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Abstract

Tissue engineering (TE) approaches strive to regenerate or replace an organ or tissue. The 

successful development and subsequent integration of a TE construct is contingent on a series of in 
vitro and in vivo events that result in an optimal construct for implantation. Current widely used 

methods for evaluation of constructs are incapable of providing an accurate compositional 

assessment without destruction of the construct. In this review, we discuss the contributions of 

vibrational spectroscopic assessment for evaluation of tissue engineered construct composition, 

both during development and post-implantation. Fourier transform infrared (FTIR) spectroscopy in 

the mid and near-infrared range, as well as Raman spectroscopy, are intrinsically label free, can be 

non-destructive, and provide specific information on the chemical composition of tissues. Overall, 

we examine the contribution that vibrational spectroscopy via fiber optics and imaging have to 

tissue engineering approaches.

Table of Contents Entry

We review applications of vibrational spectroscopy for tissue engineering applications.

1 Background: Tissue Engineering

In 1993, Robert Langer and Joseph Vacanti published “Tissue Engineering” in Science, 

introducing the new field as a potential solution for damaged organs or tissues1. Langer and 

Vacanti described tissue engineering (TE) as a multidisciplinary field of biology and 

engineering in which cells and materials are used in combination to restore damaged tissue 
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to their original functionality. Since its inception, tissue engineering has progressed from 

theory to practice. Tissue engineering is an attractive alternative to transplants as human 

tissue can be produced without a donor requirement. According to the United Network for 

Organ Sharing (UNOS), 22 people die each day while waiting for a transplant2, and 

successful tissue engineering has the potential to bridge the gap between organ demand and 

supply.

Numerous methodologies are used to fabricate tissue engineered constructs and organs. The 

general approach typically involves deposition of cells onto a natural or synthetic 

(polymeric) extracellular matrix (ECM) or scaffold, followed by incubation of the cells and 

scaffold construct in media with appropriate growth factors, and eventually clinical 

implantation (Figure 1). Once implanted, the scaffolds, which are generally biodegradable, 

will degrade over time, and native tissue ECM will replace the scaffold. The 

decellularization approach, a method which aims to leave the ECM of whole organs intact 

while primary cells and nucleic material are removed through a series of detergent 

washes3, 4, has also been investigated. Decellularized organs are coveted scaffolds for tissue 

engineering because they ensure a desirable in vivo-like microenvironment for regeneration 

while maintaining low immunogenicity5. Nonetheless, there are many challenges to 

successful decellularization, and thus synthetic and natural polymers, primarily collagen-

based, currently serve as the most widely used platforms for tissue engineering. The 

properties of polymers, e.g., porosity, degradation time, and mechanical characteristics, are 

readily manipulated and can be scaled up to produce large homogenous batches of 

material6, 7. In contrast to naturally derived polymers, such as collagen, gelatin and silk, 

synthetic polymers mount truncated immune responses upon implantation and maintain 

structural integrity. Due to its biodegradability and biocompatibility, the synthetic copolymer 

poly(lactide-co-glycolide) (PLGA) is frequently used. PLGA is one of the few synthetic 

polymers to be approved by the U.S. Food and Drug Administration (FDA)8.

Ceramics are another material that are commonly used in tissue engineering, primarily for 

bone9. In 2007, Marcacci et al.10 published the results of a 7-year clinical pilot study where 

the integration of an adult stem cell seeded porous hydroxyapatite (HA) ceramic scaffold 

into bone was evaluated. Patients were assessed at various post-surgery time points, and no 

major complications occurred in early or late postoperative periods, making the study a 

preliminary success story for tissue engineered bone. Currently, scaffolds for clinical use for 

bone repair include Bio-Oss® by Geistlich Pharma which is sourced from Australian bovine 

bone tissue and designed for dental regeneration11. In addition, DBX® Demineralized Bone 

Matrix, an osteoconductive bone void filler by DePuy Synthes, is a clinically used tissue 

engineered construct for bone repair12, 13.

Hydrogels are favorable for soft tissue engineering because of their compositional and 

structural similarities to natural extracellular matrix and their ability to support cellular 

proliferation and viability14, 15. Cartilage tissue engineering efforts have demonstrated 

progress through hydrogels in several studies. Snyder et al.16 achieved exploratory pre-

clinical success with a fibrin/M-hyaluronic acid hydrogel to deliver mesenchymal stem cells 

for articular cartilage repair, and Chung et al.17 successfully generated a MSC-laden 

hyaluronic acid hydrogel that supports chondrogenesis of human mesenchymal stem cells.
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Tissue engineered scaffolds that have been widely used for clinical applications are also 

available for skin repair. These include tissue engineered products that range from a collagen 

matrix for plastic and reconstructive surgery (SurgiMend PRS, Integra Life Sciences) to an 

acellular dermal matrix (HuMend, Integra Life Sciences) made to support soft tissue 

integration18. In 2014, Nair et al.19, published a pre-clinical study in rabbits on an 

electrospun biodegradable dermal substitute. Fibroblasts were grown on the dermal 

substitute and allowed to progress through epithelialization. They demonstrated that the 

dermal scaffold could support fibroblast proliferation, extracellular matrix deposition 

(collagen and elastin), polymer degradation and mechanical strength. Although this was a 

preclinical study, the results are encouraging for future clinical TE repair.

Despite the relative youth of the field, tissue engineering is a cornerstone of the future of 

medicine. As the general population continues to age, tissue engineering and regenerative 

medicine will be in high demand. This will result in a great need for methodologies for 

characterization of engineered constructs in vitro and in vivo, pre-and post-implantation.

2 Challenges and Approaches for Evaluation of Tissue Engineered (TE) 

Constructs

Tissue engineered constructs are typically validated through a series of in vitro and in vivo 
characterizations. Important parameters are obtained from biocompatibility, biochemical and 

mechanical property evaluations, which can indicate the potential for in vivo success, and 

from histological analysis, which serves as an indicator of ECM formation pre and post 

implantation, and of tissue integration post implantation (Figure 1). Here, we focus on 

assessment of ECM, which can be performed either in a destructive manner on the bulk 

construct, or by histological/immunohistochemical (IHC) analysis, or electron microscopy, 

on thin tissue sections.

When ECM deposition by cells is evaluated by biochemical assays, constructs are typically 

digested with papain or protease-K, and lyophilized prior to assay20. Sulfated 

glycosaminoglycan (GAG) content is determined spectrophotometrically by 

Dimethylmethylene Blue dye binding21, and total collagen content is determined 

spectrophotometrically from hydroxyproline content after acid hydrolysis and reaction with 

p-dimethylaminobenzaldehyde and chloramine-T22. Quantitative ELISA of procollagen I 

carboxyterminal peptide (PICP) and procollagen III aminoterminal peptide (PIIINP) culture 

medium markers for the biosynthesis of types I and III collagen, respectively, can be 

performed23, as well as inhibition ELISA for quantification of Type II collagen content20. 

The presence of other collagens (e.g., I, IX, X) can be semi-quantitatively measured by 

SDS-PAGE and Western blot24. For histologic assessment, engineered constructs are fixed in 

aldehyde-based fixatives (light and electron microscopy); embedded in paraffin (light 

microscopy), OCT (cryofixation) or resin (electron microscopy), and sectioned for staining 

and analysis25. Engineered tissue sections are stained with hematoxylin and eosin (H&E) for 

many non-specific cells, picrosirius red or trichrome staining for differentiating collagen 

from other ECM components, safranin-O or alcian blue for GAGs, and monoclonal 

antibodies for collagen types I, II, IX, and X20, 24, 26. Engineered cardiac tissue sections are 
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stained with H&E for cells and monoclonal antibodies for sarcomeric α-actin, cardiac 

troponin I, sarcomeric tropomyosin, and connexin 4326, 27. Similarly, for nerve regeneration, 

the sample sections are stained with monoclonal antibodies for Schwann Cells (GFAP, S-100 

protein), axonal regrowth (β-III tubulin, neurofilaments and GAP-43, PGP9.5) and Myelin 

(myelin basic protein) (Carriel et al. 2014, 1657–1660). For quantification of the proteins of 

interest, components are assessed by image analysis, which can involve thresholding and 

segmentation based on specific staining28–30. Scanning and transmission electron 

microscopy (SEM, TEM) are frequently performed on engineered constructs for evaluation 

of nanometer and micron level structural features, such as collagen fibril size and 

progressive tissue formation during cultivation25, 26, 31.

The techniques described above provide a significant amount of compositional information 

on engineered constructs, but have several limitations. Biochemical and histologic analysis 

require either sample destruction or processing, and thus cannot be performed on an 

individual construct that is being considered for clinical implantation. Instead, additional 

constructs have to be grown and analyzed, and the construct of interest is then assumed to 

have a similar composition to those actually evaluated. Further, multiple special stains for 

evaluation of various tissue components are required for histology and IHC, and 

identification of the scaffold in the construct can still be challenging. Finally, none of the 

aforementioned modalities permit evaluation of the composition of an engineered construct 

both in vitro and in vivo, such that appropriate compositional endpoints for implantation can 

be defined, as well as matrix changes that occur as a result of remodeling of the construct.

Nondestructive methods based on magnetic resonance imaging (MRI)32, optical imaging33, 

ultrasound imaging34, and X-ray imaging35, are possible alternatives. Many MRI studies 

have successfully imaged matrix content in tissues36, including in engineered 

constructs32, 37. However, a limiting factor of these techniques include lack of accessibility 

due to high equipment costs. Contrast-enhanced micro CT can also non-destructively asses 

matrix content38, but the addition of an external contrast agent is required. Further, the use 

of ionizing radiation (e.g., X-ray imaging), still raises concerns about damage to the tissue39. 

Accordingly, here, we present applications of vibrational spectroscopy for tissue engineering 

investigations.

3 Applications of Fourier transform infrared spectroscopy and imaging for 

tissue engineering

Fourier transform infrared (FTIR) spectroscopy and imaging stand out as a potential solution 

for evaluation of engineered tissue composition. FTIR microscopy and imaging have been 

successfully applied to investigate the composition and structure of tissue and other 

biological systems for many years40–44. Unique to this method, FTIR analysis can provide a 

rich and detailed range of information using a nondestructive, label-free approach. 

Vibrational spectroscopy in the mid-infrared (MIR) (400–4000 cm−1) and near-infrared 

(NIR) (4000–12500 cm−1) range can provide specific information about molecular 

vibrations within functional groups, which results in characteristic absorptions bands in the 

spectra that are correlated to composition. In the MIR range, the bands are more intense and 
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specific, whereas in NIR they are typically weaker, broader, and overlapping, corresponding 

to overtones and combinations of fundamental vibrations seen in the MIR spectra45–47. The 

absorbances in the MIR range arise from fundamental molecular vibrations, where the 

frequency of the vibration is specific to the molecular species, and the integrated absorbance 

of the peak is related to the concentration of a molecular component. Together, MIR and 

NIR spectral analysis provides a variety of qualitative and quantitative information related to 

the composition and structure of tissues. In the tissue engineering field, MIR spectroscopy 

has been used for characterizing biomaterials and scaffolds, and ECM. This includes 

constructs designed for articular cartilage48–50, bone51, 52, heart53, 54, skin55, 56, cornea57, 58, 

and bladder59. However, the use of MIR to evaluate ECM produced by cells on engineered 

tissue constructs has focused primarily on studies of articular cartilage and bone, which is 

what we focus on here.

3.1 Articular cartilage tissue engineering

3.1.1 Composition and structure—Articular cartilage is a highly-specialized 

connective tissue that lines the ends of long bones to provide smooth joint surfaces while 

withstanding substantial mechanical loads. The function of articular cartilage is dependent 

on its organized composition and structure, and is directly associated with its abundant 

extracellular matrix. Cartilage ECM is composed primarily of water, collagen, and 

proteoglycans, with other non-collagenous proteins and glycoproteins also present in smaller 

amounts60, 61. The most abundant component of articular cartilage is water which accounts 

for up to 80% of its wet weight. Type II collagen represents the majority of the collagen in 

the matrix, forming fibrils and fibers that intertwine with proteoglycan aggregates. The main 

constituent of these proteoglycans is aggrecan, presenting more than 100 chondroitin sulfate 

and keratin sulfate chains and the ability to interact with hyaluronan to form large 

aggregates. These components are distributed in a very specific way throughout articular 

cartilage, characterizing its unique zonal heterogeneity41, 60, 61. In the superficial zone, the 

outer layer of cartilage has densely packed type II collagen fibrils oriented parallel to the 

surface, a small amount of proteoglycans and high-water content. The middle transitional 

zone has lower water content, higher concentration of proteoglycans, and a lower 

concentration of collagen fibrils, which display a random orientation. The deep zone 

contains radially oriented collagen fibrils, the highest concentration of proteoglycans, and 

lowest percentage of water compared to the other zones.

3.1.2 Analytical challenges in articular cartilage tissue engineering—Tissue 

engineering approaches for cartilage aim to repair an inherently heterogeneous tissue and 

preserve mechanical integrity. Paramount to ensuring clinical success is evaluation of the 

microscopic compositional variations in constructs, assessment of scaffold degradation, and 

determination of the “readiness” of constructs for implantation, as non-optimal constructs 

can lead to implant failure. The use of vibrational spectroscopy for the evaluation of articular 

cartilage has been recently reviewed by Rieppo et al.62, with a comprehensive description of 

spectral bands assigned to specific components of the native tissue.

3.1.3 Applications of MIR to evaluation of engineered cartilage—Infrared spectral 

imaging in the MIR range was first used to assess the molecular composition of histological 
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tissue sections in native cartilage by Camacho et al.63 This study delineated the specific 

molecular components of cartilage that contribute to MIR spectrum throughout tissue zones. 

They described how the integrated area of the amide I band (1710–1595 cm−1) and of the 

1338 cm−1 peak, related to collagen side chain vibrations, correlated with collagen 

concentration, and the ratio of the integrated area of the proteoglycan sugar ring C–O band 

(1185–960 cm−1) to the amide I area correlated to the quantity of proteoglycan. Moreover, 

they showed how polarized MIR imaging could be performed to determine the spatial 

distribution of collagen orientation in the different cartilage zones, using the amide I/amide 

II ratio as a spectral marker of collagen orientation. This study was closely followed by 

Potter et al.64, who used spectral imaging to quantify collagen and chondroitin sulfate in 

native and engineered cartilage. MIR spectral imaging has proven to be useful in evaluating 

the composition and organization of engineered constructs in several studies. For instance, 

Kim et al. have used MIR to assess proteoglycan content in the ECM produced by 

chondrocytes within a hollow fiber bioreactor (HFBR)65 and the effects of transient 

exposure to transforming growth factor-beta3 (TGF-β3) in the production of collagen by 

mesenchymal stem cells in hyaluronic acid scaffolds66. Moreover, Kim et al.67 used MIR 

spectral imaging to evaluate EMC growth on poly(lactic-co-glycolic acid) (PLGA) scaffolds 

doped with synthetic thrombin peptide (TP-508), after implantation in osteochondral defects 

in rabbits, assessing collagen, proteoglycan and PLGA content, and collagen integrity and 

orientation after 3 and 6 weeks (Figure 2).

The MIR spectral imaging technique, although very powerful for chemical mapping, is 

hampered by its limited penetration depth. Non-destructive MIR measurements can only be 

performed with an attenuated total reflection (ATR) probe, where penetration depth is 

limited to approximately 2–10 μm through a sample68, making it an inherently surface 

biased technique. Considering the zonal heterogeneity of articular cartilage and the 

heterogeneous composition within engineered constructs69, 70, it is clearly desirable to have 

a nondestructive technique that can probe the entire thickness of the construct, and NIR 

spectroscopy potentially fulfills this requirement.

3.1.4 Applications of NIR to evaluation of engineered cartilage—NIR 

spectroscopy is based on higher energy photons than MIR and yields a greater penetration 

depth71, 72. Spectral signals that arise from NIR radiation are not as specific as those 

observed using MIR spectroscopy, and analysis of NIR data typically requires more complex 

methods. Previous MIR studies have successfully characterized cartilage composition using 

univariate or bivariate methods, e.g. intensity of a proteoglycan peak, or the ratio of the 

intensity of the proteoglycan peak to the intensity of the protein amide I peak. Analytical 

NIR spectroscopy generally requires multivariate analysis, e.g. principal component analysis 

(PCA) or partial least squares (PLS) regression. The absorption bands in the NIR region are 

overtones and combinations of the MIR fundamental vibrations of C–H, C–O, O–H and N–

H bonds and are therefore appropriate for monitoring water, lipids, proteins and sugars. The 

main components of the cartilage ECM— water, collagen, and chondroitin sulfate (from 

proteoglycan) — have been identified and quantified using NIR spectroscopy with strong 

correlations to gold standard methods73–75. Palukuru et al.74 ascribed the peaks at 4050, 

4260, 4610 and 4890 cm−1 to collagen, the peaks at 4020 and 4310 cm−1 to the sugar 
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component of proteoglycans, and the peak at 4350–4375 cm−1 to chondroitin sulfate. They 

used a PLS model to predict collagen and chondroitin sulfate content of cartilage to within 

8% of the values obtained by biochemical assessment. In another study, Padalkar et al.73 

analyzed cartilage water, ascribing the peaks at 5200 cm−1 and 6890 cm−1 to a combination 

of free and bound water, and to free water only, respectively.

In the first application of NIR to engineered cartilage, Baykal et al.76 used NIR to evaluate 

matrix development in cartilage constructs of bovine chondrocytes grown in collagen gels by 

finding a positive correlation between the water peak at 5190 cm−1 and an increase in 

proteoglycan content based on the peak at 850 cm−1 in the MIR spectral region. 

Subsequently, McGoverin et al.77 demonstrated the applicability of NIR fiber optics to non-

destructively monitor the growth of engineered cartilage constructs of bovine chondrocytes 

seeded in polyglycolic acid (PGA) scaffolds. Second derivative peak heights at 5200, 4610 

and 4310 cm−1 were used to quantify water, collagen and proteoglycan content, respectively, 

for six weeks (Figure 3). Additionally, PLS models were established to predict component 

magnitudes to within 6–9% of the values obtained from gravimetric and biochemical 

analysis. Very recently, NIR spectroscopy was used an assessment tool for mechanical 

properties of engineered cartilage. Hanifi et al.78 found a significant correlation between the 

water, collagen and proteoglycan content quantified by NIR and the dynamic stiffness of the 

constructs of bovine chondrocytes grown in polyglycolic acid (PGA) scaffolds, and a 

negative correlation between a NIR-derived PGA peak and stiffness (Figure 4). Yousefi et 

al.79 used a PLS analysis of NIR spectral data to predict the dynamic modulus of developing 

constructs of bovine chondrocytes in hyaluronic acid scaffolds with an error of 10%. They 

also identified the peak centered at 4443 cm−1 as a marker of cartilage matrix formation. 

Moreover, the authors found that the maturation rate of the growing constructs can be 

assessed by the first derivative analysis of sigmoidal curve fits of NIR data for cartilage 

matrix content and predicted dynamic moduli.

The aforementioned studies highlight the effectiveness of NIR spectroscopy to 

nondestructively monitor the development of tissue engineered cartilage. NIR is capable of 

evaluating compositional and mechanical properties from growing constructs, which may be 

useful in prediction of the optimal implantation time. Identifying construct “readiness” will 

promote proper integration, functionality and successful clinical outcomes.

3.2 Bone tissue engineering

3.2.1 Composition and structure—The hallmark of bone tissue is its mineralized 

extracellular matrix which comprises an organic framework in intimate association with a 

mineral phase80, 81. The major component of the organic framework is type I collagen, with 

a large variety of non-collagenous proteins also present in the matrix. The mineral phase 

found in bone is a calcium phosphate of the apatite family, which may be seen as a 

biological analog of stoichiometric hydroxyapatite, whose chemical formula is 

Ca10(PO4)6(OH)2. Bone apatite has a series of key features that allow the proper 

functionality of the bones. Briefly, bone apatite may be described as a nanostructured 

hydroxyapatite that is poorly crystalline and non-stoichiometric, contains carbonate, HPO4, 

and lattice vacancies, and is deficient in Ca and OH80, 82–84. The presence of carbonate 
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substitutions can be found in sites of OH (type A substitution) and phosphate (type B 

substitution). Water is also a major component of the bone matrix. The presence of water in 

bone mineral has been described both within the apatite crystal lattice85, 86 and on the 

surface of the crystals, possibly forming a hydrated layer with labile ions83, 87. In fact, this 

hydrated layer was shown to comprise an amorphous calcium phosphate-like phase that 

coats the apatite crystalline core and plays a role in bone nanostructure88, 89.

3.2.2 Analytical challenges in bone tissue engineering—Bone formation on tissue 

engineering scaffolds is generally evaluated by histological staining. Although staining 

methods can assess the presence of mineralization, they cannot identify the mineral phase 

composition. For instance, the von Kossa and Alizarin Red stains, the two most commonly 

used staining methods for bone mineral deposits, are not specific to apatite90–92. Further, the 

formation of non-osteogenic dystrophic bone matrix may be directed by several aspects 

involved in tissue engineering approaches, such as cell sources, scaffolds, and presence of 

inflammatory cytokines and ions in the environment93–97. Thus, it is critical to evaluate the 

bone mineral and matrix using more specific molecular assays, particularly in tissue 

engineering constructs, where the nature of the mineral and matrix phases will impact the 

function, osseointegration, and success of the implants.

3.2.3 Applications of MIR to evaluation of engineered bone—The use of MIR 

spectroscopy and imaging may be considered a key approach in the evaluation of engineered 

bone tissue constructs. Several detailed features of bone mineral and matrix can be readily 

accessed by the peaks in the MIR spectra. For instance, the presence of typical bone apatite 

in the matrix can be identified by specific peaks of phosphate and carbonate98–100. The 

triply degenerate ν3PO4 domain appears as a broad band with a maxima around 1030 cm−1 

and a discrete shoulder around 1095 cm−1; the nondegenerate ν1PO4 domain is seen as a 

weak peak around 961 cm−1, partially overlapped with the ν3PO4 band; and the triply 

degenerate ν4PO4 domain is partially resolved into two distinct peaks around 604 and 563 

cm−1. Carbonate domains appeared as noticeable bands for ν3CO3 with peaks from around 

1550–1414 cm−1 and ν2CO3 around 875 cm−1, which have been shown to increase with 

tissue age41. Due to the poorly crystalline nature of bone apatite, most of these peaks are 

broad and somewhat overlapped, but can be resolved by taking the second derivative of the 

spectra or by processing them by curve-fitting or deconvolution. With a better resolution of 

the peaks, further features of bone mineral can be accessed. An immature bone apatite will 

show the ν3PO4 peak maxima closer to 1020 cm−1 and a more pronounced peak of HPO4 

around 1110 cm−1, which are associated with nonstoichiometric apatite present in early 

stages of bone formation98, 101. The presence of carbonate substitutions types A and B in the 

mineral can be verified by specific peaks in the carbonate bands, such as 879 and 1550 cm−1 

for type A and 871 and 1414 cm−1 for type B. Other than peaks from the mineral phase, 

peptide bonds from bone matrix proteins can also be seen in the MIR spectra, with peaks of 

amide I, II, and III appearing around 1650, 1540, and 1240 cm−1, respectively. The presence 

of collagen can be specifically seen by the peak from CH2 side chain vibrations at 1338 

cm−1 102. Peaks of OH are generally not observed in the MIR spectra of bone apatite, 

possible due to the significant OH deficiency of the mineral and its nanocrystalline 

structure103, 104.
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In addition to identification of bone mineral and matrix components, several other important 

features of bone tissue can be quantified and imaged based on the MIR peaks41, 100, 105. The 

mineral content of the matrix, which reflects its degree of mineralization, can be measured 

by the integrated intensity of the phosphate peak relative to that of the amide peak. Similarly, 

the content of carbonate and HPO4 in bone apatite can be evaluated by the ratio of those 

specific peaks to that of phosphate. Based on the relative amount of HPO4, an index for 

mineral maturity may be calculated by the 1030/1110 cm−1 peak area ratio101. The 

crystallinity of the mineral may be accessed by different approaches, such as measuring the 

1030/1020 cm−1 peak area ratio41, the splitting factor of the ν4PO4 peaks106, or the 

broadening of the 604 cm−1 phosphate peak101. Collagen content can be analyzed based on 

the intensity of the 1338 cm−1 peak, while collagen maturity may be estimated by the 

1660/1690 cm−1 area ratio of the sub-bands of the amide I peak41. The standard method to 

analyze enzymatic cross-links is high performance liquid chromatography (HPLC), which 

requires the tissues to be digested and homogenized, whereas MIR spectroscopy and 

imaging show an important advantage in allowing a spatial distribution of collagen maturity 

to be obtained in the mineralized bone tissue. The distribution of collagen orientation can 

also be mapped based on MIR peaks, with the amide I/amide II peak area ratio used to 

indicate the alignment of the fibril arrays107, which is essential in the hierarchal structure of 

bone81.

MIR spectroscopy and imaging show great potential to reveal essential features of the 

mineralized bone matrix produced by cells in engineered constructs. Although this approach 

has yet to become widespread in tissue engineering, several groups have applied MIR 

analysis to evaluate details of the mineral and matrix produced in engineered bone tissue and 

constructs. For instance, MIR methods have been used to evaluate the bioactivity of acellular 

scaffolds by accessing the degree of apatite precipitation on them after immersion in 

physiological solutions, based on the presence and relative intensity of the ν3PO4 

band108–111. MIR spectroscopy has also been shown as a valuable analytical tool to reveal 

several properties of the mineralized matrix produced by osteogenic cells in cell culture 

systems112–115. This also includes the analyses of the mineral and matrix produced during 

treatment with osteogenic factors and drugs116–119. Interestingly, MIR analyses have also 

made significant contributions to the evaluation of the bone matrix produced by cells grown 

on bone tissue engineering scaffolds and substrates. For instance, MIR spectroscopy was a 

valuable tool to evaluate how the matrix could be affected by different surface topographies 

of Ti substrates during osteogenic treatment with dexamethasone or BMP-2120 or strontium 

ranelate121. In particular, Boyan et al.120 showed by MIR imaging that in some substrates 

there was the formation of bone-like apatite, and that the mineral was closely associated 

with the matrix, whereas in other substrates, there was a dystrophic mineralization without 

apatite formation, and the mineral was not associated with the matrix. MIR spectroscopy has 

also been a valuable method to analyze the formation and degree of mineralization of bone 

matrix in different types of 3D scaffolds, based on the intensity of the ν3PO4 band (Figure 

5)122–125. For instance, FTIR spectroscopy and imaging have been used to detect bone-like 

mineralization formed by embryonic stem cells grown in 3D alginate constructs under 

osteogenic conditions126, 127. In addition, MIR analyses have also been useful to evaluate 

bone formation and mineralization on scaffolds after implantation in animals. For example, 
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Rossi et al.128 used MIR spectroscopy to analyze changes caused by the biological 

environment in hydroxyapatite-alginate spheres after implantation in bone defects in rats, 

while Miri et al.111 used it to describe the progressive mineralization potential of dense 

collagen-Bioglass gel scaffolds injected subcutaneously in rats. Sroka-Bartnicka et al.129 

showed several features of the bone tissue formed around carbon hydroxyapatite/β-glucan 

scaffolds after implantation in rabbit bone defects, such as the spatial distribution of amides, 

lipids, phosphate, and collagen cross-linking maturity, using MIR spectral imaging (Figure 

6).

4 Raman spectroscopy and tissue engineering

Complementary to MIR and NIR spectroscopy, Raman spectroscopy holds considerable 

potential as both a qualitative and quantitative biochemical analysis tool for tissue 

engineering in view of its non-destructive nature and minimal to no sample preparation. The 

Raman effect, otherwise known as inelastic light scattering, to be very useful for obtaining 

chemical and compositional information from biological samples130. A primary advantage 

of Raman for tissue engineering applications is the ability to be used for non-invasive 

characterization, which arises in part from its physiologically relevant penetration depth. 

However, due to the weak signal strength inherent to most biological samples, the primary 

disadvantage of Raman spectroscopy is the need for high laser power and long exposure 

times, which are potentially harmful to the samples. Additionally, it is paramount to use TE 

scaffolds that do not generate high fluorescence and unwanted background peaks, as the 

choice of biomaterial influences the spectral quality and detection accuracy of Raman 

spectroscopy131.

The Raman absorbances that are prominent in bone and cartilage are described by Morris 

and Mandair132 for bone and by Mansfield et al.133, Bonifacio et al.134 and Esmonde-

White135 for articular cartilage. Similar to the MIR, the primary Raman scattering intensities 

arise from proteins, lipids and mineral. However, applications to tissue engineering are fewer 

compared to those that utilize MIR for analysis. Liao et al.136 published a study on spatially 

offset Raman spectroscopy (SORS) for in vitro monitoring of bone tissue engineered 

scaffolds. The authors used SORS to assess hydroxyapatite (HA) deposition on two 

commonly used scaffolds in bone tissue engineering: (i) bioactive glass foams (IEIC16) and 

(ii) 3D printed poly(lactic-co-glycolic acid) scaffolds (PLGA). Spectral depth profiles of 

intact scaffolds were collected, and to mimic transcutaneous in vivo studies, the scaffolds 

were layered with fresh chicken skin. They achieved non-destructive measures and 

localization of HA by examining the intensity of the Raman bands corresponding to the 

scaffolds and HA. The most intense band in the Raman spectrum for HA corresponded to 

the PO4 symmetric stretching at 962 cm−1, for the PLGA scaffold the C−COO stretch 

vibration at 872 cm−1, and for the bioactive glass foam scaffold, the spectra were dominated 

by a broad photoluminescence band in the 1200–2000 cm−1 range136. The formation of a 

hydroxyapatite layer is a precursor to bone bonding, and thus HA deposition can be used a 

measure of success for bone tissue engineering.

Recently, Borkowski et al.137 published a study in which tissue engineered bone was 

evaluated post-implantation in rabbits’ tibiae. Raman spectroscopy was used to investigate 
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non-decalcified bone/implant sections and determine the presence of amides, lipids and 

assign areas of newly formed bone tissue. The tissue engineered bone was made on a novel 

ceramic-polymer composite of carbonate-substituted hydroxyapatite (CHAP) and β-1,3-

glucan implanted on a critical size defect 4 mm in diameter and 6 mm in length. For Raman, 

2-mm sections were made between the newly formed tissue and implanted composite and 

used to collect spectra from non-decalcified bones. Borkowski et al.137 found that newly 

formed bone mineralized from the edge of the defect inward. Spectra collected from this 

area were used to estimate the degree of mineralization using the relative intensity of PO4 at 

960 cm−1 which revealed differences in phosphate content. Moreover, they described that the 

new bone formed adjacent to the native cortical bone presented a higher band at 1003 cm−1, 

indicative of HPO4 in the immature recently formed tissue. The layer immediately following 

this new bone exhibited only bands assigned for collagen at 1000–1260 cm−1 (amide III) and 

1656 cm−1 (amide I) and for lipids at 1744 cm−1. The discussed publications emphasize the 

potential for Raman spectroscopy as an analysis tool in bone tissue engineering.

Bergholt et al.138 published a study in which Raman spectroscopy was used to gain insight 

on the extracellular matrix arrangement of tissue engineered articular cartilage. Articular 

cartilage constructs were generated by culturing bovine chondrocytes in hydrophilic 

polytetrafluoroethylene (PTFE) membranes, and constructs were evaluated by Raman 

spectroscopy, using multivariate curve resolution (MCR) analysis to extract pure Raman 

spectra for water, GAG and collagen, based primarily on the peaks at 3400, 1410, and 1245 

cm−1, respectively. Standard histological assessment of hematoxylin and eosin (H&E), 

alcian blue for sulfated GAG, and picrosirius red for collagen was also done for comparison. 

The authors reported the use of Raman spectroscopy to quantify and image collagen, GAG 

and water distributions in the engineered constructs (Figure 7). Kunstar et al.139 reported on 

the use of Raman for monitoring extracellular matrix components in tissue engineered 

cartilage in addition to biochemical and histological analysis. Poly (ethylene oxide 

terephthalate)/poly (butylene terephthalate) scaffolds were seeded with primary bovine 

chondrocytes and evaluated at 7 and 21 days of culture. Constructs were subdivided for 

either a semiconfocal/confocal Raman microspectroscopy study or a fiber-optic Raman 

study to investigate single cell versus microaggregate cell seeding conditions and subsequent 

ECM production. Mean Raman spectra indicated increased intensities at bands 937 and 1062 

cm−1 from day 7 to day 21 culture time, which correspond to collagen and proteoglycans 

within the pores of the three-dimensional tissue engineered construct.

The examples presented herein illustrate the practical use of Raman spectroscopy as an 

assessment tool for tissue engineered constructs both for in vivo and in vitro assessments.

5 Concluding remarks

This review described some of the challenges in tissue engineering, limitations of current 

methods for tissue engineered construct evaluation, and the role of vibrational spectroscopy 

methods (mid-infrared, near-infrared and Raman) for assessment of construct composition 

both pre- and post-implantation. Spectroscopic analysis modalities are a compelling 

alternative to standard evaluations due to their inherent contrast-free nature, the ability to 

investigate extracellular matrix and scaffold remodeling, and the potential for non-
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destructive evaluations in some applications. To date, vibrational spectroscopy has primarily 

been used for engineered cartilage and bone applications, but clearly has great potential for 

use in development of many other engineered tissues. The main challenge in the use of FTIR 

and Raman spectroscopy for tissue engineering applications is related to the acquisition and 

processing of large data sets, which can be complex and require advanced expertise and 

analytical approaches. In particular, the choice of experimental settings, sampling mode, and 

data analysis are not always straightforward, and need to be optimized and validated to 

obtain high quality spectra and reliable data. The development of advanced variants of 

vibrational spectroscopy, such as mid-infrared quantum cascade lasers (QCLs)140, near-

infrared spatially resolved spectroscopy (SRS)141, and coherent anti-Stokes Raman 

spectroscopy (CARS)142, may in the future lead to even greater advances to the use of 

vibrational spectroscopy in the tissue engineering field.
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Figure 1. 
Schematic representation of typical tissue engineering procedures. Cells, scaffolds, and 

external stimuli (such as growth factors, cytokines, and mechanical forces) are combined to 

produce tissue engineered constructs. Important compositional and structural parameters of 

the constructs need to be carefully evaluated to increase the chance of successful tissue 

repair.

Querido et al. Page 18

Analyst. Author manuscript; available in PMC 2018 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Application of mid-infrared (MIR) spectral imaging for evaluation of engineered cartilage 

and cartilage repair. The image from Kim et al.67 illustrates the use of MIR imaging to 

evaluate cartilage growth on poly(lactic-co-glycolic acid) (PLGA) scaffolds doped with 

synthetic thrombin peptide (TP-508) after implantation into osteochondral defects in rabbits. 

The authors show the use of MIR to assess collagen, proteoglycan (PG) and PLGA content, 

and collagen integrity and orientation, after 3 and 6 weeks in TP-508 and placebo groups. 

Note how MIR spectral imaging data permits a variety of information to be obtained from 
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the same tissue section. Note also the strong correlation between the PG MIR images and 

the histological alcian blue stain for PG.
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Figure 3. 
Application of NIR spectroscopy to assessment of composition of engineered cartilage. In 

the work from McGoverin et al.77, the authors show how NIR fiber optics can non-

destructively monitor the development of engineered cartilage constructs of bovine 

chondrocytes seeded in polyglycolic acid (PGA) scaffolds. The authors followed the same 

scaffolds grown in culture for 42 days, and collected NIR spectra through the entire 

thickness of the scaffolds. (a) Raw NIR spectra. (b) Second derivative spectra. Peak heights 

at 5200, 4610 and 4310 cm−1 were used to quantify water, collagen and proteoglycan 

content, respectively. Spectra from native cartilage was used for comparison.
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Figure 4. 
Application of NIR spectroscopy to assessment of mechanical properties of engineered 

cartilage. Hanifi et al.78 recently showed that NIR spectral data can non-destructively assess 

mechanical properties of cartilage constructs of bovine chondrocytes grown in polyglycolic 

acid (PGA) scaffolds. The authors found a significant positive correlation between the water, 

collagen and proteoglycan content quantified based on the NIR spectra and the dynamic 

stiffness of the constructs measured by standard mechanical testing. They also showed a 

negative correlation with the NIR peak of the PGA scaffold and dynamic stiffness.
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Figure 5. 
Application of MIR spectroscopy to bone tissue engineering. The image from Marelli et 

al.125 shows the use of MIR spectroscopy to analyze the bone matrix produced by murine 

mesenchymal stem cells grown in dense collagen (DC) and injectable dense collagen (I-DC) 

hydrogels. The authors used MIR in attenuated total reflection (ATR) mode to evaluate the 

intensity of the ν3PO4 band (relative to amide I) as an indication of bone mineral formation. 

The spectra show the absence of mineral peaks in DC scaffolds and a progressive 

mineralization in I-DC scaffolds after 14 and 21 days of cell culture.
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Figure 6. 
Application of MIR spectral imaging to bone tissue engineering. Sroka-Bartnicka et al.129 

demonstrated the usefulness of MIR spectral imaging to quantify and image several features 

of bone tissue formed around engineered constructs. The authors analyzed the tissue formed 

around carbon hydroxyapatite/β-glucan scaffolds after implantation into rabbit bone defects 

for different lengths of time. The spatial distribution of proteins, lipids, phosphate, and 

collagen cross-linking maturity was assessed. In the visible image, C is the construct and DB 

is the surrounding demineralized bone.
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Figure 7. 
Raman spectroscopy in tissue engineering. The image from Bergholt et al.138 shows how 

Raman spectroscopy and imaging can be used to analyze engineered cartilage constructs of 

bovine chondrocytes cultured in hydrophilic polytetrafluoroethylene (PTFE) membranes. 

(A) Raman spectroscopy was used to image the distribution of collagen, 

glycosaminoglycans (GAG) and water in the constructs, using multivariate curve resolution 

(MCR) analysis to extract pure Raman spectra for water, GAG and collagen, based primarily 

on the peaks at 3400, 1410, and 1245 cm−1, respectively. (B) The constructs were also 

analyzed by standard histological staining of hematoxylin and eosin (H&E), alcian blue for 

sulfated GAG, and picrosirius red for collagen, for comparison. (C) The depth profiles of 

relative content of collagen, GAG and water can also be determined based on the Raman 

imaging of the engineered constructs.
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