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Abstract

Development of hydrogel-based tissue engineering constructs is growing at a rapid rate, yet
translation to patient use has been sluggish. Years of costly preclinical tests are required to predict
clinical performance and safety of these devices. The tests are invasive, destructive to the samples
and, in many cases, are not representative of the ultimate in vivo scenario. Biomedical imaging has
the potential to facilitate biomaterial development by enabling longitudinal noninvasive device
characterization directly in situ. Among the various available imaging modalities, ultrasound
stands out as an excellent candidate due to low cost, wide availability, and a favorable safety
profile. The overall goal of this work was to demonstrate the utility of clinical ultrasound in
longitudinal characterization of 3D hydrogel matrices supporting cell growth. Specifically, we
developed a quantitative technique using clinical B-mode ultrasound to differentiate collagen
content and fibroblast density within poly(ethylene glycol) (PEG) hydrogels and validated it in an
in vitro phantom environment. By manipulating the hydrogel gelation, differences in ultrasound
signal intensity were found between gels with collagen fibers and those with non-fiber forming
collagen, indicating that the technique was sensitive to the configuration of the protein. At a
collagen density of 2.5 mg/mL collagen, fiber forming collagen had a significantly increased
signal intensity of 14.90+ 2.58*107° a.u. compared to non-fiber forming intensity at 2.74+
0.36*107° a.u. Additionally, differences in intensity were found between living and fixed
fibroblasts, with an increased signal intensity detected in living cells (5 + 0.8*107° a.u. in 1 day
live cells compared to 2.26 + 0.39*107° a.u. in fixed cells at a concentration of 1*108 cells/mL in
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gels containing collagen). Overall, there was a linear correlation >0.90 for ultrasound intensity
with increasing cell density. Results demonstrate the feasibility of using clinical ultrasound for
characterization of PEG-based hydrogels in a tissue-mimicking phantom. The approach is
clinically-relevant and could, with further validation, be utilized to nondestructively monitor in
vivo performance of implanted tissue engineering scaffolds over time in preclinical and clinical
settings.
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Introduction

Tissue engineering and regenerative medicine are playing increasingly important roles in
today’s society, with the market potential and financial investment growing accordingly. A
survey almost 20 years ago found research and development in this field to be about half a
billion dollars with a growth rate of 22% per year?’. However, new devices face great
hurdles in development and FDA approval processes due to the high cost and time for a new
product to make it to the market. One such hurdle is the costly preclinical animal study
requirement for FDA approval, which often involves sample destruction and results in high
batch to batch variability?4 25 31, Because these results are predictive of the performance
and safety of biomaterial-based devices upon clinical use, their accuracy and reliability is
critical to successful translation of technology. By utilizing noninvasive medical imaging
techniques for in vivo studies, the cost, required time, and number of animals can be greatly
reduced.

The development of biomaterial-based devices, or scaffolds, to support cell growth and
function is a key area within tissue engineering and regenerative medicine. Scaffolds are
designed to mimic native tissue while providing chemical and mechanical support for
cells?0: 32 and can be used for both hard and soft tissue, including bone, cartilage, and
wound healing applicationsl?: 3545, An effective scaffold promotes the intended cellular
response, such as proliferation, migration, or differentiationl®. However, nondestructive
evaluation of scaffolds over time, specifically with respect to protein concentration and cell
density, remains a challenge. For example, common techniques to quantify protein content
include acidic or enzymatic digestion of the scaffold, while to measure proliferation, DNA
extraction or metabolic assays destroy the cellsl0. Similarly, for in vivo studies, methods to
noninvasively or nondestructively monitor the regenerative process are very limited, as most
evaluations of the device require the sacrifice of the animal.

Ultrasound is poised to address these challenges as it is a noninvasive, nondestructive
imaging technique that is relatively inexpensive. Importantly for translation, ultrasound
produces no ionizing radiation, resulting in increased safety for repeated imaging?L.
Ultrasound imaging works by transmitting pulsed sound waves axially from the transducer
with a frequency of range of 2-15 MHz*8. As the ultrasound beam penetrates the tissue or
scaffold, some waves are reflected back to the transducer while others continue through the
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sample. Waves are reflected when they encounter a boundary of different acoustic
impedance and this difference in impedance accounts for the magnitude of the wavel. Black
and white B-mode images are then formed by encoding the amplitude of the returning wave
as a grey-scale value. Ultrasound possesses a high temporal resolution of up to 500 frames
per second®, and for a 12 MHz transducer, which is the frequency for most clinical
ultrasound equipment, a spatial resolution of about 200 pm?2Z. Previous studies using
ultrasound to image various components of tissue regeneration included estimation of cell
concentration29, monitoring cell differentiation and cartilaginous matrix evolution!® 33, and
evaluation of collagen microstructure30. However, these studies used high frequency (often
50-100 MHz) small animal ultrasound, which has low penetration depth and is thus not
readily translatable to clinical applications where the devices are not implanted superficially.

Clinical ultrasound frequencies have been used to noninvasively characterize biomaterial
devices, including correlation of collagen content within cell-containing fibrin scaffolds28
and quantification of stiffness, volume, and blood supply within injectable chitosan/
hydroxyapatite scaffolds over time8. Extending the use of clinical ultrasound to characterize
cell density and proliferation provides further applicability of the technique for tissue
engineering. For example, the measurement of cell density would be crucial to determine the
effectiveness of a scaffold to support proliferation and tissue integration. Therefore, the
objective of this study was to evaluate the capability of clinical ultrasound to quantify
differences in collagen concentration, collagen fiber formation, and fibroblast density in
polyethylene glycol (PEG) hydrogels.

Materials and Methods

Materials

Acrylamide, bis-acrylamide, ammonium persulfate (APS), N,N,N’,N’-
Tetramethylethylenediamine (TEMED), ethidium homodimer-1, Tris, paraformaldehyde,
and phosphate buffered saline (PBS) were purchased from Fisher Scientific, Waltham, MA.
Poly(dimethylsiloxane) (PDMS) was made using the Sylgard 184 Silicone Elastomer Kit,
Fisher Scientific, Waltham, MA. Dulbecco’s Modified Eagle’s medium (DMEM) and fetal
bovine serum (FBS) were purchased from Sigma Aldrich, St. Louis, MO. Hoechst 33342
and phalloidin-Alexa Fluor 488 were purchased from Life Technologies, Carlsbad, CA.
Calcein AM was purchased from Enzo Life Sciences, Irgacure 2959 was received from Ciba
Specialty Chemicals, acetic acid was purchased from EMD, ethylenediaminetetraacetic
(EDTA) was purchased from Acros Organics, and Trion X-100 was purchased from Ricca
Chemical Company. Human dermal fibroblasts were isolated from deidentified tissue
obtained from Akron General Medical Center using an approved IRB protocol. Collagen
type | was extracted from rat tails according to standard protocols’- 37 and stored at 4°C in
0.02M acetic acid. PEG-diacrylate was synthesized using a published protocol and verified
by NMR .

Fabrication and Evaluation of Hydrogels with Collagen

Acid-soluble collagen type I (0-2.5 mg/mL) was mixed into 10% (w/w) PEG-diacrylate
(3300 MW) solutions containing Irgacure 2959, PBS, and deionized (DI) water prior to
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crosslinking. Two sets of gels were made, one where the collagen was not neutralized (pH
4.0), referred to as non-fiber forming (n=5), and the second where the collagen was
suspended in PBS (pH 7.0) to neutralize the acid and permit fiber formation, referred to as
fiber forming (n=5). The gels were crosslinked by exposure to ultraviolet light (1.05
mW/cm2, 365 nm) for 20 min in a Teflon mold between glass slides to form flat rectangular
gels. All gels were then cut using a razorblade to form rectangular solids with dimensions of
approximately 2x2x4 mm. Following crosslinking, the gels were stored in DI water at 4°C
until ultrasound imaging. Collagen organization within the gels was confirmed by reflection
microscopy with a 635 nm laser line on a confocal microscope?. The emission bandpass was
adjusted to 630670 nm to collect the reflected light from the sample. Images were obtained
throughout the depth of the gel.

Ultrasound Imaging of PEG Gels

Imaging—Hydrogel samples were imaged by placing them inside a 10% poly(acrylamide)
mold with a recessed trench of approximately 1x1x2 cm filled with water. Acrylamide
molds were made using 10% (w/w) solutions of acrylamide and bis-acrylamide (37.5:1 ratio,
respectively) in 1X PBS. The solutions were crosslinked via free radical polymerization
using 1.7% and 0.1% (v/v) of TEMED and APS, respectively. The molds were polymerized
in six well plates around PDMS blocks to create the trench-like void in the gels. The
acrylamide gels sat inside a custom-made clay imaging platform that was fixed above the
ultrasound transducer. Ultrasound imaging was performed using a clinical ultrasound system
(Toshiba Aplio500) with a linear array transducer centered at 12 MHz for B-mode image
acquisition (Figure 1). For this transducer setup, the axial beam width was about 0.2 mm and
the transaxial beam width was about 1 mm. The mechanical index was set to 0.17, 2D gain
was 82, 2D focus depth was 1-2 cm, dynamic range was 60, and images were acquired at 32
frames per second for two seconds. Linear echo power raw data images were stored for
analysis. For each set of samples, images were gathered for three different sagittal cross
sections. All 64 images in each video clip were analyzed as described below.

Image Analysis—Once all images were acquired, image analysis based on raw signal
intensity was conducted using on-board software provided by the scanner manufacturer.
Three square 1 mm? regions of interest were manually chosen per gel per sagittal cross
section image. These regions were selected in the center of the gel to avoid any edge effects,
and care was taken to avoid any obvious gel artifacts, such as entrapped bubbles. To enable
more robust analysis in these experiments, instead of grey scale pixel values the mean echo
power was measured in each region to obtain a spatially averaged intensity value. The raw
data values were then averaged for each set of gels and were analyzed with SAS to perform
ANOVA and Tukey post hoc tests with p < 0.05.

Fabrication and Evaluation of Hydrogels with Cells

Culture—Human dermal fibroblasts were cultured at 37°C and 5% CO, in DMEM with
10% FBS. The fibroblasts were encapsulated within PEG gels at 0, 0.1, 0.3, 0.5, and 1x10°
cells/mL by mixing the cells with 10% (w/w) PEG-diacrylate (3300 MW), Irgacure 2959,
and PBS. Non-neutralized 0.1 mg/mL collagen was mixed in the gels cultured for 1 and 6
days. A set of gels was also prepared without collagen to determine if there were
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measureable differences in cell spreading after 1 day of culture. Two sets of controls were
prepared, one without cells or collagen and a second set with 0.1 mg/mL collagen and no
cells. The solution was gelled by exposure to UV light as described above. The mold was
turned over every 5 min during gelation to keep the cells suspended within the gel.
Crosslinked gels were transferred to well plates and they were either fixed immediately in
freshly-made 4% paraformaldehyde or cultured for 1 or 6 days in supplemented media at
37°C and 5% CO,. The cultured cells were imaged live, fixed in freshly-made 4%
paraformaldehyde, and reimaged.

DNA quantification—To quantify the DNA content at 1 and 6 days, the media was
aspirated and gels were transferred to 1.5 mL centrifuge tubes. Next, the gels were frozen at
—80°C and crushed with a tissue pulverizer. The crushed gels were transferred to centrifuge
tubes containing 400 pL Tris-EDTA (TE) (n=5). A standard curve was prepared by
suspending 0, 0.1, 0.5, 1, 2.5, or 5x10° cells in 400 pL TE and then frozen at -80°C (n=3).
The samples were centrifuged for 5 minutes at 5000 rpm to pellet the gel fragments and 200
pL of the supernatant containing the DNA was transferred to separate wells of a 96 well
plate. Finally, 100 uL of 10 pg/mL of Hoechst 33342 was added to each well and incubated
for 15 min at room temperature. The plate was read on a spectrophotometer (ex/em (nm)
350/461) and the data was averaged after high and low were removed for each sample.

Viability—Cell viability was determined immediately after forming the gels and following
6 days of culture. First, the media was aspirated and the gels were rinsed with PBS. Next,
500 pL of the staining dye containing 2 pM calcein AM, 4 uM ethidium homodimer-1, and 1
ug/mL Hoechst 33342 was added to the well and incubated for 20 min on a rotator at 37°C.
Three gels were made for each cell density and 5 images were obtained per gel at 5x on a
Zeiss Axiovert fluorescent microscope. Viability was determined by calculating the
percentage of cells stained with calcein AM in each image with the ImageJ cell counter3®.

Morphology—To examine the cell morphology, gels containing cells were fixed,
permeabilized with 0.5% Triton X-100 for 10 min, quenched with 1 mg/mL sodium
borohydride, and blocked with 2 mg/mL bovine serum albumin. The cells were labeled with
100 nM Hoechst 33342 and 100 nM phalloidin-Alexa Fluor 488, labeling the nuclei and
actin, respectively. The cells were imaged at 20x. Images were processed using to remove
background fluorescence typically found in the DAPI channel with 3D PEG, and overlaid
with the green actin images. To better display the overlay, the nuclei were displayed as red.

Statistical Analysis—Data is plotted as average + standard deviation. All comparisons
were performed using a multi-way ANOVA with Tukey post hoc test, considering p<0.05 as
significant.

Evaluation of hydrogels with collagen

Imaging—B-mode images for both fiber and non-fiber forming collagen resulted in an
increased signal intensity with increasing collagen concentration. The white content within
each gel on the B-mode images, representing the scatter, increased with increasing collagen
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concentration. Fiber forming collagen gels showed greater homogeneity under ultrasound
with fewer black or bright areas, and provided higher signal intensity as compared to the
non-fiber forming collagen containing gels. (Figure 2). An increasing trend (p<0.05) was
noted between ultrasound intensity and fiber forming collagen at each concentration, and
significant differences were found between gels containing 1.875 and 2.5 mg/mL fiber
forming collagen compared to the gels containing non-fiber forming collagen (p<0.05)
(Figure 2E). Significant differences in signal intensity were seen with increasing collagen
concentration, and a detectable range of approximately 625 ug/mL collagen was observed
for both non-fiber forming and fiber forming collagen.

Reflection microscopy—To analyze the differences in collagen morphology, confocal
reflection images were obtained for the gels with non-fiber forming and fiber forming
collagen. Reflection microscopy has been useful in discerning fiber morphology of collagen
within scaffolds without labeling®. Within the hydrogels imaged, collagen fibers were only
visible in fiber forming collagen hydrogels at concentrations of 1.875 and 2.5 mg/mL. Fibers
in the gels with 1.875 and 2.5 mg/mL fiber forming collagen were distributed throughout the
gel in patches and more fibers were visible with 2.5 mg/mL collagen (Figure 2).

Evaluation of hydrogels with cells

Imaging—Separately from the protein studies, varying concentrations of fibroblasts were
seeded in hydrogels to determine if ultrasound could distinguish between different cell
densities (Figure 3). After 1 day of culture, the ultrasound signal intensity was measured
from gels with and without non-fiber forming collagen. For gels without collagen, the
ultrasound signal intensity range was 0.4 + 0.01x107° a.u. to 3.0 + 1.2x107° a.u. for gels
with 0 and 1x10° cells/mL living cells, respectively. The only significant difference between
living and fixed cells was noted at 0.3x10° cells/mL (Figure 3A). Next, after 1 day of
culture with non-fiber forming collagen, the signal intensity was 0.3 + 0.07x107° a.u. and
5.0 + 0.8 x1075 a.u. for 0 and 1x10° living cells, respectively (Figure 3B). The intensity for
1x10° live cells in collagen containing gels was significantly greater than either that of
living or fixed cells in gels without collagen. The intensity range of fixed cells was
consistent in gels with and without collagen. Samples with living cells had a significantly
increased intensity for 0.3, 0.5, and 1x10° cells/mL compared to samples with fixed cells
cultured for 1 day in collagen containing gels. In the third set of gels, which contained 0.1
mg/mL non-fiber forming collagen and was cultured for 6 days, the only significant
difference when examining time in culture was between 1 day and 6 day living cells at
1x108 cells/mL (Figure 3C). The linear regression was determined to be >0.90 for each set
of gels. Based on these results, under certain optimized conditions, ultrasound can detect
significant differences in as few as 200,000 cells, for example, it is possible to differentiate
between live cells at densities of 0.1 and 0.3x10° cells/mL after 1 or 6 days in culture. This
number was determined by the minimum statistical difference between neighboring cell
densities.

Viability—The viability of the cells was determined at day 0 and day 6 within non-fiber
forming collagen scaffolds. At day 0, the cells at each density, 0.1, 0.3, 0.5, and 1x10°
cells/mL, were >94+4% viable. After 6 days of culture, the cell viability decreased to
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80+4%, 85+3%, 71+5%, and 72+4% (average * standard deviation), for 0.1, 0.3, 0.5, and
1x10% cells/mL, respectively. Live/dead images of day 0 and day 6 viability are shown in
Figure A and B. Significant differences were noted between 0.1 and 0.5x108 cells/mL
between 0 and 6 days for p<0.05 as shown in Figure 4C.

DNA quantification—To validate the day 1 and day 6 ultrasound intensities, DNA was
extracted and quantified in non-fiber forming collagen containing scaffolds. A standard
curve relating DNA concentration to cell number was formed using a quadratic fit, resulting
in an r2 value of 0.96. For each sample group, the no cell control was used as the blank. The
average cell number was calculated from this curve, and at Day 1 in collagen containing
gels, the result was 1.4x10°, 1.9x105, 1.9x10°, and 3.7x10° cells for 0.1, 0.3, 0.5, and 1x10°
cells/mL, respectively. These results were not different than Day 0 with collagen or Day 1
without collagen. In addition, the DNA content at day 1 and 6 was not significantly different
for each cell density indicating that the cell number did not change during this time (Figure
4D).

Morphology—The cell-containing gels were nuclei labeled with Hoechst 33342 and f-
actin was labeled with phalloidin Alexa Fluor 488 to observe the cell morphology. In all
gels, the cells remained rounded, but they produced short extensions in gels containing 0.1
mg/mL non-fiber forming collagen as shown in images in Figure 4E. Increasing the cell
density did not have a noticeable effect on cell-cell contacts, as most of the cells remained
rounded.

Discussion

Several imaging techniques have been explored for nondestructive characterization of
biomaterials, including magnetic resonance imaging (MRI)14 22, computed tomography
(CT)40. 41 electron paramagnetic resonance (EPR)22, and ultrasound. Technologies to
enhance capabilities of MRI in this area are under rapid development28, however, because
image resolution is proportional to acquisition time?! and requires the patient to suspend all
motion#2, imaging small biomaterial constructs using clinical scanners at sufficiently high
temporal and spatial resolution may not be possible. Clinical CT utilizes ionizing radiation
and has modest contrast resolution; its resolution is also potentially too low to distinguish
changes in non-radiopaque material density at safe radiation doses®. In contrast, micro-CT
has an enhanced resolution of ~18 um making it advantageous for examining small
specimens with high detail 1816, However, micro-CT is not a viable option for longitudinal
specimens for in vivo imaging in humans as it also emits harmful ionizing radiationl®. EPR
is not typically used clinically due to its high cost, large size, and inability to produce
images of the target area® 3°. Using a clinically relevant 12 MHz transducer, ultrasound can
penetrate about 0.5 cm in soft tissue and the penetration depth is inversely related to the
transducer frequency?, without emitting any ionizing radiation and can therefore be used
for longitudinal studies?®. Ultrasound is advantageous for imaging hydrogels because it
provides adequate resolution and is nondestructive. The field of view for ultrasound is
limited by the transducer size, however, the transducer is portable and repeated imaging is
possible. The wide range of clinically available transducer frequencies makes ultrasound
suitable for imaging at many penetration depths, in both in vitro and in vivo imaging
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In this work, clinical ultrasound was investigated as an in vitro platform to image protein
and cell composition within hydrogels. Collagen was chosen as the model protein for this
study because it is common in the extracellular matrix contributing up to 30% of the total
protein content in humans and it gives the cells adhesion points as PEG does not allow for
significant adhesionl3. Fibroblasts were chosen as the model cell for this study because they
are widely used in wound healing applications and deposit collagen in connective

tissue® 13: 23, The results support ultrasound as an imaging modality to reliably quantify
protein concentration, fiber organization, and cell density, which are important parameters
when evaluating the effectiveness of tissue engineering scaffolds.

When beginning these studies, the protein content was studied first as the baseline control
for cell-studies. However, differences were noted with the collagen concentration and extent
of fiber formation. Therefore, we further posited that it was not just protein content, but the
formation of fibers, that may be detected with ultrasound. Therefore, two different
fabrication techniques were used to carefully control the formation of collagen fibers during
fabrication. Collagen fibers form readily from acid-soluble collagen at concentrations
greater than 0.4 mg/mL, if formed at physiological pH and temperature®4. However, only
pH was controlled in this study with gelation occurring at room temperature, likely leading
to minimal fiber formation below 1.8 mg/mL. The formation of fibers was confirmed using
reflection microscopy at the higher collagen concentrations. The collagen looked similar to
what has been published regarding reflection images of collagen gels,® with short linear
collagen fibers. However, there is more space between the fibers when they are mixed into
the PEG gels rather than forming gels on their own. While reflection microscopy has
provided good resolution and a three dimensional (3D) image of collagen fibrillogenesis?,
the technique is not translatable to in vivo longitudinal studies.

We were able to achieve a detection limit of approximately 625 ug/mL for both fiber
forming and non-fiber forming collagen using clinical ultrasound. Others obtained a spatial
resolution of 15 pum, but this result was obtained using a 105 MHz transducer, which is not
practical for human use and not widely available33. Clinical ultrasound, at 13 MHz, has been
used to detect increases in collagen deposition, as measured by hydroxyproline content
correlated to gray intensity, over 18 days in scaffolds with myofibroblasts, further
supporting ultrasound as an effective technique to detect differences in protein
concentration6. However, the sensitivity of the technique was not noted. Overall, the
sensitivity that we found to both concentration and collagen fibers supports its use as a
technique to quantify protein concentration, particularly in longitudinal studies where
samples can be tracked over time rather than destroyed for a protein assay. However, further
work must be completed to determine how other proteins affect ultrasound signal,
particularly proteins that are deposited or reorganized by cells.

In order to use clinical ultrasound for evaluating the performance of tissue engineering
scaffolds, detecting changes in cell proliferation and/or morphology is an important
characteristic to study. A detection limit of 200,000 cells was achieved with the 12 MHz
transducer for fibroblasts under some of the most ideal conditions. The r2 value, which
indicated that the technique was linear, was relatively close to a previously reported r2 of
0.98 found between cell density and the integrated backscatter coefficient, calculated from
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the raw signal intensity in B-mode images with a 30 MHz transducer2®. The greatest
correlation was achieved after 1 day of culture with rZ values >0.94. Interestingly, we found
that the echogenicity was greater for living cells than fixed cells. We hypothesize that our
results may be due to the viscoelastic properties of the cell membrane increasing the signal
intensity, as the cell membrane is more flexible in live cells compared to their fixed
counterparts. Previous works by Czarnota and Kolios used high frequency ultrasound was
used to detect cell death and demonstrated that cell death caused changes to cell morphology
that resulted in increased backscatter due to nuclei condensation. However, to compare
directly to these works is difficult, as the cells in this study were living cells that were fixed
into place, rather than cells undergoing programmed cell death. Future work to investigate
the ideas that morphology, as well as apoptosis, could lead to signal changes in clinical
ultrasound would provide further verification of the results!l: 12, Further study is necessary
to confirm these hypotheses, but would provide an interesting technique to investigate
cellular response in hydrogels.

While we measured a change in echogenicity of hydrogels with cells over time for 1x10°
cells/mL, we found no differences in DNA content between 1 and 6 days for each cell
density when quantifying the total DNA. One possible reason for this differential result is
related to viability. While the viability was similar to previous reports34, the cells at day 6
were 72% viable, making the concentration of living cells ~0.72 x 106 cells/mL. This
decrease in number of living cells, in combination with some number of non-viable cells,
may have caused the reduction in ultrasound signal, making it more similar to the 0.5x10°
cells/mL. Therefore, ultrasound may be more sensitive to the cell viability than typical DNA
quantification techniques, however, this hypothesis should be confirmed by further study.

Overall changes in cell growth were likely limited due to the porosity and stiffness of 10%
PEG gels. Previous work has shown minimal cell proliferation and a rounded cell
morphology in stiff 3D nondegradable PEG gels because the cells could not overcome the
physical barrier formed by the densely crosslinked scaffold*. Bott et al. showed that
fibroblasts take 1-2 weeks to switch to a stretched morphology in 2.5% (w/v) PEG
hydrogels*, which has approximately 10% the mechanical stiffness of the 10% gels studied
here 38, Additionally, fibroblasts lay down a fibrous matrix in this timeframe towards the
end of the proliferative phase of dermal wound healing3 that may affect cell spreading or
proliferation. While ultrasound was capable of measuring cell number over time, the choice
of scaffold limited the changes in cell number and morphology seen at day 6. While we have
preliminary data that PEG concentration does not influence ultrasound signal intensity, the
selection of scaffold to promote cell proliferation or use of techniques to decellularize
scaffolds will further validate ultrasound as a viable technique longitudinally.

The technique we propose is not without drawbacks. For example, absorption of the
medium, beam diffraction and reverberation artifacts were not directly accounted for in our
experiments, but these factors could influence the echogenicity at different depths. Because
in a controlled in vitro setup all of the parameters and phantom setup remained constant,
these were likely present in all images and thus should not affect overall findings from this
work. Along these lines, the current technique utilized a 12 Mhz imaging frequency, which
limits the penetration depth and the depth at which implants could be studies in vivo.
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However, we suggest that this method could be utilized primarily in preclinical development
of biomaterials and tissue engineering constructs in animal models. In these cases, the
penetration depth should be sufficient. Furthermore, because detection limits would vary in
this system depending on transducer frequency, the baseline validation studies would need
to be repreated under these different conditions.

In summary, clinical ultrasound provides an attractive noninvasive, nondestructive platform
for quantitative imaging of collagen concentration and conformation as well as cell density
in 3D tissue engineering scaffolds. These results support the use of clinical ultrasound and
this technique has the potential to improve biomaterial imaging in real time. This technique
could be used for the creation of predictive models and could be implemented in preclinical
and eventually in clinical imaging for rapid longitudinal assessment of implanted tissue
engineering scaffolds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Experimental setup. (A) Ultrasound imaging setup showing the custom made PEG hydrogel

holder fixed above the transducer. (B) Custom made imaging platform consisting of a water-
filled acrylamide mold containing PEG hydrogel samples. (C) Sample output image: for
each set of samples, images were gathered for three different sagittal cross sections, and
three regions of interest were manually chosen for each gel in the image.
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Figure2.
Ultrasound imaging of PEG gels with various concentrations of collagen. Both non-fiber

forming (A) and fiber forming (B) collagen was added in concentrations ranging from 0 to
2.5 mg/mL. The borders of each gel appear white due to the gel-water interface. There is a
visible gradient for fiber-forming collagen, which correlates well to the quantitative intensity
values. Collagen fibers were observed in confocal reflectance microscopy images of (C)
1.875 and (D) 2.5 mg/mL fiber forming collagen in PEG gels at 10x. No reflection was
found in PEG gels with non-fiber forming collagen at any concentration. Scale bar = 200
um. (E) Ultrasound signal intensity from B-mode images of PEG gels with 0-2.5 mg/mL
non-fiber forming or fiber forming collagen. Statistical groups are indicated by lowercase
letters with each letter indicating groups that are statistically similar. A significant increase
in intensity for 1.875 and 2.5 mg/mL fiber forming collagen as compared to non-fiber
forming collagen at each concentration (p<0.05).
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Figure 3.

Ultrasound imaging of PEG gels with 3D embedded fibroblasts. Both living and fixed cells
were imaged after 1 day in gels (A) without collagen and (B) with 0.1 mg/mL non-fiber
forming collagen. For B and C, blank refers to gels without collagen or cells. Statistical
groups are noted by lowercase letters with each letter indicating groups that are statistically
similar within each graph. Differences were found for living cells between 0.1, 0.3, and
1x10% cells/mL without collagen and between 0, 0.1, 0.3, 0.5, and 1x108 cells/mL with
collagen. Fewer differences were noted with fixed cells. After 6 days of culture (C),
differences in living cultures were found between no cells and concentrations above 0.3x108
cells/mL.
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Figure 4.
Verification of cultures with traditional methods. Viability of the cell cultures in PEG gels

was confirmed at both (A) 0 and (B) 6 days. Scale bars indicate 200 um. The images were
quantified using the number of viable cells (green) and total cells (blue) and was 94% after
encapsulation and 72% after 6 day. Statistical groups are noted by lowercase letters with
each letter indicating groups that are statistically similar. Differences were found between
days 0 and 6 for 0.5 and 1x10° cells/mL (C). (D) The number of cells at Day 6 was
quantified by DNA extraction to was normalized to Day 1. No statistical differences were
noted. (E) Finally, fibroblast morphology was examined using Hoechst 33342 (displayed as
red) and phalloidin Alexa Fluor 488, labeling the nuclei and f-actin, respectively. Fibroblasts
were cultured at varying cell density for 1 day with 0 or 0.1 mg/mL collagen and for 6 days
with 0.1 mg/mL collagen. All cells maintained a rounded morphology. Scale bar = 50 pm.
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