment.

TEM photomicrographs taken at magnifications ranging from 1,000 to 30,000 x prior to and
following basement membrane isolation provided further confirmation of the successful
removal of the endothelial cell monolayer and preservation of the basement membrane layer.

Characterization of basement membrane topography

SEM photomicrographs provided high-magnification images of the rich nanoscale
topography of the basement membrane surface on both sides of the aortic heart valve. Figure
4A highlights three layers of the heart valve: a monolayer of endothelial cells lying on the
basement membrane and the underlying extracellular matrix. The basement membrane, as
indicated by the square on Figure 4A, was examined at higher magnifications (Fig. 4B). The
photomicrographs taken at 30,000 x were used in conjunction with image analysis software
to quantify features such as pore diameter and fiber diameter on the surface. Pore diameters
measured ranged from 7 to 98 nm, with an average of 32 £ 2 nm and 28 + 4 nm on the
ventricular and fibrosal sides, respectively. Fiber diameters ranging from 6 to 94 nm with
averages of 28 + 3nm and 30 = 2 nm on the ventricular and fibrosal sides, respectively, were
measured (Table 1). Pore depth and elevation height measurements were taken using the
stereo pair images, which formed “virtual” 3-D images of the basement membrane
topography. For each feature type analyzed, ten measurements were taken from each image,
resulting in a total of 30 measurements from each side of each sample. Pore depths ranged
from 4 to 89 nm, with an average of 22 + 13 nm and 22 + 14nm on the ventricular and
fibrosal sides, respectively, and elevation heights ranged from 4 to 71 nm, with averages of
26 + 13 nm and 22 £ 11 nm on the ventricular and fibrosal sides, respectively (Table 1).
Student ztests verified that there is no statistical difference (p < 0.05) between feature sizes
on the fibrosal and ventricular sides for any feature type analyzed. Additionally SEM images
were used to quantify the percentage of cells removed through the cellular removal
technique. It was found that 80% of the cells were removed from the surface of the cusp
following de-endothelialization.

Atomic force microscopy was performed as a complimentary technique to increase the
robustness of the quantitative data set. The use of both SEM and AFM decreases the
potential for introduction of confounding variables associated with either method
individually. For each feature type analyzed 10 measurements were taken from each image
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(Fig. 5). Overall, mean pore diameter was 25.8 + 3 nm with a range of 8 to 59 nm and mean
fiber diameter was 32.4 + 1 nm with a range of 24 to 51 nm. Overall, mean elevation height
and pore depth measurements were 2.8 £ 0.04 nm and 5.7 = 0.3 nm, respectively, and
measurements for elevation height and pore depth ranged from 1 to 10 nm and 2 to 10 nm,
respectively. No statistical difference (p < 0.05) was found between the two surfaces. Similar
findings to those found with the SEM were found using AFM; all feature sizes were in the
sub-100 nm range.

DISCUSSION

The removal of the endothelial layer of the porcine aortic valve without damage to the
underlying basement membrane was critical to successfully characterizing the basement
membrane topography. Various methods of removing cells from basement membranes have
previously been investigated. Spurr and Gibson?3 carried out ultra-structural and
immunohistochemical studies to compare the effects of dispase Il and EDTA on the
basement membrane zone of corneal epithelium. It was found that although dispase I, a
bacterial neural protease, facilitates the removal of intact sheets of epithelium, EDTA cleanly
separates the epithelial sheets from the basal laminae of the basement membrane. As an
alternative method, Bjorling et a/2 investigated the effectiveness of removing venous
endothelium by the passage of a current of air over the cellular layer. It was reported that this
is an efficient method of removing the endothelial cells since it did not affect the integrity of
the underlying smooth muscle layer; however, the impact that this method has on the
integrity of the basement membrane layer was not reported. De-endothelialization studies
detailed in this paper were based on previous research by Abrams et a/.,%-9 where basement
membrane isolation was successfully optimized for rhesus macaque bladder and for rhesus
macaque, human, and canine cornea. The cellular layer lining these organs is similar to the
delicate endothelial monolayer overlying the aortic valve basement membrane. The best
conditions for de-endothelialization of the aortic valve cusp surface represented the optimum
balance between cell removal and preservation of basement membrane integrity. Using
optimized parameters, 80% of endothelial cells on the valve surface were removed.

Two distinctly different but complimentary imaging techniques, AFM and SEM, were used
to quantitatively examine features in the basement membrane surface topography. These
techniques each have their own specific advantages and were used in tandem to minimize
the possible introduction of confounding variables associated with preparation techniques,
such as fixation and dehydration. SEM lends itself to examining a large number of samples
while AFM allows for basement membrane topographical analysis in the more
physiologically relevant liquid state. Although glutaraldehyde was used to preserve samples
for both techniques, previous studies in which an x-ray microscope was used to compare
changes in morphology of various glutaraldehyde fixed and unfixed samples found that
shrinkage due to glutaraldehyde fixation was below 15%.26 A strong correlation was found
between the two techniques for pore and fiber diameter measurements. SEM measurements
for pore depth and elevation height were on average smaller than SEM measurements for
pore and fiber diameters, a trend which, although more pronounced, is also reflected in the
AFM results. Measurements, captured by both techniques, highlight the lack of uniformity
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in basement membrane features and provide an accurate indication of the nanoscale
environment in which endothelial cells on the heart valve surface grow in vivo.

The feature sizes of pore diameters, fiber diameters, and elevation heights reported for
endothelial basement membranes from the human, macaque, and canine corneas, as well as
the macaque bladder, were greater than those found for the aortic valve basement membrane.
For the human and canine corneal endothelial basement membranes, reported mean feature
sizes ranged from 31 (mean fiber diameter) to 192 nm (mean elevation height) and from 15
(mean fiber diameter) to 115 nm (mean elevation height), respectively.5:9 Mean feature sizes
on Matrigel (Collaborative Research, Bedford, MA), a commercially available basement
membrane-like substrate, lay between 69 and 162 nm.” All aortic valve cusp basement
membrane mean feature sizes were in the sub-100 nm range (Table 1). Mean fiber diameters
measured in all studies were similar, which may be the result of the same fibrous basement
membrane components, such as collagen or laminin, present in all basement membranes
regardless of tissue or species.

Smaller pore diameters and elevation heights on the aortic valve basement membrane may
be associated with differing environmental conditions and cell turnover rates. Differing,
location-specific functions of endothelium may also play a role in the relationship between
the endothelial cells and the basement membrane topography; in the cornea, endothelial cells
and their underlying basement membrane (Descemet's membrane) are primarily responsible
for pumping excess water from the cornea, while in the aortic heart valves, the endothelial
cells and basement membrane primarily reduce thrombogenicity, thereby preventing
coagulation of the blood.

As the aortic heart valve opens, the ventricular surface of the cusp is exposed to the full
force of shear stress from systolic blood flow while the fibrosal surface is protected. It was
therefore suspected that the basement membrane topography may reflect these differing /n
vivo conditions. However, no statistical difference was found between the two surfaces for
any basement membrane feature analyzed. Our findings indicate that the difference in shear
stress exerted on the two cusp surfaces, caused by the thrust of the blood out of the right
ventricle during systole, does not influence basement membrane topography. These findings
are supported by a study carried out on endothelial cell orientation on the aortic valve
cusp.2” Results of this study showed that endothelial cell orientation on the cusp, like
basement membrane topography, is not a function of shear stress: cellular orientation on
both the ventricular and fibrosal sides of the cusp is in the circumferential direction, and
therefore, perpendicular to the direction of blood flow.

Vascular endothelial cells interface with a basement membrane characterized by complex
nanoscale topography. Individual endothelial cells interact with thousands of individual
topographic features. The fact that biologic length scale topographic features have been
shown to strongly modulate a variety of fundamental cell behavior in diverse cell
types6:17.28 suggests that the incorporation of biologic length scale features should be
considered in tissue engineering of scaffolds for use in development of valve equivalents. A
study on epithelial cell response to a ridge and groove type substratum with pitches ranging
from 400 to 4000 nm suggests that improved valve equivalent performance may be realized
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through implementing this approach.1® Findings indicated that at a pitch of 400 nm cells
were aligned and elongated with the ridges, while at a pitch of 4000 nm effects of
topography were lost. Similarly, when cells were exposed to flow, those on the 400 nm pitch
surfaces adhered more tightly than those on the 4000 nm pitch surfaces. Cells clearly
respond to the topography on which they are grown and may be more likely to grow a
confluent, fully functional, physiologically similar layer of cells on a surface with which
they are familiar.

Recent studies have suggested that that absence of a viable layer of endothelial cells on the
basement membrane of bioprosthetic heart valves may be one cause of calcification and
subsequent valve failure.2%:30 Hence, incorporation of the natural topography on which
aortic heart valve cells grow /7 vivo may prove critical in scaffold design for TEHV.
Characterization of basement membrane topography has revealed that this layer is a rich 3-D
lattice of nanoscale-sized fibers, pores, and elevations, and through this characterization,
important design parameters have been elucidated, thereby providing a rational starting point
for design of scaffolds for tissue engineering the aortic valve.
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FIG. L.

Schematic of the steps in characterizing the basement membrane topography of the porcine
aortic heart valve.

Tissue Eng. Author manuscript; available in PMC 2016 April 04.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

BRODY et al.

FIG. 2.

Histological sections of control (a) and de-endothelialized (b) cusps stained with H&E.
There is a noticeable absence of endothelial cells on the surface of the de-endothelialized
tissue. Cells on the surface of the control are indicated by arrows. (magnification x 200)
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FIG. 3.
Sections of control (a) and de-endothelialized (b) cusps stained with Alcian blue with

periodic acid Schiff. The basement membrane is intact in both cases, as shown by the
continuous dark line (indicated by arrows). Note the beaded appearance of the endothelial
cells over the basement membrane in (a). (magnification x 200)
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a. 20pm 1000X

FIG. 4.
(a) SEM micrographs showing the three layers of the aortic valve cusp; some cells are

remaining following EDTA treatment, basement membrane, and the underlying extracellular
matrix. (b) A higher magnification SEM image of the basement membrane, typical of those
used for stereo pairs.
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FIG. 5.
A tapping mode atomic force microscopy image of 1 zm? area of basement membrane.
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Table 1

Comparison Between Basement Membrane Feature Sizes Measured on the Ventricular and Fibrosal Sides of
the Heart Valve, Decemet's Membrane in the Human and Canine Cornea,b° and Matrigel”

Matrigel Descemet's membrane, human  Descemet's membrane, canine Aortic heart Aortic heart

valve valve fibrosal
ventricular basement
basement membrane,
membrane, porcine
porcine
Elevations (SEM)
Mean + SD (nm) 162 + 52 131+41 115+ 30 26 £13 22+11
Range (nm) 76-267 76-229 76-153 7-53 4-71
Pore diameter (SEM)
Mean + SD (nm) 105+ 70 38+15 24+8 32+£2 28+4
Range (nm) 26-359 22-87 5-40 12-75 7-98
Fiber diameter (SEM)
Mean + SD (nm) 69 + 35 31+£9 15+ 7 28+3 302
Range (nm) 8-3 18-59 5-44 6-94 9-66
Pore depth (SEM)
Mean = SD (nm) 22 +13 22+14
Range (nm) 4-57 4-89
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