
ORIGINAL ARTICLE

Near-Infrared Spectroscopy Predicts Compositional
and Mechanical Properties of Hyaluronic Acid-Based
Engineered Cartilage Constructs
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Hyaluronic acid (HA) has been widely used for cartilage tissue engineering applications. However, the optimal
time point to harvest HA-based engineered constructs for cartilage repair is still under investigation. In this
study, we investigated the ability of a nondestructive modality, near-infrared spectroscopic (NIR) analysis, to
predict compositional and mechanical properties of HA-based engineered cartilage constructs. NIR spectral
data were collected from control, unseeded constructs, and twice per week by fiber optic from constructs seeded
with chondrocytes during their development over an 8-week period. Constructs were harvested at 2, 4, 6, and 8
weeks, collagen and sulfated glycosaminoglycan content measured using biochemical assays, and the me-
chanical properties of the constructs evaluated using unconfined compression tests. NIR absorbances associated
with the scaffold material, water, and engineered cartilage matrix, were identified. The NIR-determined matrix
absorbance plateaued after 4 weeks of culture, which was in agreement with the biochemical assay results.
Similarly, the mechanical properties of the constructs also plateaued at 4 weeks. A multivariate partial least
square model based on NIR spectral input was developed to predict the moduli of the constructs, which resulted
in a prediction error of 10% and R value of 0.88 for predicted versus actual values of dynamic modulus.
Furthermore, the maximum increase in moduli was calculated from the first derivative of the curve fit of NIR-
predicted and actual moduli values over time, and both occurred at *2 weeks. Collectively, these data suggest
that NIR spectral data analysis could be an alternative to destructive biochemical and mechanical methods for
evaluation of HA-based engineered cartilage construct properties.

Keywords: cartilage tissue engineering, hyaluronic acid, near-infrared spectroscopy, nondestructive modality,
multivariate data analysis

Introduction

Articular cartilage covers bone surfaces in the
diarthrodial joints and functions as a nearly friction-

less tissue to dissipate high stresses generated by move-
ment.1 Cartilage consists primarily of proteoglycans and a
collagen-rich matrix that is continuously remodeled by
chondrocytes embedded within.2 Because of its dense and
avascular structure, cartilage has limited intrinsic healing
capacity, once damaged as a result of disease and/or trauma.
Clinical approaches such as microfracture, osteochondral
autograft transfer, autologous chondrocyte implantation, and
osteochondral allograft have been developed to address the
limitations associated with the poor ability of articular carti-
lage to undergo self-repair.3 These current clinical strategies

for the treatment of articular cartilage injuries suffer from
several limitations, including limited tissue regeneration,
limited tissue availability for transplant/graft, tissue rejection
by the host, and fibrocartilage development.4–7

To address these limitations, tissue engineering ap-
proaches have been studied comprehensively over the past
two decades. Using a wide and combinational range of
scaffolding materials, cell types, growth factors, culture
conditions, and culture times, engineered tissues have been
developed that possess compositional and biomechanical
properties close to native tissue.8–12 Nevertheless, clinical
outcomes of repair with such tissues have been controver-
sial.13,14 It has also been shown that in vitro preculture of
engineered implants and/or predifferentiation of mesenchymal
stem cells could be beneficial for improved in vivo outcomes
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and functional cartilage repair.15,16 Different strategies have
been developed to improve maturation of precultured cartilage
constructs.8,17–19 A fundamental question for these approaches
is, what degree of maturation should these engineered tissues
reach before implantation?

The ability of engineered constructs to integrate with the
native tissue is another determinant factor in the success of
its future clinical application.20 Marked stress concentra-
tions at the boundaries of native tissue and the implant
would be one consequence of failure in robust integration
between two tissue types.21 Therefore, both construct matu-
ration and integration ability are key factors in the determi-
nation of optimum implantation time for in vitro-developed
constructs. Recently, to estimate the appropriate implantation
time for engineered cartilage constructs during in vitro
culture, Fisher et al. introduced a trajectory-based tissue
engineering approach and suggested a ‘‘trade-off’’ between
functional maturation and integration,22 where it was found
that time-dependent changes strongly correlated with the
capacity to develop an improved integration strength.

To implement a successful strategy based on construct
maturation, it is necessary to assess the composition of de-
veloping engineered constructs in vitro. The destructive
nature of gold standard methods for the determination of
engineered construct composition, such as biochemical as-
says and histology, as well as the significant number of
samples required for such assays, motivates the development
of alternative nondestructive methods for construct evaluation.
Current nondestructive alternatives for the characterization of
engineered constructs during longitudinal development in-
clude magnetic resonance imaging (MRI),23 X-ray imaging,24

ultrasound imaging,25 and optical imaging.26 Over the past
10 years, much progress has been made in noninvasive mag-
netic resonance spectroscopy and MRI characterization of
tissue-engineered cartilage.27–36 As an example, Kotecha
et al. characterized engineered cartilage using changes in
T2-weighted MRI images and changes in magnetic resonance
parameters such as water relaxation times.28 In another study,
Majumdar et al. used sodium MRI to assess the glycosami-
noglycan (GAG) amount in stem cell chondrogenesis in a
hybrid scaffold system.30

In another study, using 13C NMR, Schulz et al. demon-
strated the presence of chondroitin sulfate in cartilage tissue-
engineered constructs.35 Chondrogenesis of human marrow
stromal cells (MSCs) seeded into chitosan/collagen type I
scaffolds was studied by sodium NMR in another study.29

Micro-MRI can yield micron size resolution (and better
signal to noise compared to typical clinical imaging), but
requires higher field strength, signal averaging, and/or
powerful gradient sets, all of which may not be practical in a
clinical setting.37 Contrast-enhanced micro-CT is another op-
tion for nondestructive assessment of cartilage proteoglycan
content.38 However, this technique requires the addition of an
external contrast agent, which may not be compatible with
subsequent implantation of developing constructs.

Infrared (IR) spectroscopic methods for evaluation of
tissues have been developed over the last two decades and
have been utilized for different applications in various
fields, including tissue engineering.39,40 This technique is
based on absorbance of IR light by tissue functional groups
at specific vibrational frequencies, and thus, there is no need
for external contrast agents.39 Molecular vibrations generate

absorption bands generally located in the mid-IR (MIR)
range (between 400 and 4000 cm-1) where they are the
most intense and the simplest. Adjacent to the MIR, the
near-IR (NIR) region covers the range between *4000 and
12,500 cm-1. This region contains absorption bands corre-
sponding to overtones and combinations of fundamental
vibrations.41 Spectroscopic modalities including imaging
spectroscopy and fiber optic spectroscopy in both the MIR
and NIR frequency regions can be used to evaluate tissue
composition.39,42 Fiber optic MIR spectroscopy is a non-
destructive modality that can be used to evaluate tissue
composition. Although this technique has been established
as an approach to monitor cartilage degradation,43 it is
hampered by lack of sufficient penetration of photons into
the sample, and hence information is obtained only from the
surface (2–10 mm).44 As articular cartilage as well as en-
gineered cartilage constructs have a complex, heterogeneous
structure,45 it would be more desirable to apply a technique
such as NIR spectroscopy, which has a greater depth of
penetration than MIR spectroscopy and would permit sam-
pling of the entire thickness of constructs up to *5 mm.46–48

Although NIR spectroscopy offers more light penetration
depth than MIR and does not require sample preparation,
spectral signals obtained using NIR spectroscopy are not as
specific as those obtained using MIR spectroscopy, and have
not been fully investigated. In a recent study in our laboratory,
the depth of penetration of NIR radiation into cartilage tissue
was assessed using a fiber optic setup attached to an NIR
spectrometer. It was found that the depth of penetration of the
NIR radiation was dependent on the frequency (wavelength) of
data acquisition and ranged from *1 to 2 mm in the 4000–
5100 cm-1 range, to*3 mm in the 5100–7000 cm-1 range, and
to *5 mm in the 7000–9000 cm-1 frequency range.47

In this study, we used a well-established and optimized
scaffold in the field of cartilage tissue engineering. Among
natural materials studied for cartilage tissue engineering,
hyaluronic acid (HA) has been comprehensively studied and
various parameters have been optimized to obtain superior
culture protocols using this material.8,9 HA is present in
native adult articular cartilage and is involved in many
cellular processes, including proliferation, morphogenesis,
inflammation, and wound repair. HA hydrogels have been
shown to support chondrocyte matrix deposition and chon-
drogenic differentiation of mesenchymal stem cells.49

In this study, a nondestructive NIR spectroscopic ap-
proach coupled with multivariate data analysis was devel-
oped for evaluation of engineered construct composition and
maturation. We hypothesized that the NIR outcomes would
correlate to gold standard compositional and mechanical
outcomes related to the development of HA-based en-
gineered cartilage constructs.

Materials and Methods

HA hydrogel synthesis

Methacrylated hyaluronic acid (MeHA) was synthesized
as previously described.50 Methacrylic anhydride (Sigma,
*20-fold excess) was added to a solution of 1 wt% HA
(Lifecore; molecular weight [MW]* 64 kDa) in deionized
water adjusted to a pH of 8 with 5 N NaOH (Aldrich) and
reacted on ice for 24 h. For purification, the macromer so-
lution was dialyzed (MW cutoff 5–8 kDa) against deionized
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water for at least 48 h, and the final product was obtained by
lyophilization. Lyophilized MeHA was sterilized by expo-
sure to a biocidal UV lamp for 15 min. The macromer was
dissolved to 1% (w/v) in sterile phosphate-buffered saline
with 0.05% photoinitiator Irgacure-2959 (2-methyl-1-[4-
(hydroxyethoxy)phenyl]-2-methyl-1-propanone) (Ciba-Geigy).

Chondrocyte isolation and three-dimensional culture

Articular cartilage was harvested from three juvenile bo-
vine stifle joints (Research 87; Boylston). Tissues were
digested in a spinner flask containing 250 U/mL type II col-
lagenase (Worthington Biochemical), 99 mL DMEM (Life
Technologies), 1 mL penicillin/streptomycin (10,000 U/mL
penicillin and 10,000mg/mL streptomycin; Life Technolo-
gies), and 0.2 mL fungizone (250mg/mL amphotericin B and
205mg/mL sodium deoxycholate; Life Technologies). Spin-
ner flasks were incubated at 37�C and 5% CO2 for 12 h.
Chondrocytes were isolated from the digest solution by fil-
tering through a 70-mm sterile nylon filter and centrifugation
at 1000 g. The cell pellet was collected, reconstituted in
1 · phosphate-buffered saline (Life Technologies), and cells
were expanded through passage 3, combined, and encapsu-
lated at 60,000,000 cells mL-1 in 1% (w/v) MeHA. Gels were
polymerized by UV exposure (10 min) by a 365 nm Black-
Ray UV lamp (Model #UVL-56) between glass plates
separated by 2.25 mm spacers, and sterile 5 mm diameter
punches (Miltex) were used to create chondrocyte-laden
hydrogel cylinders.51 Acellular MeHA hydrogels were also
formed (n = 5) for use as cell-free controls. Chondrocyte-
laden hydrogel cylinders were placed in glass-bottomed six-
well tissue culture plates (one scaffold per well) and were
cultured in 5 mL of a chemically defined medium supple-
mented with TGF-b3 (10 ng mL-1; R&D Systems) at 37�C
and 5% CO2. Culture media were replaced every 2–3 days.
Glass-bottomed well plates (In Vitro Scientific) were used
due to the absence of absorbance in the NIR spectral region.
Cartilage constructs were harvested on day 0, 14 (2 weeks),
28 (4 weeks), 42 (6 weeks), and 56 (8 weeks) (n = 10 per time
point). Samples were weighed on each harvest day (wet
weight) and thickness measured with a caliper. Constructs
were then soaked in protease inhibitor (Sigma-Aldrich) and
frozen at -20�C until biochemical analyses were performed.

NIR spectroscopy of acellular and cell-laden constructs

NIR spectra from acellular constructs (hydrogel only, n = 3)
were acquired in diffuse reflectance mode in the NIR range
(8000–4000 cm-1) at a spectral resolution of 16 cm- 1 with a
Perkin Elmer Spotlight 400 Imaging System (Perkin Elmer). A
background spectrum of air was collected on a reflective alu-
minum surface, and sample spectra were collected from con-
structs placed on the same surface. Sample spectra were
collected over time as the construct dehydrated (t = 0, 15, 45,
265 min) for assessment of the contribution of water to the
spectra and assignment of scaffold spectral absorbances.

Diffuse reflectance NIR spectra from cellular constructs
were collected during each medium change (while the con-
structs were not immersed in culture media) using a Remspec
NIR probe coupled to a Matrix-F spectrometer (Bruker Op-
tics) using OPUS software v.5.5 (Bruker Optik GmbH). To
maintain the sterility of the constructs during the data col-
lection, the data collection process was done in a biological

safety cabinet (BSC). The NIR probe was sprayed with 70%
ethanol and placed on a stand in the BSC during data col-
lection, and no contact was made between the constructs and
the fiber optic tip. Background spectra of air were collected
using a reflective mirror surface, and sample spectra were
collected by positioning the probe 2 mm above the cartilage
construct with the well plate placed on the mirrored surface.
Each sample spectrum collected was the sum of 128 co-
added scans across the spectral range of 10,000–4000 cm-1

with a spectral resolution of 16 cm-1, and was ratioed to a
background spectrum. Two NIR spectra were collected from
each construct thrice per week over a period of 8 weeks.

NIR data preprocessing and multivariate data analysis
(partial least squares)

NIR spectra were analyzed using Unscrambler X (CAMO
Software). Two spectra per construct were averaged before
data processing. Spectra were smoothed with a 51-point
Savitzky–Golay algorithm and then preprocessed with an
extended multiplicative scatter correction,52 followed by area
normalization and second derivative processing (to visual-
ize peaks underlying the broad contours) with a 39-point
Savitzky–Golay smoothing window.53 Dynamic moduli of
constructs were predicted using partial least square (PLS)
regression with spectral data being X matrix and measured
dynamic moduli being Y matrix. The PLS analysis approach
finds linear combinations of the predictors (factors) to predict
the response values. The number of factors for each model
was determined by examining loading weights and compar-
ison of the root mean square error of calibration (RMSEC)
and root mean square error of cross-validation (RMSECV).54

The quality of the model was evaluated based on the RMSEC
or RMSECV (as a percentage of the range of data), and the R2

of actual versus predicted values.

Biomechanical and biochemical analysis
of chondrocyte-seeded constructs

Mechanical properties and biochemical composition were
assessed for n = 6 constructs per time point. All mechani-
cal tests were performed on a custom-designed computer-
controlled testing apparatus consisting of a stepper micrometer
displacement actuator (Model 18515; Oriel Corp.), a Linear
Variable Differential Transformer (Model HR100; Schaevitz)
for measuring specimen deformation, and a load cell (Sensotec;
range 622 N, 0.01 percent precision) for measuring the reac-
tion force. The unconfined equilibrium compressive modulus
was derived from a stress relaxation test (10% strain, 1000 s
relaxation).55 After equilibration, the dynamic modulus was
determined using five sinusoidal cycles of compression at 1 Hz
(1% strain amplitude).56 After testing, each construct was
weighed and digested in proteinase K (Sigma-Aldrich, P2308)
before analysis for sulfated GAG (sGAG) and collagen content.
sGAG content was analyzed using the 1,9-dimethylmethylene
blue dye binding assay, and collagen using the chloramine-T
based assay as previously described.57,58

Mathematical modeling of maturation (maximum rate
of change)

Biomechanical and biochemical (GAG and collagen
content) data and the related NIR spectral predictions of
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these data were plotted versus time. Data were fit individ-
ually with a sigmoidal curve (y = a/(1+exp(-(x - x0)/b)))
using SigmaPlot 12.0 (Sysstat Software). Using the deter-
mined parameters (a, x0, b), the first derivative of the
function was calculated to determine where the maximum
rate of change occurred in the original plots.

Statistical analysis

SigmaPlot 12.0 (Sysstat Software) was used to calculate
average values and standard deviations, and for statisti-
cal analysis. Significant differences among different time
points for each parameter were analyzed using ANOVA.
Post hoc comparisons were performed with significance set
at p < 0.05. A Pearson correlation was performed to assess
correlation of measured and predicted values from the PLS
models, and between NIR-determined values and bio-
chemical parameters.

Results

Engineered construct properties

The thickness and diameter of the engineered constructs
increased by *47% and 16%, respectively, after 8 weeks of
culture (Fig. 1).

Collagen and sGAG content

Collagen content significantly increased from day 0 to week
4. After week 4, there were no significant differences in col-
lagen content (Fig. 2a). The same trend was apparent in sGAG
content (Fig. 2b). The amount of measured sGAG increased
significantly during the first 4 weeks of culture, but no sig-
nificant differences were observed after week 4 (Fig. 2b).

Mechanical properties

There was a fourfold increase in both equilibrium and
dynamic moduli of the constructs from week 2 to 4. After
week 4, there were no significant differences among the
mechanical properties of the constructs (Fig. 3). As the
trends were similar for both equilibrium and dynamic
moduli, only the dynamic moduli will be discussed from this
point forward.

NIR spectroscopy of acellular and cell-laden constructs

The contour of the NIR spectra of the acellular HA
scaffolds changed as water was lost during air drying
(Fig. 4a). The peaks that underlay the broad water peaks
became more apparent as the HA dried over 5 h. Second
derivative spectra were used to visualize the specific peaks

FIG. 1. Means and stan-
dard deviations of construct
thickness and diameter (n = 6
per time point, pictured on
the left). Cartilage constructs
were significantly thicker and
larger in diameter compared
to day 0 constructs for all
time points. *Significant dif-
ference among values at dif-
ferent time points ( p < 0.05).
Color images available on-
line at www.liebertpub.com/
tea

FIG. 2. Collagen (a) and sGAG (b) content (means and standard deviations) assessed by biochemical assay of harvested
constructs (n = 6 per time point). Construct collagen and sGAG content generally increased through 4 weeks in culture, but
not after that. *Significant difference among values at different time points ( p < 0.05). sGAG, sulfated glycosaminoglycan.
Color images available online at www.liebertpub.com/tea
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that underlie the broad bands in the raw NIR spectra
(Fig. 4b). The water peak at *5334 cm-1 was observed to
shift to 5210 cm-1 after 265 min of drying. Another water
peak at 7135 cm-1 shifted to 7086 cm-1 after 15 min, and
then disappeared after 45 min of drying (Fig. 4b). The peaks
that remained in the combination and first overtone regions
(4000–4500 cm-1 and 5500–6000 cm-1, respectively) were
attributed to absorbances from C-H stretch combinations
and overtones from the hydrogel.

The NIR spectra of cell-laden constructs were dominated
by peaks associated with water molecule vibrations at *7135
(first overtone of the OH-stretching band), 5300 (combination
of the OH-stretching band and the O-H bending band) and
8643 cm-1 (the combination of the first overtone of the O–H
stretching and the OH-bending band)59 (Fig. 5a). In the cell-
seeded constructs, the only peak that was not present in the

day 0 spectrum, but was clearly present in all other spectra,
was the peak centered at 4443 cm-1. This peak arises from the
combination band of the C-H stretch and C-H deformation of
peptide bonds,60 and thus is a marker of chondrocyte matrix
formation. NIR-determined matrix formation, based on the
intensity of this peak, mirrored the sGAG and collagen found
in the constructs (Fig. 6a–c), where both biochemically and
spectroscopically derived values increased up to the week 4
time point and plateaued afterward.

Construct maturation

The development of the construct properties, including
collagen, and sGAG content increase were modeled very
well with a sigmoidal curve fit, with R values >0.87 for all

FIG. 3. Equilibrium (a) and
dynamic (b) moduli were as-
sessed using an unconfined
compression test, with means
and standard deviations pre-
sented for n = 6 constructs per
time point. Both moduli in-
creased significantly from
week 2 to 4, but no significant
change was observed after
week 4. *Significant differ-
ence among values at differ-
ent time points ( p < 0.05).

FIG. 4. NIR raw spectra (a) and second derivative spectra
(b) of acellular HA constructs. As water evaporated from the
constructs over time, absorbances from the HA molecule
became visible in both raw and second derivative spectra.
The zero time point refers to the initial data collection time
immediately after removing the acellular construct from
PBS, and the next data collections were performed after 15,
45, and 265 min. HA, hyaluronic acid. Color images avail-
able online at www.liebertpub.com/tea

FIG. 5. NIR raw spectra (a) and second derivative spectra
(b) of engineered cartilage constructs showing the water
absorbance domination. Spectral details are resolved using
second derivative spectra, and peaks reflecting specific
matrix and water components are noted with dashed lines.
Color images available online at www.liebertpub.com/tea
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parameters (Fig. 6a–c). These data showed that the com-
positional parameters plateaued at week 4, which indicates
no significant change was observed in the measured values
after this time point. The maturation rate, as determined by
the first derivative analysis of fit curves, revealed that week
2 was the time at which the maximum maturation rate oc-
curred for compositional parameters, as well as for the NIR-
derived matrix content (Fig. 6d–f). Interestingly, the trend in
the dynamic moduli of the constructs and in compositional
development is in reasonable agreement with the biochem-
ical assay results (Fig. 7a). The maximum rate of increase in
mechanical properties occurring at *week 2 is very close to
the time point for the maximum rate of change in sGAG and
collagen content, as well as the maximum rate of change in
cartilage matrix predicted by the NIR spectra (Fig. 7c).

Prediction of biochemical and mechanical properties
with NIR spectral data

NIR spectral data PLS predictions of biochemical com-
position and dynamic moduli of the constructs resulted in
errors of 10–11% of the parameter range for the calibration
and validation of the models, and resulted in significant
correlations to the experimental values (Table 1 and Fig. 7a,
b). The first derivative plots revealed that the maximum time
point for rate of change for both measured and PLS-
predicted moduli data occurred at *week 2 (Fig. 7c, d).

Discussion

Successful tissue engineering approaches require inte-
gration of implanted engineered constructs with surrounding

host tissue to maintain the overall integrity and long-term
functionality of the restored tissue, in particular when it is
exposed to external loads. The concept of determination
of optimal implantation time by choosing the time point
at which maximum development rate occurs, rather than
maximum maturation state, was recently formulized as
‘‘trajectory-based’’ tissue engineering by Fisher et al.22

There, it was concluded that a strong correlation exists be-
tween maturation rate of engineered constructs and their
integration capacity. This conclusion was in agreement with
a previous study by another group.61 In this study, we de-
veloped a nondestructive spectroscopic approach for as-
sessment of chondrocyte-seeded HA hydrogel construct
composition during in vitro development. With these data,
which also correlate with mechanical properties of the
constructs, it is possible to identify the time point at which
maximum construct maturation rate occurs, and hence the
optimum time point for implantation. Recently, the potential
for improvement in matrix properties of engineered cartilage
tissue has been investigated using physiologic loading in
bioreactor systems,62 as well as sequential supplementation
with TGF-b3 growth factors.63 The results of these studies
demonstrate that any change in the mechanical and bio-
chemical treatment of engineered tissue could lead to dif-
ferent properties of constructs at different time points, and it
is likely that NIR spectroscopy could be used to assess those
differences nondestructively.

For the application of nondestructive NIR to HA con-
structs, a critical step was gaining insight into the spectral
features in the NIR spectrum of HA, which had not previ-
ously been investigated. NIR spectra of acellular HA

FIG. 6. Sigmoidal curve fits of (a) sGAG, (b) collagen, and (c) NIR-derived cartilage matrix data suggest a similar trend
in longitudinal development. First derivatives of fitted curves for (d) sGAG, (e) collagen, and (f) NIR-derived cartilage
matrix suggest that the maximum rate of construct maturation occurs at week 2, 2.1, and 2.2, respectively. Color images
available online at www.liebertpub.com/tea
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constructs were evaluated to assign IR absorbance peaks to
scaffolding material in the absence of cells and cell-
associated matrix contributions to spectra. NIR spectra are
very sensitive to the contributions of water, and these
spectra were dominated by water in two regions, 5000–
5300 cm-1, the combination region, and 7000–7200 cm-1,
the first overtone region. Using a water evaporation tech-
nique, however, it was possible to visualize the absorbance
bands that underlie the strong water peaks. Although it was
not investigated in this study, it is possible that changes in
the water absorbance frequencies and relative intensities
with tissue growth could yield insight into the quality of the
matrix formed.

In this study, we developed engineered HA-based carti-
lage constructs and demonstrated that both mechanical and
compositional properties followed a sigmoidal maturation
curve similar to that reported in previous studies.22 The
plateau time for chondrocyte-laden constructs are different
from MSC-laden constructs; the former plateaus at week 4,
whereas the latter plateaus at week 9. This difference could
be explained by cell–hydrogel interactions, which would
modulate the rate and extent of functional chondrogenesis
as well as time (first 7–10 days) required for MSCs to

differentiate toward a chondrocyte-like phenotype and
initiate matrix production. Depending on culture condi-
tions, cell type, and scaffold material, the plateau time
could change.18 Results of spectrally collected data from
the constructs suggest a great similarity to biochemical and
mechanical data in terms of the trajectory maturation
curve. Changes in construct size were also consistent with
observations in previous studies.64,65

It is still not confirmed whether the optimal time for
construct implantation should be based on composition or
mechanical properties. Miot et al. used histological and
histomorphometric analysis to determine the maturation
stage of constructs. They used collagen type II/I ratio as the
indicator of maturity in constructs, which were undergoing
in vitro culture and, together with histological and bio-
chemical analysis, concluded that 2-week precultured con-
structs obtained the best score among all constructs (cell
free, 2-day, 2-week, or 6-week precultured constructs) in a
goat model study.66 Hunter et al. measured the native/
engineered tissue interface strength by a push-out test in
three different scaffolds, including agarose, fibrin, and
polyglycolic acid, at two different time points (day 20 and
40). They concluded that tissue–tissue adhesion potential
was not significantly different for two studied time points.
They proposed that using relatively mature tissues for im-
plantation rather than immature ones would result in better
in vivo outcomes.61 Vinardell et al. performed a comparison
of chondrocyte- and MSC-laden agarose constructs and
compared the integration of two constructs laden with dif-
ferent cell types by a push-out test. They concluded that the
higher failure stress in push-out test for chondrocyte-laden
cells compared to MSC-laden constructs may be a result of
higher GAG content, which results in greater swelling of the
engineered construct in the defect site. Although they did
not study different time points, their results still suggested
that there is a correlation between biochemical content and

FIG. 7. Sigmoidal curve fits of
(a) experimentally measured dy-
namic modulus and (b) dynamic
modulus predicted by a partial least
square analysis of NIR spectral
data. Equilibrium moduli data are
similar (not shown). The first de-
rivative of the fitted experimental
curve (c) and predicted curve (d)
suggest that the maximum change
in mechanical properties occurs at
week 2.1 and 2.3, respectively.
Color images available online at
www.liebertpub.com/tea

Table 1. Partial Least Square Model Predictions

of Mechanical and Compositional Parameters

Based on NIR Spectral Data

Model
error
(%)

Correlation
(R) p

Dynamic modulus prediction 10 0.88 <0.0001
Collagen content prediction 11 0.94 <0.0001
sGAG content prediction 10 0.94 <0.0001

sGAG, sulfated glycosaminoglycan.
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integration potential of engineered constructs.67 In another
study by Obradovic et al., authors studied integrative
properties of constructs by evaluation of tissue remodeling
and adhesive strength patterns in an in vitro study and
concluded that less-mature constructs obtained higher inte-
grative properties compared to more mature constructs.68 In
light of all these relatively contradictory results, as well as
the recent study by Fisher et al.,22 we believe that less-
mature, but rapidly developing constructs may need to be
selected for implantation to obtain better in vivo outcomes.
As shown in this study, to select the time point in which the
maximum development rate occurred through biochemical
and mechanical analyses, a considerable number of con-
structs (n = 50) were required for an 8-week study. Based on
the results of our proposed NIR method, the maximum de-
velopment rate time point occurred at the same time point as
was identified by destructive biochemical and mechanical
methods. Therefore, our data support that nondestructive
NIR spectroscopy analysis could be utilized to find the op-
timum implantation time with a minimal number of sam-
ples. This is based on the fact that the NIR spectroscopy
modality is nondestructive and data could be collected from
constructs frequently without the need to sacrifice them.

Use of other techniques for nondestructive analysis of
cartilage, including NIR for assessment of cartilage quality,
has also been performed.42,69–74 For example, Afara et al.
evaluated the potential of NIR spectroscopy for quantifying
tissue alterations in osteoarthritis animal models. Mankin
grade, histology, and loss of tissue matrix, measured by the
cartilage thickness, were found to correlate significantly
with the NIR absorption spectra.70 In another study, Spahn
et al. reported the possibility of implementing NIR spectral
assessment for identification of low-grade lesions during
routine arthroscopy.74 In a different study by the same
group, it was shown that NIR spectral data had a better
interobserver correlation in comparison with a routine sub-
jective grading method in an arthroscopic evaluation of
cartilage defects.73 Also, from our laboratory, McGoverin
et al. showed that NIR spectral data collected from human
tibial plateaus correlated with histologic Mankin score.75

With respect to engineered tissue evaluation, nondestructive
NIR-based tissue-engineered construct development was re-
cently carried out by our group for the assessment of poly-
glycolic acid-based scaffolds.40,72 In those studies, an NIR
absorbance specific to polyglycolic acid was used to monitor
degradation of the scaffold. In a different study, ultrasound was
used as a nondestructive measurement to evaluate the evolu-
tion of neo-tissue formation within a synthetic hydrogel.76

Mansour et al. and Trachtenberg et al. have recently reviewed
a comprehensive list of nondestructive evaluation methods
used for cartilage and engineered cartilage tissue.37,77 Kunstar
et al. used Raman microspectroscopy to study ECM produc-
tion of primary bovine chondrocytes seeded onto three-
dimensional scaffolds and assigned two peaks (937 and
1062 cm-1) to collagen and proteoglycan, respectively.78

Although these data are encouraging, there are several
challenges in implementing NIR spectral data collection
from engineered constructs. An important consideration is
the potentially large effect of water on NIR spectra, which
could obscure important matrix peaks. However, investiga-
tion of second derivative spectra and use of multivariate
analyses are approaches to overcome this issue. Another

consideration is that during NIR data collection, media need
to be removed from the wells to minimize the interference
of external water. Although the time for NIR data collection
ranges from 3 to 6 min per construct, depending on the
number of scans as well as spectral resolution and other
factors, this short period of time that constructs are being
exposed to air could still affect the encapsulated cells and
cause oxidative stress.79 Use of a chamber with well-
controlled temperature/humidity and CO2 level during NIR
data collection could help to address this issue, and is under
consideration.

Collectively, these data suggest that NIR spectroscopy
could be used nondestructively to monitor the development
of HA-based engineered cartilage tissue. As the appropriate
time to harvest engineered tissues for implantation is critical
to obtain optimum clinical results, NIR spectroscopy could
be a potential technique to predict implantation time for
HA-based, and other, engineered cartilage constructs.
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