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Abstract—This study uses scanning acoustic microscopy
(SAM) ultrasonic profilometry to determine acceptable vs.
failed tissue engineered oral mucosa. Specifically, ex vivo-
produced oral mucosal equivalents (EVPOMEs) under nor-
mal or thermally stressed culture conditions were scanned
with the SAM operator blinded to the culture conditions. As
seeded cells proliferate, they fill in and smooth out the surface
irregularities; they then stratify and produce a keratinized
protective upper layer. Some of these transformations could
alter backscatter of ultrasonic signals and in the case of the
thermally stressed cells, produce backscatter similar to an
unseeded device. If non-invasive ultrasonic monitoring could
be developed, then tissue cultivation could be adjusted to
measure biological variations in the stratified surface. To
create an EVPOME device, oral mucosa keratinocytes were
seeded onto acellular cadaveric dermis. Two sets of EVPO-
MEs were cultured: one at physiological temperature 37 �C
and the other at 43 �C. The specimens were imaged with
SAM consisting of a single-element transducer: 61 MHz
center frequency, 32 MHz bandwidth, 1.52 f#. Profilometry
for the stressed and unseeded specimens showed higher
surface irregularities compared to unstressed specimens.
Elevated thermal stress retards cellular differentiation,
increasing root mean square values; these results show that
SAM can potentially monitor cell/tissue development.

Keywords—Ultrasound, Non-invasive assessment, Tissue

engineering, Profilometry.

INTRODUCTION

The development and use of an ex vivo-produced
oral mucosal equivalent (EVPOME)—an engineered
human oral mucosa developed for reconstructive
intraoral grafting procedures—has demonstrated its
clinical efficacy in intra-oral surgical grafts.9 EVPOME
has shown to be an effective soft tissue replacement in
cases where patients’ oral mucosa was absent or
damaged due to disease, injury, or other pathological
conditions.9–11 Previous studies have shown the effi-
cacy of using scanning acoustic microscopy (SAM) to
image and assess the differentiation of these
tissues.18,19 In this study, we tested the ability of SAM
to differentiate between seeded EVPOME devices
which have undergone periods of elevated thermal
incubation (stressed) to those which were incubated
continuously at physiological temperature (unstressed).

Background on EVPOME

The oral mucosa’s histology resembles that of skin:
as new cells are formed on the basal lamina, the more
matured cells migrate toward the apex, undergoing
apoptosis and keratinization as they migrate.10 This
same process occurs in the EVPOME tissues, making it
an excellent tissue for repair and replacement of
damaged or diseased soft tissue.

We earlier examined and compared the morphol-
ogies of AlloDerm�—a commercially available acel-
lular human cadaver dermis (the tissue goes through a
cell removal process while retaining biochemical and
structural components.), and EVPOME at different
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stages of development using SAM.20 By first compar-
ing the morphologies of the oral mucosal tissues—both
natural and engineered, we can better understand the
physical compositions when it comes to testing for
similarities in the tissues’ physical properties. We can
then quantify the cellular constituents among each of
the tissue types and correlate how each contributes to
the physical behavior of their respective tissues. This
would assist us in establishing criteria for standardi-
zation of manufacture of the engineered tissues as well
as criteria for their uses in reconstructive surgery based
on their mechanical properties.

Background on SAM

SAM is an effective tool to study both the mor-
phology and non-linear elastic characteristics of natural
and engineered oral mucosal tissues. The advantages of
using SAM over conventional optical and electron
microscopy include being able to image the cells and
tissues without doing any preparations which could
potentially kill or alter the tissues; this provides a more
accurate representation of the tissues’ natural proper-
ties. We have also shown that SAM can provide evi-
dence as to the degree of differentiation which the cells
are undergoing without altering their physical condi-
tions.11,14,15,19 In addition, ultrasound imaging systems
can indirectly estimate and image elastic properties of
tissue using ultrasonic measurements of externally or
internally induced tissue motion.1

Other imaging methods which do not require pre-
paring cell/tissue cultures include atomic force
microscopy (AFM).13 Although AFM can provide
imaging of the cultures, there are several disadvantages
associated with this imaging method. These include the
AFM cantilever systems deforming or tearing apart
living cells and other biological materials and the force
being too great to image cells with sufficient resolu-
tion.13,17

We are currently using SAM to examine and cor-
relate any changes in the radiofrequency (RF) data to
the EVPOME (and mucosal cells in general)
undergoing differentiation, apoptosis, and keratiniza-
tion. This will allow us to better understand the
physiological processes of these cells as they undergo
stratification on the AlloDerm� over time.

Profilometry

This is a standard method used to measure a sur-
face’s profile, in order to quantify its roughness: the
number of surface irregularities of the overlying base-
ment membrane (AlloDerm� without cells) or of the
stratified epithelium (EVPOME). The SAM is utilized
to check for surface roughness and correlate this to the

growth and development of the keratinized layer on
the surface: the smoother the surface (as determined by
the reflectivity of the SAM), the higher the keratinized
surface as the cells differentiate and stratify when
migrating up to the surface. Surface profilometry will
also provide evidence as to the degree of differentiation
which the cells are undergoing without chemically
affecting their properties.

MATERIALS AND METHODS

Tissue Preparation—EVPOME

The protocol for harvesting human oral mucosal
tissue was approved by a University of Michigan
Internal Review Board. All individuals signed
informed consent before the tissue samples were pro-
cured. A keratinized oral mucosa sample was taken
from an out-patient at the University of Michigan Oral
and Maxillofacial Surgery Clinic. The methods for
preparation have been described in greater detail pre-
viously.4,5 In brief, oral mucosa keratinocytes were
enzymatically dissociated from the tissue sample, and a
primary cell culture was established and propagated in
a chemically defined, serum- and xenogeneic products-
free culture medium, with calcium concentration of
1.2 mM. The AlloDerm� was soaked in 5 lg/cm2

human type IV collagen at 4 �C overnight prior to
seeding cells to assist the adherence of cells, then
approximately 1.5 9 105 cells/cm2 of oral keratino-
cytes were seeded onto the type IV collagen pre-soaked
AlloDerm�. The composites of the keratinocytes and
the AlloDerm� were then cultured, in the submerged
condition, for 4 days to form a continuous epithelial
monolayer. After 4 days, the equivalents were raised to
an air–liquid interface to encourage epithelial stratifi-
cation and cultured for another 7 days, resulting in a
fully differentiated, well-stratified epithelial layer on
the AlloDerm�. At day 11 post-seeding, EVPOME
samples were collected for SAM imaging.

On day 9 post-seeding, one set of EVPOME devices
was incubated at 43 �C for 24 h, then switched back to
37 �C for another 24 h (thermally stressed). Another
set of EVPOMEs was kept at 37 �C up through day 11
post-seeding (non-stressed). The total seeding times for
both conditions were equal. Three specimens were
used for each study set: an unseeded AlloDerm�, an
unstressed control, and a thermally stressed EVPOME.

SAM Apparatus and Imaging

Details of the scanning and ultrasound system are
similar to those described elsewhere.3,4,6 EVPOME
samples were immersed in deionized water and imaged
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with a single element fixed focus transducer, produc-
ing ultrasonic B-scans. The transducer has an
approximate frequency of 61 MHz, the element is
3 mm in diameter and focused to a depth of 4.1 mm,
giving an f/number of approximately 1.4. The trans-
ducer was fastened to an optical mount and the
angular position was adjusted until the ultrasonic
beam was normal to the deflecting plate. We scanned
the surfaces of the EVPOME, showing the acoustic
signal between the interface of the sample and water
on the sample’s apical side. DC stepper motors
accurately positioned the transducer above the speci-
men. B-scan images were obtained by stepping the
transducer element laterally across the desired region.
At each position, the transducer fired and an RF
A-line was recorded. After repeated firings at one
position, the transducer moved to the next, where the
image was constructed from A-lines acquired at all
lateral positions. Because low f/number, single element
transducers have a short depth of field, a composite
B-scan image was generated from multiple scans at
different heights. Ultrasonic images were created using
confocal image reconstruction. The spacing was
determined by the step sizes along each of the axes:
15 lm scanning step size in both the transverse and
horizontal directions; a lateral resolution (Rlat) of
37 lm; an axial resolution (Rax) of 24 lm; a depth of
field of 223 lm. Z-axis was sampled at 300 mega
samples per second. Rax is the resolution in the
direction of propagation and is determined by the
length of the ultrasound pulse propagating in the tis-
sue; Rlat is the resolution orthogonal to the propaga-
tion direction of the ultrasound wave. The tissue
surface was determined by thresholding the magnitude
of the signal at the first axial incidence of a value
20–30 dB safely above noise; a typical A-line is illus-
trated in Fig. 1. Four sets of scans were performed,
each set containing a thermally stressed and
unstressed specimen. An unseeded AlloDerm� speci-
men was also scanned as a control. All specimens were
imaged for approximately 30 min, thus minimizing the
risk for contamination to occur.

Surface profilometry was determined by first finding
the instance of threshold value, fitting, and subtracting
the planar surface, then calculating root mean squared
(RMS) height.5 The RMS value was computed over
the surface and therefore a function of x and
y. Because the surface height is z, its function is z(x,y).
It has a two-dimensional sum and is divided by nx and
ny inside the square root:

RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

n

z x; yð Þ
nxþ nv

s

ð1Þ

where n is number of x and y samples.

Histology

EVPOMEs (both the stressed and unstressed sam-
ples) were fixed with 10% formalin, embedded in
paraffin, cut in 5 lm sections, stained with hematoxy-
lin and eosin. The histology of the EVPOME samples
were then examined under a Nikon Ti-U inverted
microscope (Nikon Optical, Tokyo, Japan) using
bright-field light.

Statistical Analyses

Both one-way analyses of variance (ANOVA) and
linear regression analyses were performed on the sur-
face characteristics for both categories of EVPOME
cultures. The RMS values with their standard devia-
tion values were compared between the stressed and
unstressed EVPOME specimens and to an unseeded
AlloDerm� control specimen.

RESULTS

For the thermally stressed devices, the apical sides
showed similar surface irregularities to those of the 2D
B-scans of unseeded AlloDerm� devices (Fig. 2a).
Comparing the B-scans taken of EVPOME at 11 days
post-seeding (Fig. 2b), there is a distinct reflection off
of the surface which is not found in the unseeded
AlloDerm�; a result of the seeded keratinocytes dif-
ferentiating.18,19 The histology images of these same
devices—AlloDerm� and EVPOME at 11 days post-
seeding (Figs. 2c and 2d, respectively) verify this find-
ing as the keratinized layer in the latter image shows a
smooth surface, with less surface irregularities com-
pared to the former image.18

FIGURE 1. Plot diagram of the SAM, showing the detection
of the device surface (red line) after setting the threshold
detection safely above the signal of the water.
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The SAM 2D B-scans showed higher reflectivity on
the surfaces for the non-stressed devices (Figs. 3a and
3b) than those of the stressed (Figs. 3c and 3d). This is
typical to the results we had obtained from our pre-
vious study to examine the morphological differences
between the AlloDerm� device and EVPOME at dif-
ferent stages of post-seeding.18 This was confirmed by
examining the device sections using standard optical
microscopy to compare non-stressed (Figs. 3e and 3f)
and stressed (Figs. 3g and 3h) devices. Further, the
scans for the stressed devices displayed a darkened
region between two more brightly reflected regions
(Fig. 3c); an indication that the keratin layer had
partitioned from the surface of the device. We vali-
dated this by comparing the histological images of the
same device (Fig. 3g), which confirmed our findings.
For one of the thermally stressed devices the irregular
surface of the AlloDerm� device is visible, but no
keratinized layer; the likely result of the keratin com-
pletely sloughing off from the surface (Fig. 3d). The
histology from this latter device showed the keratin
layer more fractionated and partitioning from the
surface to a greater degree than other stressed devices

(3 h); this validates our claim of the keratin sloughing
from the device.

Filtering any existing artifacts in the RMS pro-
cessing showed uniformity within the non-stressed
devices. This again validated the findings from our
previous studies: the space-filling properties of the
keratinocytes on the devices.18,19

The surface profilometry images for all scans per-
formed on each device displayed higher degrees of
variation for the stressed devices compared to the non-
stressed ones (Fig. 4). The images displaying red and
blue in certain regions show greater variations in the
surfaces; this is particularly the case for the thermally
stressed specimens. The classification is based on fitting
the planar surface of each representative sample and
subtracting the difference. Therefore, the more changes
in colors represent greater irregularities in the surface
of the specimen. The unstressed devices’ scans showed
minimal variation in the RMS height values; either low
or high (Figs. 4a and 4b). By contrast, there are greater
changes in these RMS values in the scans for the
stressed devices (Figs. 4c and 4d). There was some
variation found in the unstressed device scans; a result

FIGURE 2. 2D B-scan images of the untreated AlloDerm� device (a) and EVPOME at 11 days post-seeding (b). Surface irregu-
larities (arrows) are clearly present on the AlloDerm� compared to the EVPOME; the latter shows a brighter surface reflection
(asterisk), the result of the differentiating keratinocytes. The corresponding histology images for the untreated AlloDerm� device
(c). The EVPOME at 11 days post-seeding (d) also show a high number of surface irregularities (arrows) on the former compared to
the keratinized layer (asterisk) on the EVPOME surface. Scale bars represent 100 lm.
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of the way in which the device was mounted to the
bottom of the water tank (we also took this into
account for when examining the stressed device scans).
This compares with the 2D B-scan, histology, and
C-scan profilometry images produced by scanning
the unseeded AlloDerm� control (Figs. 5a–5c,
respectively).

Examining the 2D B-mode images found irregular-
ities caused by the tissue with respect to the placement
of the transducer which caused the increased RMS
heights. For the non-stressed device scans, there was
one scan from each sample which produced relatively
higher RMS results than the others. This is noticeable
in both the SAM surface profilometry images (Figs.
4a3 and 4b1) and in the 2D B-scans (Fig. 6) of the
devices. Consequently, the standard deviations were
comparatively greater for the non-stressed devices than
the stressed group, while the mean values remained

lower for the non-stressed group. The compendium
of RMS values between the thermally stressed and
unstressed EVPOME devices shows significant values:
the RMS heights for the stressed devices are four to
five times greater than the unstressed devices, with
the unseeded AlloDerm� control mean displaying
RMS value approximately 2.5 times greater than the
unseeded EVPOMEs (Fig. 7).

DISCUSSION

Ultrasonic profilometry does not detect cells on the
thermally stressed EVPOME filling in the irregularities
on the surfaces compared to the unstressed EVPOME.
The decrease in the RMS values for the unstressed
device is evidence of the proliferation/differentiation
by the seeded cells on the EVPOME surface; in

FIGURE 3. 2D B-scan composites of the EVPOME devices for both the thermally unstressed (a–b) and stressed (c–d) groups. The
corresponding histology micrographs of both unstressed (e–f) and stressed devices (g–h) compare the conditions of the kera-
tinized surfaces for both imaging modalities. Comparing (c) with (g), there is a clear partitioning (arrows) between the keratinized
layer and the device due to the heat stress; evident in the darkened region of the B-scan image (arrow). For (d), the irregular surface
of the AlloDerm� device is visible (arrow), but no keratinized layer; the likely result of the keratin layer sloughing off from the
device surface. For (g), the blue staining on the device (asterisk) is a result of excessive hematoxylin used in their preparation and
not a result of the thermal treatment. Device surfaces are at the top of each image. Scale bars represent 100 lm.
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FIGURE 4. RMS profilometry images for each scan performed on the thermally non-stressed (a–b) and stressed (c–d) devices. For
the latter, there is higher variation in the surface features—presumably from the thermal stress fractionating the keratinized layer.
With the non-stressed devices, there is little variation in the surface profiles, characteristic of the uniformity of the keratin layer on
their surfaces.
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contrast the thermally stressed cells show little to no
activity. The latter case indicates SAM’s ability to
measure physiological activity by measuring the degree
of ultrasonic scatter. These initial results show that
ultrasonic characterization may have the potential to
monitor EVPOME development during its manufac-
turing process: SAM could be utilized in a sterile
environment such as a laminar hood and its applica-
bility to monitor in vitro cell and tissue growth over
specified time periods (i.e., 24 h) exists. Comparing

similarities on SAM 2D B-mode images of the
unstressed EVPOME to earlier studies’ images of
EVPOME at 11 days post-seeding10,11 provided the
best evidence to select the correct devices.

The two outliers in the non-stressed devices are
likely the result of their mounting prior to performing
the scan and not any error in the SAM detection and
imaging. Nevertheless, they present a serious challenge
toward properly imaging and accurately identifying the
structural characteristics of the devices and any other

FIGURE 5. SAM 2D B-scan (a), histology micrograph (b), and C-scan profile (c) of an unseeded AlloDerm� device. Scale bars
represent 100 lm.

FIGURE 6. 2D B-scans of non-stressed devices showing surface irregularities (arrows) in these two selected scan areas of the
devices—due to positioning the devices. This resulted in higher (outlier) RMS values when processing the SAM scans and
consequently, higher variations. Scale bars are 100 lm.
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subsequent cells, tissues, and other biological devices
examined using SAM: in the specific case of the sample
being observed, there was a significant slope caused by
inadvertently positioning the sample in the manner
described. A similar case involving an optical micro-
graph would be having the tissue specimen slightly
thicker on one end, which could lead to the image
being slightly out of focus on one side. Although we
are able to correct for this error through filtering and
background subtraction and analyses, improving
methods for mounting the devices during the SAM
scans must take effect. This is to minimize any
potential errors in calculating RMS heights caused by
the devices buckling or tilting.

Although SAM identified differences in cell and
tissue development on the 11-day EVPOME, we can-
not conclude that the devices are devoid of surface
irregularities, regardless of the amount of keratiniza-
tion present: neither acoustic nor optical microscopy
can show that the EVPOME are consistently uniform
across their entire surfaces. This was verified by the
aforementioned outliers seen in the SAM scans of both
thermally unstressed devices.

This study provides strong supplemental evidence to
demonstrate SAM as a method to objectively quantify
cell and tissue development and differentiation. In
addition, it provides insight on mature EVPOME’s
characteristics when subjected to an elevated temper-
ature. Subsequent studies will further examine these
differentiation characteristics through continuous
ultrasound monitoring of in vitro EVPOME devices
under aseptic conditions.

Future considerations will examine the use of
apparent integrated backscatter (AIB) to further
demonstrate and quantify cell development using
SAM. AIB is a measure of the frequency-averaged
(integrated) backscattered power contained in some
portion of a backscattered ultrasonic signal; it has been
used extensively to study soft tissues.2,5,12,21
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