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Abstract

Articular cartilage degeneration causes pain and reduces the mobility of millions of people 

annually. Regeneration of cartilage is challenging, due in part to its avascular nature, and thus 

tissue engineering approaches for cartilage repair have been studied extensively. Current 

techniques to assess the composition and integrity of engineered tissues, including histology, 

biochemical evaluation, and mechanical testing, are destructive, which limits real-time monitoring 

of engineered cartilage tissue development in vitro and in vivo. Near infrared spectroscopy (NIRS) 

has been proposed as a non-destructive technique to characterize cartilage. In the current study, we 

describe a non-destructive NIRS approach for assessment of engineered cartilage during 

development, and demonstrate correlation of these data to gold standard mid infrared 

spectroscopic measurements, and to mechanical properties of constructs. Cartilage constructs were 

generated using bovine chondrocyte culture on polyglycolic acid (PGA) scaffolds for six weeks. 

BMP-4 growth factor and ultrasound mechanical stimulation were used to provide a greater 

dynamic range of tissue properties and outcome variables. NIR spectra were collected daily using 

an infrared fiber optic probe in diffuse reflectance mode. Constructs were harvested after three and 

six weeks of culture and evaluated by the correlative modalities of mid infrared (MIR) 

spectroscopy, histology, and mechanical testing (equilibrium and dynamic stiffness). We found 

that specific NIR spectral absorbances correlated with MIR measurements of chemical 

composition, including relative amount of PGA (R = 0.86, p = 0.02), collagen (R = 0.88, p = 0.03), 

and proteoglycan (R = 0.83, p = 0.01). In addition, NIR-derived water content correlated with 

MIR-derived proteoglycan content (R = 0.76, p = 0.04). Both equilibrium and dynamic 

mechanical properties generally improved with cartilage growth from three to six weeks. In 

addition, significant correlations between NIRS-derived parameters and mechanical properties 

were found for constructs that were not treated with ultrasound (PGA (R = 0.71, p = 0.01), water 

(R = 0.74, p = 0.02), collagen (R = 0.69, p = 0.04), and proteoglycan (R = 0.62, p = 0.05)). These 

results lay the groundwork for extension to arthroscopic engineered cartilage assessment in 

clinical studies.
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Graphical Abstract

Non-destructive near infrared spectroscopic data can be utilized for assessment of compositional 

and mechanical properties of engineered cartilage.

Introduction

Articular cartilage degeneration is characterized in part by alterations in cartilage matrix 

macromolecular composition and structure, including loss of proteoglycans and changes in 

tissue water content.1, 2 These processes may progress to outright disease accompanied by 

pain and functional limitations.3, 4 Cartilage lacks a significant degree of self-repair, due to 

its limited blood supply, relatively low cellularity, and the relatively modest synthetic 

capacity of chondrocytes, the sole cell type within cartilage.5–7 Partly for these reasons, 

current interventions for cartilage repair display limited long-term success89 and often result 

in the production of fibrocartilage rather than the more functional hyaline cartilage 

phenotype. In addition, these techniques may require tissue harvesting followed by ex vivo 

tissue development and reimplantation, resulting in the need for two surgical procedures.9–13 

Therefore, there continues to be a pressing need for development of further therapeutic 

modalities for degenerative cartilage disease.

Interventions based on engineered cartilage tissue remain the focus of a great deal of 

research.10, 14–17 The quality of engineered cartilage can be affected by a wide variety of 

factors such as source of cells and scaffolds characteristics18, the effects of which have been 

explored using biodegradable polymeric scaffolds such as polyglycolic acid (PGA).19–22 

Addition of growth factors has been shown to enhance cartilage regeneration by promoting 

chondrogenesis,23–26 increasing chondrogenic differentiation of mesenchymal stem cells, 

and increasing the expression of cartilage matrix components including type II collagen and 

aggrecans.27 Mechanical stimulation via hydrostatic pressure 17 or ultrasound 28–30 has also 

been shown to augment matrix production from chondrocytes, with these effects having 

been shown to be further augmented in certain circumstances by the addition of BMP-2 and 

BMP-4.
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However, while there are multiple potential interventions to modulate growth, the options for 

molecular-level assessment of engineered cartilage during development are highly limited, 

so that it remains difficult to implement appropriate growth condition changes during 

construct development. Histology and immunohistochemistry, 31, 32 biochemical 

assays,33, 34 X-ray and computed tomography (CT),35, 36 magnetic resonance imaging 

(MRI),37, 38 and mechanical testing 39, 40 have all been used, but these techniques are either 

destructive41–46 or lack adequate molecular specificity.47–50

Infrared spectroscopic techniques for evaluation of engineered cartilage have been developed 

in part to address this need. Mid infrared (MIR) spectroscopic methods provide 

compositional information,51–53 but are restricted to near-surface evaluation due to the 

limited penetration depth, ~5–10 μm, of the MIR radiation. To address this limitation, an 

emerging alternative is the application of near infrared spectroscopy (NIRS), generally 

applied to tissue via a fiber optic probe, which makes use of shorter-wavelength radiation 

than does MIR. This results in a substantial increase in penetration depth to centimeters, 

permitting full-thickness analysis of engineered cartilage.54, 55 Recent NIR studies of 

cartilage composition have successfully evaluated water content 56 and cartilage matrix 

molecular components such as proteins and sugars.54, 57–60 Baykal et al. assessed molecular 

composition of harvested engineered cartilage using NIRS,59 and Palukuru et al. developed a 

model based on NIRS to predict cartilage tissue composition.60 Most recently, we described 

a nondestructive NIRS fiber optic technique for evaluation of engineered cartilage, and 

demonstrated correlations of NIRS data to destructive biochemical measurements 61. In that 

earlier study, chondrocytes were seeded onto polyglycolic acid (PGA) scaffolds, with no 

growth factors or mechanical stimulation applied, and monitored spectroscopically for 6 

weeks. In the current study, we applied non-destructive NIR fiber optic assessment to 

development of engineered cartilage in the presence of growth factors and mechanical 

stimulation, and investigated correlations of NIR spectral data to gold standard MIR 

chemical data and mechanical properties.

Materials and Methods

Chondrocyte Isolation

Articular cartilage samples (~2 mm3) were harvested from the femoropatellar groove and 

femoral condyles of 1–3 week old bovine stifle joints within 24 hours of slaughter (Research 

87, Boylston, MA). Tissue was digested in a spinner flask containing 200 ml Dulbecco’s 

modified eagle medium (DMEM), 250 units/ml of collagenase type II, 100 units/ml of 

penicillin, 100 μg/ml of streptomycin and 100 μg/ml of fungizone (Invitrogen Life 

Technologies, Gaithersburg, MD). Primary chondrocytes were isolated after 14 hours of 

digestion. The cell suspension was filtered through 70 μm sterile nylon filters to separate 

debris, pelleted at 1000g and reconstituted with 1X phosphate buffered saline (PBS) 

(Invitrogen Life Technologies, Gaithersburg, MD). Cell number was assessed using a 

hemocytometer.
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Tissue Culture

Scaffolds of 2-mm thickness and 5 mm diameter (Modified Polymer Components, 

Sunnyvale, CA) were cut from non-woven PGA felt using a biopsy punch (n=48). The PGA 

disks were sterilized using 100% ethanol, washed in sterile 1X PBS, and allowed to air dry. 

Chondrocytes were then pre-cultured on PGA scaffolds (20×106 cells/scaffold) using a 

spinner flask for 72 hours in a growth factor-free culture medium [DMEM, 10% Fetal 

bovine serum, 2 mM L-glutamine, 50 μg/ml of gentamicin, 0.1 mM non-essential amino 

acids, 0.4 mM L-proline 50 μg/ml of L-ascorbic 2-phosphate (Invitrogen Life Technologies, 

Gaithersburg, MD), and the same antibiotics as above]. Seeded scaffolds were transferred 

into 6-well glass-bottom cell culture dishes (In Vitro Scientific, Sunnyvale, CA) with media 

changes performed three times per week. Glass bottom cell culture dishes were used since 

they do not exhibit interfering NIR absorbances. Half of the constructs (n=24) received 5ml 

of culture media per construct supplemented with 50 ng/ml of BMP-4 (BMP-4 group). The 

remaining constructs received 5ml per construct of regular culture media (Control group). 

Constructs were cultured in an incubator at 37°C, 100% relative humidity and 5% CO2.

To provide a potential augmentation of the anabolic effects of BMP-4, mechanical 

stimulation via pulsed low intensity ultrasound (PLIUS) was applied to six constructs in 

each of the Control and BMP-4 groups and designated Control/US and BMP-4/US,50 

Briefly, PLIUS was applied thorough the FDA-approved Exogen 4000+ device (Smith & 

Nephew, Inc.), operating at a carrier frequency of 1.5 MHz, burst frequency of 1 kHz, burst 

width of 200 ms, and spatial-average temporal-average output intensity of 30 mW/cm2. The 

signal was transmitted via coupling gel to the constructs through the bottom of the well 

plate. Constructs were treated 5 days per week for 20 min for either three or six weeks. 

BMP-4 and PLIUS stimulation were provided to potentially augment the dynamic range of 

construct growth and properties, with the combination of these two modalities expected to 

show the greatest effect. Sample group and number are detailed in Table 1.

NIRS Data Collection

NIR spectral data (8000–4000 cm−1) were collected from the constructs during each media 

change when they were not submersed in the culture medium (to reduce the amount of water 

interference). Acquisition was performed using a diffuse reflectance silica glass NIR fiber 

optic probe (10 mm probe head; inner diameter of transmitting and receiving fiber groups 

3.5 mm; Remspec Corp, Charlton, MA) connected to a Bruker (Billerica, MA) Matrix F 

spectrometer. Three spectra per sample were collected at 16 cm−1 spectral resolution with 

128 co-added scans. The fiber optic was held 1 mm away from the tissue for all data 

collection.

Tissue Harvesting

One set of cartilage constructs was harvested after three weeks of incubation, with another 

set harvested after six weeks. Constructs were washed in PBS, weighed to obtain whole 

sample wet weight, and bisected. One half was frozen at −20°C in a solution containing 1X 

PBS and protease inhibitor and retained for mechanical testing. The other half was fixed in 

10% formalin (24 hours), washed three times in 1X PBS, and processed for paraffin 

Hanifi et al. Page 4

Analyst. Author manuscript; available in PMC 2018 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



embedding. Embedded samples were sectioned and used for mid infrared (MIR) and 

histology analysis.

MIR and Histology

Paraffin-embedded constructs were sectioned at 6 μm onto low-e slides (Kevley 

Technologies, Chesterland, OH) for MIR spectral imaging (three sections per construct), and 

onto plus microscope slides to enhance tissue adhesion for histology. Sections were 

subsequently deparaffinized and rehydrated using graded xylene and ethanol washes. MIR 

spectral imaging data were collected using a Spotlight 400 Imaging Spectrometer (Perkin 

Elmer, Waltham, MA) in the 4000–780 cm−1 range with spectral resolution of 8 cm−1 and 

pixel resolution of 25 μm with 2 co-added scans.

Histologic tissue sections were co-stained with Alcian blue to visualize proteoglycans, and 

haematoxylin and eosin (H&E) to identify cells and ECM. Tissue sections were imaged 

using an inverted microscope (Nikon Instruments, Melville, NY).

MIR Spectral Data Analysis

MIR spectral imaging data were analyzed using ISys 5.0 software (Malvern Instruments, 

Columbia, MD). Raw spectra were processed using a multiplicative signal correction (MSC) 

and converted to second derivative spectra to resolve underlying peaks and correct for 

baseline offsets. A 13 point Savitzky-Golay smoothing was applied, and spectra inverted by 

multiplication by −1 to convert to positive peak heights. The 1748 cm−1 C=O stretching 

vibration of PGA was used to map the distribution of PGA throughout the construct.62 

Construct collagen content was evaluated using the 1336 cm−1 peak that arises from the CH2 

side chain vibration in collagen.51, 63 The peak at 1152 cm−1, reflecting C-O-C ring 

vibrations of sugars, corresponds to the concentration of PG in cartilage64, 65 and was used 

to map the distribution of PG. The total amount of each component in the tissue was 

obtained by summing the pixel-wise product of peak amplitudes to obtain the total amount 

of PGA, collagen or PG for each construct. Spectral data from three tissue sections per 

construct were averaged for quantification.

NIR Data Analysis

NIR spectra were analyzed using Unscrambler X (CAMO Software, Oslo, Norway). Three 

spectra per construct were collected and averaged at each timepoint, and then processed with 

an extended multiplicative scatter correction (EMSC) 66, followed by area normalization. 

Second derivative processing was performed with a 41 point Savitzky-Golay smoothing 

window, 67 with shorter windows resulting in inadequate noise filtering (data not shown). 

Inverted second derivative peak heights at 5200 cm−1 were used to define water content,56 

NIR absorbances at 4610 cm−1 and 4310 cm−1 were used as a measure of collagen and PG 

content, respectively,60 while the 4200 cm−1 absorbance, unique to PGA,68 was used to 

assess PGA degradation.

Mechanical Measurements

Frozen constructs were allowed to thaw at room temperature prior to mechanical testing, 

which was performed under unconfined compression in PBS containing protease inhibitors. 
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Construct wet weight and thickness were measured, with effective area computed as wet 

weight (an approximation of volume) divided by thickness in order to calculate stress and 

strain from the applied displacement and resultant load. Compressive strain measurements 

were performed with successive ramped strains of 5%, 10%, 12.5% and 15%, each applied 

over 60 seconds and maintained for 8–10 min to permit equilibration of stress. A series of 

1% peak-to-peak sinusoidal compressive strains was then applied over a range of 

frequencies from 2 to 0.005 Hz. Equilibrium stiffness was computed as the slope of the 

equilibrium stress-strain values at 10%, 12.5%, and 15% strain. Dynamic stiffness was 

computed as the peak-to-peak stress amplitude divided by the peak-to-peak strain amplitude 

at 0.01 Hz, 0.1 Hz, and 1 Hz frequencies. These parameters have previously been established 

as appropriate for evaluation of mechanical properties of cartilage in the physiological 

range.69–71 Dynamic stiffness measurements were essentially independent of frequency, so 

that we show results only shown for 0.1 Hz.

Following mechanical testing, the engineered cartilage constructs (half of original construct) 

were lyophilized for 72 hours to permit measurement of dry weight. Percent water was 

calculated as:

Statistical Analysis

Correlations between NIR-derived matrix components, and molecular and mechanical 

properties were quantified by the Pearson correlation coefficient. Due to use of different 

halves of the construct for MIR and dry weight measurements, water content, which depends 

on dry weight of the entire construct, could not be calculated. Therefore, NIR-derived water 

content could not be correlated to the water content of the intact constructs. Differences in 

mean values of NIR, MIR and mechanical data were assessed by two way ANOVA, with 

treatment category and time as independent variables, followed by Tukey posthoc 

comparisons with significance defined as p≤0.05. Calculations were performed using 

Sigmaplot 12.0 (Sysstat Software, San Jose, CA).

Results

Tissue Development – Function of Time and Treatment

Engineered cartilage constructs showed a visible color change from red (3 weeks) to light 

pink (6 weeks), likely due to a decrease in the relative amount of media retained in the 

construct (Figure 1). Longer culture time significantly increased construct wet weight for 

BMP-4 and BMP-4/US treated groups (Figure 2A); however, no significant increase was 

seen in the wet weight of Control or US-treated samples during development. Construct 

percentage water content was significantly lower at week 6 compared to week 3 for the 

BMP-4/US group. This is likely due to increasing tissue matrix components (Figure 2B). All 

sample groups showed a significant increase in volume from week 3 to week 6, while the 

increase in sample thickness over time was not significant for any group (Figure 2C and 2D).
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Histological Evaluation

Alcian blue and H&E co-stained engineered cartilage tissue sections demonstrated a 

generally widespread distribution of proteoglycan, except for in the interior where residual 

PGA was observed, particularly at the three week timepoint (Figure 3). The PGA fibers 

qualitatively diminished from 3 to 6 weeks in Control and Treated groups.

There was an absence of zonal organization in the constructs, which was not surprising, 

given that constructs were grown under conditions without defined directionality. Large 

numbers of cells seeded and proliferated inside the engineered constructs in Control and 

treated groups at both harvest time points. However, the morphology of the cells differed 

somewhat with respect to position within the scaffold, with cells on the periphery more 

flattened and elongated compared to interior cells (Figure 3). This may indicate a degree of 

de-differentiation of the peripheral cells to the fibroblast phenotype, possibly due to a 

different degree of cellular conditioning between the more inner and more peripheral tissue 

zones (Figure 3). Consistent with this is the denser H&E staining in the peripheral regions 

(red purple vs. blue staining), particularly for the 6-week constructs, and a relatively greater 

amount of fibrous tissue. This may also be indirectly indicated by the less dense peripheral 

Alcian blue staining.

MIR Compositional Data

MIR spectra from regions of constructs with and without residual PGA are shown in Figure 

4. The presence of residual PGA fibers resulted in scattering artifacts just above the 1748 

cm−1 absorbance, but were limited to that spectral region. Consistent with the PG 

distribution visualized in the Alcian blue staining, MIR-derived PG is evident throughout the 

constructs, with the exception of interior regions dominated by residual PGA (Figure 3). 

This reinforces the notion that the constructs consist primarily of hyaline, as opposed to 

fibro, cartilage. MIR permits a more quantitative assessment of macromolecular 

concentration. Spectroscopic analysis indicated that, as suggested by histology staining, 

collagen content was greater towards the periphery of the constructs, to an extent that 

increased with time in culture (Figure 3).

MIR data also demonstrated the overall decrease in PGA content from 3 to 6 weeks. In 

addition, groups treated with BMP-4 showed a reduced amount of PGA content compared to 

the Control group at three weeks (Figure 3 and Figure 5A). Collagen increased from 3 

weeks to 6 weeks (Figure 5B). The highest collagen content was observed for the 

BMP-4/US treated samples after six weeks of tissue culture. A similar pattern was observed 

for the PG content of engineered constructs and PG increased from 3 weeks to 6 weeks. 

Among treated samples, the six week BMP-4 and BMP-4/US treated groups showed a 

significant increase in PG compared to the three week samples with the same treatment 

(Figure 5C). Overall, in the BMP-4/US group, all components including PGA, collagen, and 

PG changed significantly compared to the 3 week Control group.

Non-destructive NIRS Compositional Assessment

Second derivative processing of the NIR spectra revealed enhanced spectral details, and 

enabled peak positions associated with specific components to be identified (Figure 6): 
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chondroitin sulfate (PG) 4310 cm−1, collagen 4610 cm−1, PGA 4200 cm−1 and water 5200 

cm−1. NIRS assessment of engineered cartilage samples of treated and untreated groups 

shows peak amplitude changes at these absorbances over time (Figure 6, 7). PGA content 

decreased (Figure 6A), while all tissue components including collagen (Figure 7B), PG 

(Figure 7C), and water (Figure 7D), increased significantly with time. For the treatment 

groups, we see that the only significant difference compared to the 3 week Controls was a 

significant increase of collagen and PG content, and decrease of PGA content, in the 

BMP-4/US treated group.

NIRS Correlations with MIR Compositional Measurements

A direct correlation was found between MIR and NIRS-determined PGA (R = 0.86, p = 

0.02), collagen (R = 0.88, p = 0.03), and proteoglycan (R = 0.83, p = 0.01) content of the 

constructs. NIR-derived water content also increased with the MIR-determined PG content 

(R = 0.76, p = 0.04).

Mechanical Properties

The equilibrium stiffness of the Control group and BMP-4/US treated groups increased 

significantly between 3 and 6 weeks of culture (Figure 8A), while dynamic stiffness showed 

an increase in all sample groups overtime (Figure 8B). Correlations of MIR and NIR-derived 

matrix components with equilibrium and dynamic stiffness followed the same trend, so data 

are presented only for NIR-determined components and dynamic stiffness (Figures 9,10, 

Table 2). Data presented in Figure 9 correlate NIRS-derived measurements and mechanical 

stiffness for the sample groups without ultrasound treatment, while Figure 10 shows 

correlations for the ultrasound-treated groups. As expected, dynamic stiffness showed a 

negative correlation with PGA content (R = −0.71, p = 0.01), and positive correlations with 

water content (R = 0.74, p = 0.02), collagen content (R = 0.69, p = 0.04) and PG content (R 

= 0.64, p = 0.05), but only for the constructs where ultrasound was not applied (Figure 9, 

Table 2). Although application of ultrasound resulted in changes in matrix parameters 

(significantly increased collagen, Figure 7), this did not translate to improved mechanical 

properties (Figure 8), likely due to the increased collagen being present in the form of 

fibrous tissue encapsulating the periphery of the construct. In accord with this, there were no 

NIRS-derived compositional parameters that significantly correlated with mechanical 

properties in the ultrasound treated group (Figure 10, Table 2).

Discussion

Multiple tissue engineering approaches are under investigation, with techniques combining 

cells and biomaterials for implantation of particular interest.72 Accordingly, longitudinal 

evaluation of matrix and scaffold composition is a critical step in determining appropriate 

compositional endpoints during development and in defining an optimal harvesting strategy. 

Here, the main macromolecular components of engineered tissue constructs, namely, 

collagen and proteoglycan, the biodegradable scaffold PGA, and water, were quantified by 

non-destructive NIR spectroscopy and correlated with established mid-infrared imaging 

spectroscopy and mechanical testing parameters. Unlike mid-IR, NIR is able to provide full-

thickness data on tissue composition.
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The importance of such in situ evaluation was evident from the observed dynamic evolution 

of construct properties over time. In the initial weeks of construct growth, chondrocytes 

produced matrix components that filled the interior porosities of the construct and replaced 

degraded PGA scaffold. Consequently, thickness was relatively constant after three weeks 

despite a volume increase, in accordance with previous studies.73, 74 Histological assessment 

indicated heterogeneity in tissue development. At the periphery of the construct, elongated 

cells were found within a fibrous tissue matrix, in contrast to the hyaline-like interior regions 

of the tissue. This may be accounted for at least in part by differences in nutrient availability 

and biomechanical factors in peripheral versus central regions75, and was particularly 

evident in the ultrasound treated groups. Encapsulation of BMP-4/US treated group samples 

by fibrous tissue, and perhaps a fibrocartilage-like tissue with reduced Alcian blue staining 

adjacent to the fibrous capsule, was also observed. Limited cellularity and lack of tissue 

production within interior regions may be due to acidity resulting from PGA degradation76 

and nutrient restriction.

Compositional changes were evaluated at microscopic pixel resolution (25 μm) by MIR 

spectral imaging, which enabled semi-quantitative assessment of collagen, proteoglycan 

(PG), and PGA.38, 51, 52 In all groups, PGA content decreased over time, while collagen and, 

to a lesser extent, PG content generally increased. It is possible that the quantification of the 

MIR-determined PGA content was affected by the presence of scattering artifacts. However, 

overall, the observed trend was in accordance with what is expected, decreased PGA content 

over time in culture. We attribute the difference in collagen vs PG content to 

dedifferentiation of chondrocytes to fibroblasts or fibrochondrocyte-like cells, which 

produce collagen but have limited PG synthetic capability. This is consistent with the MIR 

images of collagen, which showed the fibrous capsule corresponding to that observed in the 

histology images. The overall structure and composition of these engineered cartilage 

constructs differ from native cartilage, although suitability for implantation may depend on 

factors other than similarity to native cartilage, such as maturation rate.8 The experimental 

design of the present study was not targeted to assessment of constructs as implants, but 

rather served to identify the manner in which compositional features are reflected in NIR 

spectral data.

We found that NIR assessment in fiber optic mode provided a non-destructive means of 

evaluation of the development of engineered cartilage composition, but at significantly lower 

spatial resolution (~ 3.5mm) than the MIR imaging data. The NIR spectrum is dominated by 

peaks at 5200 cm−1, 7100 cm−1 and 8400 cm−1, arising from free water (7100cm−1 and 8400 

cm−1), and combined bound and free water (5200 cm−1),54, 56, with smaller peaks from the 

matrix components. It was previously shown that the area of the water peaks correlate with 

the amount of water present in hyaline cartilage,56 and that the 5200 cm−1 peak inversely 

correlates with protein content.59 However, the NIRS matrix and PGA peaks reported in this 

study have only recently been utilized for assessment of developing engineered cartilage61. 

The NIR absorbance near ~4200 cm−1 was found to be unique to PGA in a preliminary 

study 77, and here, we hypothesized that changes in this peak intensity would reflect PGA 

degradation. This was indeed confirmed by correlation to MIR data of PGA content. 

Cartilage matrix components replace degradable scaffolds over time during engineered 

tissue development, and the ability to monitor this process non-destructively could also be 
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applicable to studies where biomaterials other than PGA are used as scaffolds. For example, 

scaffolds frequently used in cartilage tissue engineering, such as hyaluronic acid8, or poly 

(lactide-co-glycolide) (PLGA) 78, likely also have absorbances that do not overlap with the 

large water absorbances in the NIR spectra, and therefore would be appropriate for non-

destructive monitoring of scaffold degradation.

The NIR data also correlated with gold standard MIR data, providing strong support for use 

of NIR for full-thickness assessment of macromolecular characterization of developing 

tissue-scaffold constructs. In the spectral range of interest, NIRS can provide analysis of a 

tissue volume on the order of several millimeters 79. Further, unlike MIR, NIR permits ready 

assessment of water content. We found that although the overall percentage of 

gravimetrically-determined water decreased over time, the average water content of the 

constructs as determined by the NIR 5200 cm−1 peak increased. However, the former 

method reflects the relative percentage of water throughout the entire construct, while the 

NIR water peak intensity reflects the overall water content, which increases over time but to 

a lesser extent as the matrix portion of the constructs.

In cartilage tissue engineering, it is particularly important to have continuous full-depth 

longitudinal monitoring so that appropriate interventions could be introduced to augment 

tissue characteristics and compositional endpoints may be quantified. However, it is 

important to note that the current configuration of the NIR fiber optic probe does not yield 

spatially resolved data. Although it was possible to assess the increased collagen content in 

the constructs using NIR, it was not possible to observe the non-homogeneous collagen 

distribution. This undoubtedly contributed to the lack of correlation of the NIR matrix data 

with mechanical properties for the ultrasound treatment groups, where fibrous encapsulation 

was present. Although the specific mechanism that underlies the augmentation of the fibrous 

collagen in the ultrasound treatment groups is not known, these data confirm the importance 

of the distribution of matrix components in determination of mechanical properties of 

engineered constructs. It is possible that NIR fiber optics with higher resolution sampling 

capability could provide a solution to address this issue.

The properties of the constructs that were not treated with ultrasound developed as expected, 

with increasing mechanical properties over time, regardless of the addition of growth factors 

(Figure 9). However, although mechanical properties tended to improve over time in all 

sample groups studied, the equilibrium and dynamic stiffness of the engineered cartilage 

constructs were much lower than typical for articular cartilage,80 even at the six week time 

point. It remains unknown whether harvesting should be based on chemical and cellular 

composition, on mechanical properties, or on other factors, such as the rate of construct 

development.8 Thus, the suboptimal mechanical properties of these constructs does not 

necessarily preclude their use in vivo.

In summary, we have developed a non-destructive NIR spectroscopic approach to monitor 

engineered cartilage. Results were in very good agreement with gold standard MIR 

compositional analysis, and mechanical properties were predicted by NIR spectra for certain 

growth conditions. Our results strongly support the continued development of near infrared 
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spectroscopy as a non-destructive method for matrix assessment in developing engineered 

cartilage constructs for both in vitro and in vivo applications.
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Fig. 1. 
A representative Control and BMP-4/US treated engineered cartilage construct. A color 

difference from red to light pink is visible in the construct from week 3 to week 6 of tissue 

culture, due to varying amounts of media absorbed.
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Fig. 2. 
Tissue development of engineered cartilage constructs (obtained from the half constructs 

prior to mechanical testing) over time. Construct water content increased from week 3 to 

week 6 for all sample groups (A), but due to the simultaneous increase in dry weight, the 

water percentage decreased (B). Radial expansion of constructs increased the tissue volume 

(C) while the thickness remained the same (D). Symbols show statistical significance at p < 

0.05, with matching symbols indicating significance between groups.
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Fig. 3. 
MIR spectral imaging-derived PGA, collagen and PG. Alcian blue and H&E co-staining 

assessment of Control and BMP-4/US treated samples in week 3 and week 6 of the same 

tissue sections are included for comparison. In agreement with Alcian blue staining in 

histology images, the PG distribution can be seen throughout the tissue in the MIR images. 

There is a high concentration of collagen in the periphery due to the production of a fibrous 

capsule around the tissue, and flattened cells are present (blue arrow). Chondrocytes appear 

in their native-like lacunae (yellow arrow), and in week 3 images there are still PGA fibers 

left in the construct (red arrow).
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Fig. 4. 
(A). Raw, MSC-corrected (a,b) and second derivative (c,d) spectra obtained from regions of 

engineered constructs with (a,c) and without (b,d) residual PGA. Scattering artifacts are 

evident in the spectra just above the PGA absorbance at ~ 1748 cm−1.
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Fig. 5. 
MIR semi-quantitative measurements of PGA (A), collagen (B), and PG (C). PGA 

decreased from 3 to 6 weeks, and collagen and PG increased. PGA and collagen variations 

are significantly different among all sample groups, while there is only a significant 

difference between Control and BMP-4/US treated samples PG content. Symbols show 

statistical significance at p < 0.05, with matching symbols indicating significance between 

groups.
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Fig. 6. 
NIR raw spectra (top) and smoothed second derivative spectra (B) showing peak height 

differences at water (5200 cm−1), PG (4310 cm−1), PGA (4200 cm−1), and collagen (4610 

cm−1)-related absorbances.
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Fig. 7. 
NIRS-derived matrix components measuring A) PGA (4200 cm−1), B) Collagen (4610 

cm−1), C) PG (4310 cm−1), and D) water (5200 cm−1). There is a significant difference 

between water, PGA, and collagen content from 3 to 6 weeks harvest time points, and in the 

BMP-4 groups compared to the BMP-4/US at the same timepoints (p < 0.05). PG content 

generally increases over time, but only the BMP-4/US treated group shows a significance 

difference compared to Control (C). Symbols show statistical significance at p < 0.05, with 

matching symbols indicating significance between groups.
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Fig. 8. 
Equilibrium (A) and dynamic (B) stiffness of engineered cartilage calculated for all sample 

groups. Dynamic stiffness is only shown for the 0.1 Hz frequency since all frequencies had a 

similar pattern. Over time the construct stiffness generally increased. Symbols show 

statistical significance at p < 0.05, with matching symbols indicating significance between 

groups.
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Fig. 9. 
Correlation of NIRS-derived cartilage matrix components for combined control and BMP-4 

treated groups at 3 and 6 weeks of growth with dynamic stiffness: PGA (A), Collagen (B), 

PG (C), and water (D). All correlations were significant (Table 2).
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Fig. 10. 
Correlation of NIRS-derived cartilage matrix components for combined control/US and 

BMP-4/US treated groups at 3 and 6 weeks of growth with dynamic stiffness: PGA (A), 

Collagen (B), PG (C), and water (D). There were no significant correlations (Table 2).
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Table 1

Sample groups based on harvest time and treatment.

Sample Group Name (N = 6 per group) Treatment

3 Weeks - Ctrl -

3 Weeks - Ctrl/US Ultrasound

3 Weeks – BMP4 BMP-4

3 Weeks – BMP4/US BMP-4 and Ultrasound

6 Weeks - Ctrl -

6 Weeks - Ctrl/US Ultrasound

6 Weeks – BMP4 BMP-4

6 Weeks – BMP4/US BMP-4 and Ultrasound
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Table 2

Correlation of NIRS Parameters with Dynamic Stiffness

No US (N = 24) R p

Water 0.74 0.02

PGA 0.71 0.01

Collagen 0.69 0.04

PG 0.62 0.05

With US (N = 24) R p

Water 0.34 0.2

PGA 0.31 0.3

Collagen 0.17 0.5

PG 0.19 0.4
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