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Abstract

Ultrasound has potential as a non-destructive analytical technique to provide real-time online assessments of matrix evolution in cell-
hydrogel constructs used in tissue engineering. In these studies, chondrocytes were encapsulated in poly(ethylene glycol) hydrogels, and
gel degradation was manipulated to provide conditions with varying distribution of the large cartilage extracellular matrix molecule, col-
lagen. Mechanical properties and matrix accumulations were simultaneously measured for each condition during 9.5 weeks of in vitro
culture. Ultrasound data were used to construct cross-sectional B-scan images for qualitative observations of evolving constructs. Ultra-
sound data were also analyzed to calculate the speed of sound (SoS) and slope of attenuation (SoA) in developing constructs and a non-
degrading hydrogel control without encapsulated chondrocytes. SoS and SoA were calculated from 50 and 100 MHz ultrasound data,
and sample correlation coefficients were calculated to identify important relationships between these ultrasound parameters and mechan-
ical/biochemical properties of the evolving matrix. SoA appears to be more sensitive to the density of accumulated matrix molecules than
SoS, while SoS appeared to be more sensitive to mechanical modulus than SoA in measurements performed at 100 MHz. Correlation
analysis revealed that ultrasound measurements at 100 MHz are more likely to be good predictors of matrix evolution and neotissue
function than measurements at 50 MHz. Rigorous studies of the relationships identified in this study will lead to non-destructive
real-time monitoring that will be useful in combination with bioreactors used to promote and study cartilage regeneration.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Cell-based therapies are an increasingly important area
in the clinical treatment of defects in damaged or diseased
cartilage tissue. This tissue is mostly water, with the bal-
ance composed of chondrocytes surrounded by an extracel-
lular matrix (ECM) [1]. The primary components of the
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extracellular matrix are type II collagen and a large proteo-
glycan molecule, aggrecan, that act together to provide the
mechanical support and low friction surfaces commonly
associated with articular cartilage tissue that lines the
joints. When biomaterials are evaluated to serve as scaf-
folds and cell carriers for cartilage regeneration, it is impor-
tant to monitor and evaluate the quality of matrix
produced. In addition, methods that can quantify neotissue
development in a non-destructive manner may have special
utility as real-time and online measurement techniques that
can be combined with advanced bioreactors to facilitate
tissue evolution in vitro.

Many parameters have been used to assess cartilage
development in tissue engineering investigations. Among
these are cell, proteoglycan, and collagen content [2–4].
vier Ltd. All rights reserved.
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Cell density is commonly measured through a fluoromet-
ric assay and is an indicator of proliferation or death
when measurements are compared over time [5]. A high
rate of proliferation tends to indicate undesirable chon-
drocyte behavior, except in cases where cells are manip-
ulated by exposure to growth factors [6,7]. Proteoglycans
and collagen, as the primary components of cartilage
ECM, are perhaps the most important parameters
related to neocartilage development. Both are easily mea-
sured by colorimetric assay after construct digestion [8,9],
and their distribution is assessed through histological
staining of neotissue sections. The distribution of these
molecules is critical to the regeneration of a functional
tissue replacement in any type of scaffold material. In
degradable meshes with a large pore size, it is important
to make sure that cells are well distributed and that
matrix molecules are being retained at the edges of the
construct. Hydrogel materials tend to have a very small
mesh size, and it is therefore important to verify that
matrix molecules can diffuse away from the cells that
secrete them [10]. In addition, specific proteoglycans
and collagen isoforms, namely aggrecan and type II col-
lagen, can be quantified through immunoassays or visu-
alized by antibody staining, or indirectly assessed by
RNA analysis [11–13]. Each of these techniques provides
additional information about the quality of the cartilage
tissue being regenerated, but this information comes at
the expense of digesting and destroying the sample.
Therefore, these techniques are not appropriate for
real-time, online characterization of tissue evolution in
a bioreactor, but they are important measurements in
the development and assessment of such a technique.

Non-destructive measurement options of tissue regener-
ation are much more limited. Some mechanical testing
techniques fall into this category, and are among the best
measurements of functional tissue development, but the
techniques typically used tend to provide only a macro-
scopic assessment. Ultrasound analysis is a non-destructive
technique that may allow assessment of macroscopic con-
struct properties and integration of neotissue with native
tissue, and can also provide three-dimensional images of
evolving cartilage. The ultrasonic propagation and scatter-
ing properties of tissue depend upon the corresponding
structure and composition [14,15]. Consequently, the mea-
surement of intrinsic ultrasonic properties may indicate the
structure and composition of the tissue under investigation,
as well as its mechanical and physical properties.

The use of ultrasound for monitoring properties of
native or engineered cartilage has until recently received
only little attention from either the tissue characterization
[16–19] or tissue engineering communities. Ultrasonic
attenuation of human and bovine cartilage was measured
as early as the 1950s [20]. However, more comprehensive
measurements of the anisotropic and heterogeneous prop-
erties of cartilage were not performed until the early
1990s, following a developed interest in the potential role
of ultrasound for monitoring effects of osteoarthritis on
cartilage. High-frequency ultrasound measurements of
bovine cartilage were used to investigate the role of the
ECM components on the speed of sound (SoS) and the
ultrasonic attenuation [21,22]. In addition, the ultrasonic
properties of engineered cartilage following transplantation
have recently been investigated [23].

In this study, we are interested in identifying measure-
ment relationships that will enable ultrasound analysis to
be applied as a non-destructive technique for characteriz-
ing cartilage matrix evolution in poly(ethylene glycol)
(PEG)-based hydrogels. We have previously described
ECM production, distribution and chondroycyte behav-
ior in hydrolytically degrading gels with a bimodal degra-
dation profile [24]. We will compare two bulk ultrasonic
properties, SoS and slope of attenuation (SoA), in sam-
ples with different degradation profiles, at different time
points in the evolution of new matrix in vitro, and with
mechanical tests and biochemical accumulations. By so
doing, our objective is to identify important factors for
future rigorous studies to quantitatively relate matrix
accumulation and structure with measured ultrasonic
properties. Once the most likely correlations between
ultrasound properties and mechanical or biochemical
neotissue markers are identified, future studies will be
focused on the appropriate measurements, allowing
quantitative relationships to be defined in a rigorous
manner.

2. Materials and methods

2.1. Cartilage dissection and chondrocyte isolation

Chondrocytes were isolated from the femoral-patellar
groove and femoral condyles of knee joints harvested
from a 2-week-old calf (Research 87, Marlboro, MA).
Cartilage pieces for ultrasound testing were excised under
aseptic conditions, sliced into 800 lm sections with a
Vibratome 1000 Plus sectioning system (Vibratome, St.
Louis, MO), and punched into disks. Cartilage chunks
for chondrocyte isolation were excised under aseptic con-
ditions and digested for �16 h in a solution containing
collagenase type II (Worthington, Lakewood, NJ), as
described previously [25]. Chondrocytes were encapsu-
lated in hydrogels as primary cells immediately following
isolation.

2.2. Preparation of macromonomer

Linear poly(ethylene glycol) (Fluka), with a number
average molecular weight of �4600 Da, was used to syn-
thesize poly(ethylene glycol) dimethacrylate (PEG-DM),
as well as a triblock copolymer, poly(lactic acid)-b-
poly(ethylene glycol)-b-poly(lactic acid) dimethacrylate
(PEG-LA-DM), as described previously [26]. Proton
nuclear magnetic resonance (NMR) analysis of the PEG-
DM macromonomers revealed �85% methacrylation of
end groups, and >95% methacrylation of end groups and
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an average of six lactic acid repeat units per side of the
PEG core for the PEG-LA-DM macromonomers.

2.3. Chondrocyte encapsulation and in vitro culture

To prepare macromonomer solutions, PEG-DM or a
combination of PEG-DM and PEG-LA-DM was dissolved
in sterile PBS to a final concentration of 10% by weight.
For comonomer mixtures, 25 mol.% of the macromonomer
was PEG-DM, and the remaining 75 mol.% was PEG-LA-
DM. Gels formed from PEG-DM macromonomer only
are referred to as non-degrading (ND) gels. Copolymer gels
formed from a combination of PEG-DM and PEG-LA-DM
macromonomers are referred to as partially degrading (PD)
gels. The ultraviolet (UV) photoinitiator, 2-hydroxy-1-
[4-(hydroxyethoxy)phenyl]-2-methyl-1-propanone (D2959,
Ciba-Geigy, Ardsley, NY), was added to a final concentra-
tion of 0.05 wt.%. The resulting solutions were sterilized by
filtration through a 0.2 lm syringe filter.

Chondrocytes were added to sterile macromer/initiator
solutions to a final density of 7.5 � 107 cells ml–1. Individ-
ual 40 ll aliquots of the resulting suspensions were polymer-
ized in 1 ml syringe tips (inside diameter approximately
4.6 mm) under 365 nm UV light for 10 min at an intensity
of approximately 10 mW cm–2, resulting in cylindrical con-
structs with approximately parallel faces. Following
polymerization, the constructs were incubated in untreated
24-well plates at 37 �C and 5% CO2 in a humid environ-
ment. During incubation, the plates were placed on an orbi-
tal shaker rotating at 40 rpm. Constructs were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen)
supplemented with 1% penicillin/streptomycin (P/S, Invit-
rogen), 0.02 mg ml–1 gentamicin (Invitrogen), 10 mM
HEPES (Invitrogen), 0.1 mM MEM non-essential amino
acids (Invitrogen), 0.4 mM L-proline, 0.05 mg ml–1

L-ascor-
bic acid, 0.5 lg ml–1 fungizone (Invitrogen), and 10% fetal
bovine serum (Invitrogen). Constructs received 2 ml of
fresh media every 3–4 days. ND constructs without cells
were synthesized and incubated under the same conditions
to provide a negative control measurement in mechanical
and ultrasound testing.

2.4. Biochemical analysis

At time points of 4.5 and 9.5 weeks, constructs were
removed from culture, freeze-dried for 24 h and digested
with a papain solution for 18 h at 60 �C (n = 3–4). The
papain was in aqueous solution consisting of 125 lg ml–1

papain (Worthington), 10 mM L-cysteine (Aldrich),
100 mM phosphate and 10 mM EDTA at a pH of 6.3. Total
GAG content was approximated by chondroitin sulfate
amounts, quantified using a dimethylmethylene blue assay
[8]. Total collagen content was determined by a hydroxy-
proline assay [9], which measures approximately 10% of
the total collagen [27]. DNA content was measured by Hoe-
chst-33258 (Polysciences, Inc.) and related to cell number
by dividing DNA content by 7.7 pg per chondrocyte [5].
2.5. Mechanical testing

Compressive moduli of hydrogels and cell–gel constructs
were measured after 4.5 and 9.5 weeks of in vitro culture
time. Measurements were made using a Synergie 100
mechanical tester in unconfined compression at room tem-
perature. Samples were initially unloaded, then subjected to
compressive strain at a rate of 0.5 mm min–1. The compres-
sive modulus was determined by analyzing the linear region
of the stress vs. strain curve on samples at low deformation
(<15% strain). A sample size of 3–5 was used.

2.6. Histological staining

At pre-selected time points of 4.5 and 9.5 weeks, con-
structs were removed from culture, fixed in 10% formalin
for 8–24 h, dehydrated, paraffin-embedded and micro-
tomed into sections 8 lm thick. Sections were stained with-
out further treatment with fast green and safranin-O, which
stains GAGs red-orange, or Masson’s trichrome method,
which stains collagen blue.

2.7. Ultrasound measurements and analysis

Measurements were performed with high-frequency
ultrasound in double transmission and pulse-echo modes
to measure, respectively, the propagation and backscatter
properties of the cartilage specimens. Two transducers,
with nominal center frequencies of 50 MHz (model
V390-SU/RM, Panametrics-NDT, Waltham, MA) and
100 MHz (model V3346-SU/RM, Panametrics-NDT),
were used. Two transducers were used in order to permit
interrogation of the neotissue over a wider range of fre-
quencies than either transducer alone. The 50 MHz trans-
ducer had the following characteristics: active element
diameter of 6 mm, nominal focal length of 13 mm, peak
frequency of 40 MHz, �6 dB bandwidth of 40 MHz (15–
55 MHz), pulse duration of 80 ns, beam diameter of
90 lm and depth of field of 1.2 mm. The characteristics
of the 100 MHz transducer were: active element diameter
of 3 mm, nominal focal length of 6 mm, peak frequency of
85 MHz, �6 dB bandwidth of 60 MHz (55–105 MHz),
pulse duration of 60 ns, �6 dB beam diameter of 45 lm
and depth of field of 0.5 mm. Depth of field describes the
focal zone of the transducer and is unrelated to tissue pen-
etration depth. These two transducers permit measure-
ments across a frequency range of approximately 15–
105 MHz, with corresponding resolution length scales of
approximately 100 lm down to 15 lm.

A block diagram of the experimental setup is shown in
Fig. 1. Transducers were electrically excited by a
150 MHz square wave pulser/receiver (UT340, UTEX Sci-
entific Instruments, Inc., Mississauga, Ontario, Canada).
The ultrasonic pressure field traveled through buffered sal-
ine that was maintained at 37 �C before interacting first
with the hydrogel or cell–gel construct, and then with the
stainless steel reference, which acts as a near perfect reflec-



Fig. 1. High-frequency ultrasound setup. Measurements of tissue speci-
mens were performed with either a 50 or a 100 MHz transducer that was
electrically excited by a 150 MHz square wave pulser/receiver (P/R).
Received signals were digitized at a rate of 1 GSamples s–1 with 8-bit
resolution. Motion control and data acquisition were automated by PC
control. Tissue specimens were immersed in a phosphate-buffered saline
(PBS) solution that was heated to 37 �C and mounted on a custom,
stainless steel fixture.
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tor of ultrasound. Detected ultrasonic signals were received
and then sampled with a digitizer card (model STR1 G,
Sonix Inc., Springfield, VA) that recorded signals at 1
GSamples s–1 with 8-bit resolution. Data acquisition was
automated by computer control (Winspect software,
UTEX Scientific Instruments, Inc.). The transducer was
attached to an automated three-axis motion control system
that permitted spatial mapping of the ultrasonic properties.
The transducer was raster-scanned across the specimen in
step sizes of 100 lm (greater than half the beam diameter).
Ultrasound data were acquired over a square area, typi-
cally 5.5 mm � 5.5 mm.

The transmitting transducer was positioned such that
the nominal focal plane was aligned with the back wall of
the tissue specimen. Measurements with the 50 MHz trans-
ducer were performed after 5.5 and 9.5 weeks of culture
time, while measurements with the 100 MHz transducer
were performed after 0, 4.5 and 9.5 weeks of culture time.
A sample size of 1–3 was used per condition and per time
point, and samples undergoing ultrasound analyses were
not used in mechanical or biochemical analyses. Differ-
ences in time points, as well as small sample sizes, were
due to limited availability of the high-frequency ultrasound
system.

Standard data reduction methods were implemented in
Matlab (The MathWorks, Inc., Natick, MA) to calculate
the ultrasonic propagation and backscatter properties
[28], including the SoS [29,30] and the attenuation coeffi-
cient [31]. Briefly, the SoS was determined by monitoring
differences in times-of-flight of the ultrasonic signal
between reference and specimen measurements. The atten-
uation coefficient was determined using a log-spectral sub-
traction technique based on Fourier analysis. As is
conventional for ultrasonic measurements of soft tissue,
we report the SoA (with respect to the ultrasonic fre-
quency) because the attenuation coefficient is typically
quasi-linear over limited bandwidths.

2.8. Statistical analysis

Statistical analysis between gel conditions and between
time points was performed with single-factor analysis of
variance with a confidence interval of 0.05. All values are
reported as the average plus or minus one standard devia-
tion. Sample correlation coefficients were determined by
typical Pearson correlation analysis.

3. Results

3.1. Neocartilage evolution in PEG hydrogels

Chondrocytes were encapsulated in PEG hydrogels
that were either non-degrading (ND) or partially degrad-
ing (PD) on the timescale of these experiments. While PD
gels were used only with encapsulated chondrocytes, an
ND gel condition without cells provided an important
control for mechanical and ultrasound testing. The results
of biochemical assays to characterize the cellular and
ECM composition of cell/gel constructs as a function of
culture time and gel degradation are shown in Fig. 2.
Fig. 2(a) shows average construct wet masses for ND
and PD gels with cells. ND constructs had more mass
than PD constructs after both 4.5 and 9.5 weeks of
in vitro culture time. The wet mass of ND constructs
increased from 4.5 to 9.5 weeks (p < 0.05), while the wet
mass of PD constructs decreased from 4.5 to 9.5 weeks
(p < 0.05). The cell density of the PD constructs was sig-
nificantly higher than that of the ND constructs after
both 4.5 and 9.5 weeks of in vitro culture time. Both con-
ditions showed an increase in the density of cells from 4.5
to 9.5 weeks (p < 0.05). The densities of accumulated total
collagen and sulfated glycosaminoglycans (GAGs) are
shown in Fig. 2(c and d), respectively. The density of
accumulated total collagen shows a similar trend to the
cellular content data, and further analysis revealed that
encapsulated chondrocytes are similarly responsible for
�0.09 ng of collagen accumuled per cell in both the ND
and PD constructs after 9.5 weeks (p = 0.3). Data were
not presented on a per cell or per construct basis because
the overall density of accumulating matrix molecules is
most meaningful to the interpretation of ultrasound data.
The density of accumulated GAGs was similar between
the gel conditions, indicating that the cells in the PD con-
structs accumulated fewer GAGs per chondrocyte.

The organization of secreted ECM molecules may also
be important to ultrasound propagation. Images of histo-
logical staining for both conditions with cells are shown
in Fig. 3 for constructs cultured in vitro for 9.5 weeks.
These micrographs are representative images for each con-
dition, as evolving neocartilage shows very little spatial
variation in hydrogel materials at this size scale. Safra-
nin-O/fast green staining indicates similar distributions of



Fig. 2. Summary of cellular and ECM content of (dark gray bars) ND and (light gray bars) PD hydrogels with encapsulated chondrocytes as a function of
in vitro culture period. Scale bars indicate plus or minus one standard deviation. For each gel condition, all measurement differences between 4.5 and 9.5
weeks were statistically significant (p < 0.05). With the exception of mg GAGs g–1 wet wt. after 4.5 weeks of in vitro culture (p = 0.1), differences between
gel conditions at each culture time were statistically significant (p < 0.05) for all measurements.
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proteoglycans in ND and PD constructs (Fig. 3(b and d)).
Collagen staining indicates poor distribution of the larger,
structural ECM molecule in non-degrading gels, but good
distribution in copolymer gels. Contrary to the situation
for PD constructs, the ND constructs lack matrix homoge-
neity and the corresponding potential for formation of a
crosslinked collagen network.

Finally, the evolving mechanical properties of the
hydrogel constructs were measured, since mechanical prop-
erties have important effects on the measured ultrasound
properties of the bulk material. Measurements of the com-
pressive moduli for the gels and neotissue constructs in
each condition are shown in Fig. 4. ND gels without cells
served as a control and exhibited no significant change in
compressive modulus (p = 0.4) over the timescale of these
experiments. ND constructs with cells had small but signif-
icant increases (p < 0.05) from each measurement time to
the next. Finally, the compressive modulus of PD con-
structs also increased from 14 to 26 kPa from 0 to 4.5
weeks (p < 0.001), but any change from 4.5 to 9.5 weeks
could not be determined. The data from 9.5 weeks were
very inconsistent for the PD constructs because the combi-
nation of gel degradation and matrix evolution resulted in
inconsistent construct geometry at the final measurement
time. During measurement, it appeared that non-uniform
contact areas prevented measurement of the full thick-
nesses and/or widths of PD constructs at 9.5 weeks, so this
data could not be included in Fig. 4.
3.2. Ultrasound analysis of neocartilage

Fig. 5(a–c) shows representative plots of the envelope of
the ultrasonic radiofrequency signals in the ND hydrogel
construct that had not been seeded with chondrocytes,
the ND hydrogel construct that had been seeded with
chondrocytes and the PD hydrogel construct that had been
seeded with chondrocytes, respectively. The envelope of the
backscatter signal is often referred to as an amplitude scan
(or A-Scan). These signals were acquired with the 50 MHz
transducer at 9.5 weeks and represent a single measurement
site on each hydrogel construct. In each panel of Fig. 5, the
amplitude of the signal envelope is shown as a function of
time (or equivalently depth) for one measurement site. The
echoes from the interfaces of the PBS solution/front wall
(FW) of the construct and back wall/stainless steel reflector
(SS) are evident and are due to the mismatches of acoustic
impedances, determined by the density and SoS, between
the different materials. Apparent noise in the SS echoes is
an artifact of the large gains necessarily applied to the sig-
nal for the investigation of these neotissue samples. Only
the earliest appearance of the SS echo was useful for calcu-
lation of ultrasound properties. The interface echoes, when
compared to a reference measurement, are used to deter-
mine the thickness and SoS of the construct at the mea-
sured site. The backscatter signals from the interior of
the constructs are due to neocartilage development. This
is strongest for the PD hydrogel that was seeded with



Fig. 3. Masson’s trichrome staining of neotissue in (a) ND and (c) PD constructs, and safranin-O/fast green staining of neotissue in (b) ND and (d) PD
constructs after 9.5 weeks of in vitro culture. Collagen is stained blue by Masson’s trichrome method and proteoglycans are stained orange-red with
safranin-O/fast green. Scale bars are 50 lm.

Fig. 4. Compressive modulus of (white bars and diamonds) ND hydrogels
without cells, (dark gray bars and triangles) ND constructs with
encapsulated chondrocytes and (light gray bars and circles) PD constructs
with encapsulated chondrocytes as a function of in vitro culture period.
Averages are shown by bars, and individual measurements are also shown
for each time point and condition. *p < 0.05, **p < 0.001.

M.A. Rice et al. / Acta Biomaterialia 5 (2009) 152–161 157
chondrocytes (Fig. 5(c)) and weakest for the ND hydrogel
that was not seeded with chondrocytes (Fig. 5(a)) due to
the lack of scattering sites.

Brightness scan (B-Scan) images provide an additional
way to visualize the data. A cross-sectional B-Scan image
of a tissue specimen is formed by mapping the magnitudes
from a series of A-Scans to grayscale values. Each vertical
row of pixels in a B-Scan image corresponds to an A-Scan,
with peaks showing up as lighter pixels. B-Scan images are
shown in Fig. 6 for a variety of gel and tissue conditions.
Fig. 6(a and c) are B-Scan images at 0 weeks for an ND
gel without cells and a PD cell–gel construct, respectively.
The front wall (FW) of the gel is barely visible in these
images, because the acoustic impedances in the hydrogels
are similar to that of the buffer solution above them. The
large signal that appears near the middle of these gels is
an artifact due to the delay rod of the transducer, and
appears in the B-Scans of the hydrogels only at 0 weeks
because the transducer had to be focused on the front wall
of the gel in order to pick up the FW signal. Ignoring these
artifacts, it is obvious that there is very little signal reflected
from the surfaces or the interior of these hydrogels at the
initial time point.

A B-Scan image for a piece of excised cartilage is shown
in Fig. 6(b) for comparison. This image shows a good sur-
face signal and a significant amount of scattering from the
interior of the tissue, providing a positive control for the
image that should start to develop as matrix evolves in
the hydrogel constructs with cells. Finally, Fig. 6(d) shows
a B-Scan of neotissue in a PD construct after 9.5 weeks of
in vitro culture. The top surface (FW) is obvious in this
image, as is a significant amount of signal scatter from
within the construct, indicating the presence of cell-secreted
matrix molecules. The image in Fig. 6(d) also shows the



Fig. 5. Representative plots of the envelope of the backscatter ultrasound (A-Scan line) for (a) the ND hydrogel that was not seeded with chondrocytes,
(b) the ND cell–gel construct and (c) the PD cell–gel construct. Large peaks correspond to ultrasound reflected from the front wall (FW) of the tissue
specimen and the stainless steel (SS) tissue fixture. Smaller echoes between the FW and SS echoes are due to backscatter from the interior of the tissue
specimens. A 1 ls scale bar is included.

Fig. 6. B-Scans of (a) hydrogel only, (b) bovine cartilage explant, (c) PD cell–gel construct after three days of in vitro culture and (d) PD cell–gel construct
after 9.5 weeks of in vitro culture. Labels correspond to the front wall (FW) of the sample being tested, the transducer delay rod artifact (T) and the
stainless steel plate (SS) on which the samples rested during testing. Data for the images in panels (a and c) were collected with a 100 MHz transducer,
while data for the images in panels (b and d) were collected with a 50 MHz transducer.
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complex geometry of the PD constructs at 9.5 weeks, which
limited the consistency of mechanical testing.

The SoS and SoA were calculated from ultrasound data
in a 10 pixel � 10 pixel (1 mm � 1 mm, n = 100 measure-
ment sites) region of interest (ROI) in the center of each
individual sample tested after 4.5, 5.5 or 9.5 weeks of
in vitro culture. Fig. 7 shows results of the ultrasound anal-
ysis performed at 100 MHz as a function of culture time.
Because reliable detection of the top surface of the gel or
cell/gel construct was not possible at the initial time point,
values of SoS and SoA at the initial time point were not
included. Due to the small number of repeats, no statisti-
cally significant differences exist among conditions or time
points for the SoS data. However, the presence of encapsu-
lated cells and/or secreted matrix did result in significant
differences in the SoA. Compared to ND control gels with-
out cells, the SoA appeared to be higher in the ND con-
structs with cells and PD constructs with cells at 4.5
weeks. This trend appeared to persist in the measurement
at 9.5 weeks, but ultrasound sample sizes were too small
to confirm any statistical significance. Data collected from
the 50 MHz transducer showed similar trends for both SoS
and SoA, but with larger variation in the data than the
100 MHz measurements (data not shown).

3.3. Correlation of SoS and SoA with mechanical and

biochemical properties

In order to identify important parameters for more
focused future analyses, SoS and SoA were compared to
results of mechanical testing and biochemical analyses.
Fig. 8 shows example scatter plots of SoS and SoA, calcu-
lated from 100 MHz data, plotted against measured com-
pressive modulus and total collagen content, respectively.



Fig. 7. SoS and SoA as a function of in vitro culture period for (white bars
and diamonds) ND hydrogels without cells, (dark gray bars and triangles)
ND constructs with encapsulated chondrocytes and (light gray bars and
circles) PD constructs with encapsulated chondrocytes, calculated from
100 MHz transducer data. Averages are shown by bars and individual
measurements are also shown for each time point and condition.
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The scatter plots in Fig. 8(a and b) are shown because they
represent the most likely correlations of mechanical
and biochemical neotissue markers with SoS and SoA,
based on the data collected in this study. Neither plot is
meant to show a quantified, statistically significant rela-
tionship because sample sizes were necessarily small and
ultrasound analyses were performed on different sample
specimens than mechanical and biochemical analyses. Each
data point in Fig. 8 corresponds to a single ultrasound
measurement for a gel condition and time point that
was also characterized by mechanical and biochemical
analyses. Error bars in the x-direction correspond to error
bars in the y-direction from Figs. 4 and 2(c), respectively.
These error bars appear because ultrasound analysis and
mechanical/biochemical analyses were performed on differ-
ent specimens.

As a first approximation, ultrasound and mechanical/
biochemical analyses were assumed to be linearly depen-
dent in order to allow calculation of sample correlation
coefficients. The results of the correlation analyses are
shown in Table 1. It is important to note that for calcula-
tions of the sample correlation coefficient, the results of
ultrasound analyses on a sample were compared to
mechanical and biochemical analyses of similar, but sepa-
Fig. 8. Scatter plots of (a) SoS plotted against compressive modulus
measurements and (b) SoA plotted against total collagen density. SoS and
SoA were calculated from 100 MHz transducer data.
rate, samples with similar hydrogel and culture time condi-
tions. Biochemical and mechanical data collected after 4.5
and 9.5 weeks of in vitro culture time were compared to
analyses of 100 MHz ultrasound data after 4.5 and 9.5
weeks of culture time and also to analyses of 50 MHz ultra-
sound data after 5.5 and 9.5 weeks of culture time. Again,
the objective was not to define quantitative relationships,
but instead to focus future studies on the ultrasound condi-
tions and neotissue markers that are most likely to provide
those relationships. In general, sample correlation coeffi-
cients were closest to 1.0 for SoA with cell density, collagen
content and GAG content, biochemical markers of matrix
accumulation. This correlation appeared to be stronger for
SoA calculated from 100 MHz data. For SoS calculations,
correlation coefficients for 100 MHz data with measure-
ments of compressive modulus were higher than correla-
tion coefficients calculated from 50 MHz data and the
same mechanical measurements.

4. Discussion

Understanding the composition and temporal evolution
of regenerated cartilaginous tissue in degradable hydrogel
constructs is important to provide context for the ultrasound
analysis. ND gels were utilized to provide a condition in
which cells would maintain their preferred, rounded mor-
phology, and in which distribution of the large cartilage
ECM molecule, collagen, would be restricted. PD gels were
synthesized with a composition designed to allow distribu-
tion of collagen while maintaining proper cell morphology
and function in a majority of encapsulated chondrocytes
[24]. In general, constructs show similar trends to encapsula-
tion studies in ND and PD PEG-based gels in the literature
[24,32]. It is important to note that the reported values of
compressive modulus are not measurements of equilibrium
modulus. These measurements were performed at a constant
strain rate, giving a measurement of the stiffness of gels and
constructs, related to mechanical function that could be
measured quickly enough to accommodate the sample sizes
of each condition.

The ability to image developing neotissue is an impor-
tant advantage of ultrasound measurement techniques.
Ultrasonic measurements and images provide a convenient
means to qualitatively assess the macroscopic shape, space-
filling of a defect and, to a lesser extent, neocartilage evo-
lution. The B-Scan image shown in Fig. 6(d) provides evi-
dence of the poor shape and volume retention in the PD
constructs. While such measurements and images provide
qualitative information that can be used to better under-
stand neocartilage evolution and its relationship to gel deg-
radation, it is also possible to retrieve quantitative data
from the ultrasound analysis of gels, neotissue constructs
and excised tissue samples.

Ultrasonic propagation properties have the potential
to enable quantitative, online, real-time monitoring of
neocartilage. In order for this potential to be realized,
a more detailed understanding of the effects of matrix



Table 1
Values of the sample correlation coefficient between biochemical and
mechanical neotissue markers and SoS or SoA, measured with either a 50
or a 100 MHz transducer

50 MHz 100 MHz

SoS SoA SoS SoA

Comp. modulus �0.10 0.47 0.78 0.40
Cell density (cells g–1 wet wt.) �0.44 0.62 �0.31 0.88
Total coll. density (mg g–1 wet wt.) �0.38 0.63 0.15 0.89
GAG density (mg g–1 wet wt.) �0.29 0.47 0.12 0.82
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evolution on ultrasound propagation is required. The
first step to improve this understanding is to identify
the ultrasound and matrix parameters that are most
likely to be relatable in a consistent, repeatable manner.
In this study, efforts were therefore focused on sampling
a range of materials with varied cell and matrix content
and/or distribution across multiple ultrasound frequen-
cies. One consequence of this approach was that statisti-
cal comparison of ND and PD conditions was not
possible for all culture times. However, the objective of
these studies was not to develop quantitative relation-
ships, but instead only to identify neotissue markers
and ultrasound parameters that are most likely to pro-
vide consistent, quantitative relationships upon further
study. Development of the quantitative relationships that
are the long-term goal of this research will require
focused studies and larger sample sizes than those pre-
sented in this report. As a result of the screening of con-
ditions in this report, future experiments should be
focused on ultrasound measurements at 100 MHz, and
analyzed for comparisons of SoS with compressive mod-
ulus and SoA with the density of accumulated matrix
molecules.

The frequency of ultrasound has important conse-
quences on the spatial resolution and range of data col-
lected. The transducers that were used in this study
permit interrogation of the neotissue across a range of fre-
quencies (15 –105 MHz) with corresponding wavelengths
(�100 lm down to 15 lm). However, the effective spatial
resolution of the transducer is generally a few multiples
of the wavelength. This is because the transducer has a
finite beam width and depth of field. Although the nominal
center frequency of the transducer can be increased to
improve spatial resolution, transducers with center fre-
quencies above 150 MHz typically require specialized hard-
ware. In addition, the depth of penetration of these higher
frequencies in neotissue decreases due to ultrasonic attenu-
ation. Consequently, the issue of resolution can be seen as a
trade-off of between depth of penetration and cost and con-
venience of specialized hardware.

Investigating the effects of nominal transducer frequency
was an important aspect of the work described in this con-
tribution. Analysis of ultrasonic propagation indicated that
100 MHz ultrasound is a better candidate than 50 MHz
ultrasound for quantitative non-destructive analysis of
matrix evolution and functional neotissue formation. It is
important to note that, due to limits on the use of the
high-frequency ultrasound system, data from the 50 MHz
transducer collected at 5.5 weeks were compared to those
from mechanical and biochemical testing from 4.5 weeks.
This limits the quality of the correlation analyses with the
50 MHz data, but even if the mechanical and biochemical
results are interpolated to predict values at 5.5 weeks, the
quality of the correlations with the 50 MHz data does
not approach that from the 100 MHz data.

Of potential concern for the use of ultrasound to moni-
tor neotissue evolution are the possible bioeffects due to
ultrasound exposure. The probability that these effects will
be significant is small because the cell–gel constructs are
exposed to ultrasound for only very short periods during
in vitro culture. Diagnostic medical ultrasound equipment
manufacturers limit the intensity of the transmitted ultra-
sound field to suppress any temperature increases and the
potential for cavitation is as low as reasonably achievable
[33,34]. A conventional approach to experimentally deter-
mining the intensity of the transmitted ultrasound field is
by measurement of the field with a calibrated hydrophone
that permits measurement of absolute pressure levels. This
is a subject of ongoing investigation, and it is not yet evi-
dent what role ultrasound exposure levels play in neotissue
evolution.

5. Conclusions

Hydrogels and cell–gel constructs were analyzed with
ultrasound at frequencies of 50 and 100 MHz. ND cell–
gel constructs provided a condition with accumulating
ECM molecules in which collagen was localized to the per-
icellular regions, while PD cell–gel constructs allowed for
even distribution of collagen over the 9.5 week timescale
of these experiments. SoA was most sensitive to the density
of accumulated matrix molecules in both types of cell–gel
constructs when calculated from 100 MHz measurements.
In addition, calculations of SoA from 100 MHz measure-
ments correlated better with matrix accumulation than
did calculations of SoA from 50 MHz measurements. Since
calculations of SoS from 100 MHz measurements also cor-
related best with mechanical measurements of the cell–gel
constructs, ultrasound measurements at 100 MHz are most
likely to provide meaningful real-time data by non-destruc-
tive analyses in future cartilage tissue engineering
applications.
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