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a b s t r a c t

Rapid and sensitive methods for identifying stem cell differentiation state are required for facilitating
future stem cell therapies. We aimed to evaluate the capability of focal plane array-Fourier transform
infrared (FPA-FTIR) microspectroscopy for characterising the differentiation of chondrocytes from
human mesenchymal stem cells (hMSCs). Successful induction was validated by reverse transcription
polymerase chain reaction (RT-PCR) and Western blot analysis for collagen and aggrecan expression as
chondrocyte markers in parallel with the spectroscopy. Spectra derived from chondrocyte-induced cells
revealed strong IR absorbance bands attributed to collagen near 1338 and 1234 cm�1 and proteoglycan
at 1245 and 1175–960 cm�1 compared to the non-induced cells. In addition, spectra from control and
induced cells are segregated into separate clusters in partial least squares discriminant analysis score
plots at the very early stages of induction and discrimination of an independent set of validation spectra
with 100% accuracy. The predominant bands responsible for this discrimination were associated with
collagen and aggrecan protein concordant with those obtained from RT-PCR and Western blot
techniques. Our findings support the capability of FPA-FTIR microspectroscopy as a label-free tool for
stem cell characterization allowing rapid and sensitive detection of macromolecular changes during
chondrogenic differentiation.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Human mesenchymal stem cells (hMSCs) with multiple differ-
entiation potentials are preferred as the predominant cell sources
for cartilage tissue engineering [1]. To date, most of the standard
protocols for determining stem cell differentiation are laborious

and involve cell isolation, fixation and subsequent specific stain-
ing. Specialized expensive reagents, as well as stem cell samples,
are consumed during multiple testing procedures. In addition,
individual sample preparation can be evaluated for only one or
two markers at a time. Taken together, these conventional methods
are complicated and impractical for the routine analysis of differ-
entiated MSCs destined to be used in clinical practice. Fourier
transform infrared (FTIR) microspectroscopy offers the possibility
to replace standard methods in stem cell studies. Indeed, previous
work has demonstrated the ability of FTIR spectroscopy to detect
cells differentiated from stem cells both in vitro [2] and in vivo [3].
As a labeled free technique, FTIR microspectroscopy allows the
derivation of a biochemical fingerprint of macromolecules in
the cell samples that variously absorb in the mid-IR spectral region.
The unique characteristics of IR absorption bands are represented
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for proteins (amide I band at �1650 cm�1; amide II at �1545 cm�1;
and amide III at �1300 cm�1), lipid (CH stretching bands at 3000–
2800 cm�1; CO stretching from ester groups at �1730 cm�1) and
nucleic acids (asymmetric PO2

� stretching from nucleic acids at
�1240 cm�1; symmetric PO2

� stretching from nucleic acids at
�1080 cm�1) [4]. Therefore, FTIR microspectroscopy enables the
probing of differences or changes in cellular structures or states.

Although various cell culture methods such as pellet culture,
monolayer culture and biomaterial-based scaffold culture have
been developed, cell density of induced chondrocytes are still
limited [5–9]. Pellet cultures are normally performed in 15 ml
polypropylene conical tubes which occupy much incubator space.
Change of medium in this system would also be laborious and
costly. Furthermore, a number of published papers reported that
a tightly aggregated pellet prepared by centrifugation often creates
undifferentiated or necrotized cells in the central region of the
pellet and only the peripheral cells underwent chondrogenic
differentiation [10–14]. Thus, pellet culture is limited for use in
clinical applications. Recently, the micromass culture system
developed by Scharstuhl et al. [15] was demonstrated to be
superior to the pellet culture system in terms of the yield of
viable, differentiated cells. Moreover, the micromass system allows
spontaneous cell aggregation, and the loose packing of cells
compared with cell pellet culture improves diffusion of nutrients
and growth factors. Accordingly, higher expression of chondrocyte
markers was found in micromass culture compared to that in
pellet cultures [12]. Hence, the micromass culture system exhibits
more potential for chondrogenic induction.

Synchrotron sources enable an increase in sensitivity by gen-
erating more brilliant IR than conventional sources, allowing good
signal-to-noise ratio (S/N) measurement at very small apertures,
allowing the best spatial resolution to be achieved [16–19].
However, application of synchrotron-based FTIR microspectro-
scopy to biomedical research has been limited due to the restricted
availability of synchrotron sources. The FTIR spectrometer coupled
with a FPA detector operated in the so-called wide-field or global
imaging mode is becoming more advantageous in terms of rapid
data acquisition time and ease of use compared with synchrotron-
based measurement systems. Indeed, the study by Heraud et al.
[20] showed that FPA-FTIR microspectroscopy can produce
a similar result to a synchrotron-based method when FPA images
and synchrotron maps of biological tissue were compared.
FPA-FTIR microspectroscopy has also been reported for character-
ization of various types of human cells and tissues, including brain
[21], colon [22], cervix [23], lung [24] as well as stem cell study
[4,25,26]. From a previous study, we clearly reported the capability
of synchrotron radiation-FTIR to detect differentiation of
chondrocyte-induced hMSCs. In this study, we evaluated for the
first time the capability of FPA-FTIR microspectroscopy to discri-
minate the differentiation state of micromass-induced chondro-
cytes from hMSCs under growth factors (TGF-β3 and BMP-6)
supplement for 7, 14 and 21 days. The changes observed in FTIR
absorbance bands attributed to collagen (amide III band at
1338 cm�1 and the P–O stretching band at 1234 cm�1) as well
as proteoglycan (S–O stretching band at 1245 cm�1 and C–O–C
stretching bands from carbohydrate at 1175–960 cm�1) were used
as indicators to monitor chondrocyte differentiation from hMSCs
[17,27].

2. Experimental section

2.1. Chondrogenic induction using micromass culture

Human bone marrow mesenchymal stem cells (hBMSCs) pur-
chased from Cambrex Bio Science, Walkerville, MD (cat no.

PT-2501) were subjected to chondrogenic induction using micro-
mass culture system, according to the protocol by Mello and Tuan
[28]. In brief, hBMSCs were harvested and resuspended in Dul-
becco’s modified Eagle’s mediumwith a low glucose concentration
(DMEM-LG; Gibco Invitrogen) containing 100 U/ml penicillin,
100 mg/ml streptomycin (Gibco Invitrogen) and 10% fetal bovine
serum (HyClone, Cramlington, UK) to achieve a final cell suspen-
sion of 4�106 cells ml�1. To establish micromass cultures, 10 μl
drops of cell suspension were spotted in each well of a 24-well
plate. After spotting with cells, the plate was pre-incubated for 2 h
at 37 1C to permit cell attachment, followed by addition of 300 μl
of differentiation medium consisting of DMEM-high glucose
with L-glutamine, sodium pyruvate, and pyridoxine hydrochloride
(Gibco Invitrogen), 100 U/ml penicillin, 100 mg/ml streptomycin
(Gibco Invitrogen), 50 μg/ml L‐ascorbicacid‐2‐phosphate (Sigma-
Aldrich, St Loius, MO), 0.4 mM L-proline (Sigma-Aldrich), 10�7 M
dexamethasone (Sigma-Aldrich), 1% ITSþ1 (Sigma-Aldrich),
250 ng/ml of BMP-6 (Sigma-Aldrich) and 10 ng/ml of TGF-β3
(Sigma-Aldrich). The medium was replaced every 3–4 days for
3 weeks. Control cells were cultured in parallel without additional
growth factors. Three independent experiments were carried out
to minimize the change in culture condition. Cells were collected
at 7, 14 and 21 days for RNA and protein extraction (Fig. 1).

2.2. Detection of mRNA expression of chondrocyte markers
by RT-PCR

Control and chondrocyte-induced cells at day 7, 14 and 21 were
subjected to mRNA extraction using RNeasy mini kit (Qiagen,
Hilden, Germany), based on the manufacturer’s instructions.
Approximately 1 μg of total RNA was then converted to cDNA.
RT-PCR of three specific chondrocyte marker genes; collagen type
II (col II), SRY (sex determining region Y)-box 9 (SOX9) and
aggrecan (AGC) was performed to verify the successful induction
of chondrogenesis. The amplification was carried out in a Thermal
Cycler (Corbett Life Science, Australia). The following primers were
used: col II: 50-CAG AAG ACC TCA CGC CTC-30, 50-TAG TTT CCT GCC
TCT GCC TTG AC-30; SOX9: 50-TGA AGA AGG AGA GCG AGG AG-30,
50-GCG GCT GGT ACT TGT AAT CC-30; AGC: 50-CAG GTG AAG ACT
TTG TGG ACA TCC-30, 50-CCT CCT CAA AGG TCA GCG AGT AGC-30;
and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH): 50-GTC
AGT GGT GGA CCT GAC CT-30, 50-AGG GGA GAT TCA GTG TGG
TG-30. The reaction mixture was incubated initially at 94 1C for
2 min, followed by 35 cycles of denaturation at 94 1C for 40 s,
annealing at 54–60 1C for 40 s and extension at 72 1C for 60 s. The
amplified product was separated by 2% agarose gel electrophor-
esis, stained with ethidium bromide and visualized under an UV
trans-illuminator.

2.3. Detection of chondrocyte protein markers by Western blot
analysis

Cells were collected at the indicated time points and lysed with
100 μl of protein extraction buffer containing 10 M Tris HCl pH 8.0,
2 M phenylmethanesulfonylfluoride (PMSF) and 1� phosphatase
inhibitor mixture (Roche, Mannheim, Germany). Lysates were
incubated on ice for 30 min, homogenized, and centrifuged at
13,000� g for 15 min. The supernatant was collected, and protein
concentrations were determined by using the Lowry assay.
Equal amounts of protein extracts (�30 μg) were fractionated
by 7.5–12% SDS-PAGE and transferred onto PVDF membranes
(Amersham Biosciences). Blots were probed at 4 1C overnight with
mouse monoclonal anti-human collagen type II (Chemicon Inter-
national, Temecula, USA) and mouse monoclonal anti-human
cartilage proteoglycan (Chemicon International) at a dilution of
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1:50 as well as rabbit polyclonal anti-human β-Actin (Abcam,
Cambridge, UK) diluted at 1:3000. The blots were subsequently
incubated in horseradish peroxidase-conjugated secondary anti-
bodies (anti-rabbit IgG, 1:3000, Abcam; or anti-mouse IgG, 1:3000,
Abcam) at 37 1C for 1 h, immunoblotted using the ECL system
(Amersham Biosciences), and visualized using the ImageQuant400
machine (Amersham Biosciences).

2.4. FTIR-FPA microspectroscopy

After 7, 14 and 21 day of differentiation, two replicate cultures
of the control and induced samples were washed several times
in PBS, trypsinized for 3 min then the cells were collected by
centrifugation at 500� g for 5 min at 4 1C. The suspensions of
undifferentiated or differentiated hMSCs were deposited on IR
reflective, Low-e slides (Kevley Technologies, Chesterland, OH,
USA) by a cyto-centrifuge (Cytospin III, Thermo Fischer Scientific,
Waltham, MA) to produce a monolayer of cells on the surface of

the slides and then dried under light vacuum in a desiccator prior
to FTIR microspectroscopic analysis. This procedure involving
cyto-centrifugation of cells and subsequent desiccation has been
shown to result in cellular monolayers that are very consistent in
thickness [29], hence minimising the possible effect of the electric
field standing wave (EFSW) on the results [30].

Spectral data were collected on a Bruker Vertex 80V FTIR
spectrometer attached to a Hyperion 2000 FTIR microscope
(Bruker Optik GmbH, Ettlingen, Germany). The detector of the
infrared microscope was liquid nitrogen cooled 64�64 pixel
mercury cadmium telluride (MCT) FPA detector. FTIR spectra were
acquired in transflection mode with 128 co-added scans at 8 cm�1

spectral resolution. Each image consisted of 1024 spectra from an
area approximately 300 μm�300 μm on the sample plane, with
4 adjacent pixels binned. The area of the sample fromwhich single
spectra were acquired was approximately 11 μm�11 μm. Apodi-
zation was performed using a Happ–Genzel function. Acquisition
was taken approximately 5 min per image.

Fig. 1. Flow diagram illustrating the preparation of cells for FPA-FTIR microspectroscopic analysis of chondrocyte induction from hMSCs using the micromass culture
technique.
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2.5. Spectral imaging and multivariate data analysis

Spectra were pre-processed by applying resonant Mie scatter-
ing extended multiplicative signal correction (RMieS-EMSC)
for removing the baseline distortions [31,32]. RMieS-EMSC was
performed to 12 iterations starting with a baseline corrected
average hBMSC spectrum as the reference spectrum. FTIR spectral
images were constructed using CytoSpec™ (Cytospec Inc., Boston
MA, USA) spectroscopic software. FTIR spectral images were
constructed to show the distribution of two chondrocyte marker
protein concentrations. Type II collagen concentration was esti-
mated from the sulphate stretching band in the region 1255–
1215 cm�1 [27,33], and aggrecan concentration was estimated
from the area of the prominent band in induced samples resulting
largely from glycoaminoglycan side chains in the spectral region
from 1180 to 1140 cm�1 [27,33], using second derivative, vector-
normalized spectra. The colour scheme in CytoSpec™ represents
the concentration of those proteins with red colour indicating the
strongest absorbance and blue for the lowest. Spectra processed
using CytoSpec™ software allowed us to exclude spectra
that obtained maximum absorbance less than 0.2 or greater than
0.8 absorbance units over the spectrum range of 950–1750 cm�1,
which eliminated spectra arising from regions devoid of cells or
other areas where cells were clumped [17,34]. Based on this
exclusion, approximately 150 spectra were obtained from each
experimental group.

Prior to multivariate analyses or classification the obtained
spectra were pre-processed by performing the second derivative
using the Savitzky–Golay algorithm with 9 smoothing points, and
normalization using EMSC [35]. The processing of spectra to the
second derivative has been demonstrated to minimise the influ-
ence of the effects of EFSW on IR spectra acquired on transflection
substrates [36]. The Unscramblers 9.7 software (Camo Inc., Oslo,
Norway) was used for multivariate data analysis.

Spectra acquired from control cells (undifferentiated hMSCs)
and induced cells (cells undergoing chondrogenic induction from
hMSCs) at each time point were randomly separated into calibra-
tion and validation sets, comprising approximately two-thirds and
one-third of spectra, respectively. The calibration data matrix
employed for PLS-DA consisted of the spectral dataset

(multivariate X) and two Y variables with integer values of 0 or
1 coding for the each of the two modelled spectral classes.
Classification of the dataset was then carried out by predicting a
Y value for each spectrum in the independent validation using PLS
models that had been generated from the calibration sets. Correct
classification of each class was arbitrarily assigned to samples with
predicted Y40.5 for respective spectra. PLS scores and regression
loading plots were used to determine which spectral regions
contributed most to the ability to classify spectra using PLS-DA.

3. Results and discussion

Human mesenchymal stem cells (hMSCs) were differentiated
toward chondrocytes in serum-free medium supplemented with
TGF-β3 and BMP-6 over a period of 7, 14 and 21 days of induction.
After 24 h of supplementation with growth factors, the cell droplets
spontaneously aggregated and became spherical compared to the

Fig. 2. Micromass culture system was performed to induce chondrogenesis from hMSCs over a period of 7, 14 and 21 days of induction. After growth factors
supplementation, the cell droplets spontaneously aggregated and became spherical when compared to control cells. Scale bar¼200 mm.

Fig. 3. RT-PCR analysis of col II, SOX9 and AGC expression during chondrogenesis
induced by TGF-β3 and BMP-6 for 7, 14 and 21 days using the micromass culture
system. Chondrogenic gene expression was unregulated in the induced
cells compared to the control cells. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as a control.
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control cells (data not shown). An increase in size of the aggregated
micromass cells was observed through the period of induction
(Fig. 2) indicating that the micromass culture system can permit a
three dimensional environment that allowed cell–cell interactions
similar to those observed in pre-cartilage condensations found
during embryonic development [12].

The chondrogenic induction was monitored by detection of the
mRNA and protein expression of specific chondrocyte markers, col
II, SOX9 and AGC using RT-PCR (Fig. 3) and Western blot analysis
(Fig. 4). The mRNA and protein expression of chondrocyte markers
increased markedly from day 7 through day 21 under growth factor
supplementation compared to controls. Although a minor back-
ground mRNA expression of col II and SOX9 was detected in the
control day 7, no protein band was observed on Western blot. This
might have resulted from the residual serum contained in the
expansion medium prior to replacement by serum free medium,
which inherently obtained various inducible growth factors includ-
ing insulin [37] that have been previously reported as chondro-
genic stimulators [38,39]. Thus, these data indicated the successful
induction of chondrogenic differentiation in hMSCs. To characterize
the IR absorption pattern of chondrocyte markers, average spectra
were calculated from the second derivative spectra over the range
1800 to 950 cm�1, comparing between control (blue line) and
chondrocyte-induced hMSCs (red line) at day 21 as shown in
Fig. 5. The average spectra showed absorbance differences for
the amide III bands near 1338 and 1234 cm�1 which were assigned
to collagen, as well as bands at 1245 (S–O stretching) and 1175–960
(C–O–C stretching) cm�1 correlated with proteoglycan [27].
Accordingly, the absorbance of collagen at 1338 and 1234 cm�1

and aggrecan bands observed at 1245 cm�1, 1165, 1080 and

Fig. 4. Western blots illustrating chondrocyte marker proteins in response to TGF-β3
and BMP-6 at the indicated time-points. The levels of type II collagen and aggrecan
in induced cells increased throughout the entire time period, this observation is
consistent with the RT-PCR results. β-actin proteins were used as a control.

Fig. 5. Analysis of spectra from control and induced cells used FPA-FTIR microspectroscopy. (a) The representative average raw spectra from control (blue) and induced (red)
cells day 21, after normalization and baseline correction over the range 1800–950 cm�1. (b) To better resolve peaks that were overlapping in the raw spectra, the spectra
were converted to second derivative spectra, which differed between induced and control samples mainly between 1330 and 950 cm�1; these included the amide III
absorbance band from proteins (1330–1230 cm�1) and the carbohydrate absorbance region (1200–950 cm�1). There was also an increase in lipid absorbance (bands from
the lipid ester carbonyl stretching mode at �1736 cm�1 and C–H bending mode at 1461 cm�1). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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1037 cm�1 were higher in chondrocyte-induced hMSCs than those
of control samples. These results are well correlated with the RT-
PCR and Western blot techniques.

The concentration and distribution of chondrocyte markers
were illustrated by chemical images of collagen and aggrecan in
Fig. 6. The comparison between chemical imaging of control and
induced samples at day 21 (Fig. 6a) were analyzed using the
spectral region between 1255 and 1215 cm�1 for collagen, while
the chemical imaging of aggrecan was derived from the spectral
region between 1180 and 1140 cm�1 as shown in Fig. 6b. The
chemical images show the increase of concentration distribution
of these two proteins in chondrocyte induced cells at day 21
compared to that in control cells.

Also evident from the average spectra (Fig. 5) and PCA loadings
(Supplementary Fig.) are increases in lipid absorbance during the
chondrogenic differentiation including bands at �1460 cm�1 (anti-
symmetric methyl and methylene bending) and �1735 cm�1 (ester
carbonyl stretching mode). An increase in lipid fatty acids during
chondrogenesis has recently been reported in the literature [40]. The
reason for increases in cellular lipid components during chondro-
genesis was related by Jang et al. [40] was related to an upregulation
of membrane lipids but is still not fully explained. Nevertheless, our
data shows that increases in lipid signatures are clearly registered in
the spectra of the differentiating cells and appears to be another
unequivocal marker of chondrogenic differentiation along with the
changes in aggrecan and collagen signatures discussed above.

PLS-DA scores and loadings plots were examined to determine
the spectral features that enabled discrimination of FTIR spectra
from induced and control samples at every time interval of the
experiment. Scores plots showed distinct clustering of spectra
from control samples (represented as blue points) and induced
samples (represented as red points) at day 7 visualized along
factor 1 (Fig. 7a). Control samples from day 14 and 21 of the
induction periods were clustered separately from the induced
samples along factor 1 (Fig. 7b and c, respectively). The separation
between clusters of undifferentiated and differentiated cell spectra
was more clearly defined when the time period of chondrogenic
induction continued for 21 days.

PLS-DA regression loadings plots enabled identification of
bands in the complex FTIR spectra which were responsible for
the largest inter-spectral variance [41]. The regression loadings of
controls versus induced samples from day 7, 14 and 21 cultures,
shown in Fig. 7d–f, respectively, identified the bands that differed
between control and induced cells (listed in Table 1). Significant
loadings for all samples were found near 1338 and 1245 cm�1

attributed to collagen type II and aggrecan [27] and the spectral
region between 1175 and 950 cm�1 attributed to C–O stretching
vibrations from aggrecan [27,42–44]. These loadings corresponded
to the band positions for the two proteins observed in the average
second derivative spectra in Fig. 5b. These results are similar
to those from our previous study using synchrotron-based
FTIR [17,20], demonstrating that undifferentiated MSCs and

Fig. 6. A comparison between chemical imaging of control hMSCs and induced samples at day 21 for collagen (a) using the amide III band from collagen in the spectral
region from 1255 to 1215 cm�1 and the C–O stretching band from aggrecan (b) at the region between 1180 and 1140 cm�1 in vector normalised, second derivative spectra.
A colour scheme has been used to denote relative absorbances, with the warmest colours (red end of the spectrum) indicating the highest absorbance. Scale bar¼100 mm.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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differentiated progeny cells could be readily separated by their
FTIR absorption profiles of chondrocyte marker proteins and
carbohydrates. These observations were reproducible with three
independent experiments. Furthermore, FPA-FTIR, RT-PCR and
Western blot showed consistent differences between hMSCs
and their differentiated progeny cells. In addition the similar
pattern of separation is observed using PCA analysis as shown in
supplemental table (Fig. S1).

PLS-DA modeling [45] allowed Y values from independent
validation spectra to be predicted. To do this, Y values of control

spectra at day 7, 14 and 21, samples were assigned Y¼0 while
spectra from induced samples at day 7, 14 and 21 were assigned
Y¼1. Spectral data were randomly divided into calibration and
validation sets comprising two-thirds and one-third of spectra,
respectively. A regression plot of the calibration data set for day
7 yielded a correlation coefficient¼0.89 (Fig. 8a), day 14¼0.93
(Fig. 8b), and day 21¼0.94 (Fig. 8c), indicating that the calibration
data set was well modeled. The Y values were then predicted for
each spectrum in validation sets of spectra with correctly assigned
control spectra having predicted Yo0.5 and correctly assigned

Fig. 7. PLS scores (a)–(c) and loadings (d)–(f) plots performed on a data set of control and induced cells at day 7 (a) and (d), day 14 (b) and (e) and day 21 (c) and (f) using the
spectral range 1585–950 cm�1. Corresponding loadings plots from all experiments showed a trend of similar spectral regions exhibiting the most variance attributable to
changes in collagen and aggrecans (d)–(f). Six factors were computed in PLS DA. The percentage of variance captured found with factor 1 to factor 6 factor at day 7 are 42.016,
56.291, 74.245, 80.982, 84.835 and 87.244; at day 14 are 40.014, 65.045, 89.594, 90.663, 92.342 and 92.747; at day 21 are 53.460, 79.516, 89.346, 93.406, 93.774 and 94.722.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Assignment of biological bands for the IR spectrum to chemical functional groups. Table of band assignments for the average spectra shown in Fig. 5b compared with the
associated factor 1 regression coefficient loadings from Fig. 8. Arrows for factor 1 loadings (day 7) indicate up-or down-regulation of the macromolecular components related
to the FTIR bands that differed between control cells at day 7 and induced cells at day 7 shown in scores plots in Fig. 8a as clustering in the factor 1 direction. Arrows for
factor 1 loadings (day 14) indicate up regulation of the macromolecular components inferred to be changing between control cells at day 14 and induced cells at day 14
shown in scores plots in Fig. 8b as clustering in the factor 1 direction. Factor 1 loadings (day 21) indicate inferred macromolecular changes occurring between control
samples at day 21 which separated from induced cells at day 21 along factor 1 in scores plots in Fig. 8c. The positive (þ) or negative (�) signs represent the regression
coefficient loadings value which were obtained from PLS discriminant analysis of second derivative spectra.

Bands maxima 2nd
derivative spectra (cm�1)

Factor 1 loadings
(day 7) (cm�1)

Factor1 loadings
(day 14) (cm�1)

Factor 1 loadings
(day 21) (cm�1)

Band assignments

1338 ↑ 1348 (�) ↑ 1349 (�) ↑ 1349 (�) ν(C–H) and δ(N–H) of amide III from protein [46]
1245 ↑ 1248 (�) ↑ 1240 (�) ↑ 1250 (�) ν(C–H) and δ(N–H) of amide III from protein [27] and νas(S¼O) sulfate

from glycoaminoglycan side chain of aggrecan [27,33]
1200–900 ↑ 1177 (�) ↑ 1169 (�) ↑ 1169 (�) ν(C–O–C) from aggrecan and other carbohydrates [27,43,44]

↑ 1118 (�) ↑ 1114 (�) ↑1113 (�)
↑ 1075 (�) ↑ 1068 (�) ↑ 1068 (�)
↑ 1049 (�) ↑ 1049 (�) ↑ 987 (�)
↑ 990 (�) ↑ 987 (�)

vas, asymmetric stretch; νs, symmetric stretch; δas, asymmetric deformation (bend); δs, symmetric deformation (bend).

Fig. 8. PLS regression plot for the calibration set, which plotted measured Y against predicted Y. The correlation coefficients of day 7, 14 and 21 (a)–(c), respectively) indicated
that the training set was well modeled. Predicted Y values shown as narrow blue rectangles, indicated that all validation spectra from all time points were correctly classified
(d)–(f). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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induced samples spectra having predicted Y40.5. 100% of spectra
from independent validation sets were correctly classified into
each of the assigned classes of control and induced cells at day 7,
14 and 21 as shown in Fig. 8d–f, respectively.

Our data adds to the growing literature demonstrating cap-
abilities of FPA-FTIR microspectroscopy for stem cell research. For
example, the study by Krafft et al. [26] reported changes in protein
composition and expression of octacalcium phosphate, a precursor
of the bone constituent hydroxyapatite, during osteogenesis from
hMSCs. A study on neural differentiation of mouse ESCs [25] using
FPA-FTIR microspectroscopy found major changes in lipids and
protein composition occurring during stem cell differentiation
along neural lineages. Further supporting the view that FPA-
FTIR microspectroscopy is a useful modality for studying stem cell
differentiation, the study by Heraud et al. [4] investigated
undifferentiated human ESCs and cells that had committed to
mesendoderm or ectoderm lineages by a specific stimulus, demon-
strating that FPA-FTIR microspectroscopy could characterize and
discriminate hESCs from ectodermal and mesendodermal lineages
by their specific infrared signatures, even at the very early stages
of development.

The results presented here supported the view that FPA-FTIR
microspectroscopy could identify the differences between hMSCs
and chondrocyte-induced hMSCs, corroborating the changes of
collagen and aggrecan identified by chemical imaging. Interest-
ingly, the spectral quality generated by the FPA system enabled
data that was comparable to that from a synchrotron source as
previously reported [17,20], leading to similar conclusions about
the macromolecular changes occurring as a result of chondrogenic
induction. However, the FPA-FTIR microspectroscopy allowed
much more rapid measurement compared with single point
measurements using a synchrotron source enabling thousands of
spectra to be obtained in a few minutes. Accordingly, we con-
cluded that standalone FPA-FTIR microspectroscopy permitted
rapid and easy detection of the differentiation state of chondro-
cytic cells as well as providing rapid evaluation of different stem
cell culturing methods that were compared.

4. Conclusion

FPA-FTIR microspectroscopy can be used to characterize the
changes in composition and distribution of collagen and aggrecan
in chondrocyte-induced hMSCs. Our findings underscore the poten-
tial of FPA-FTIR methods to be used as a monitoring tool for
identifying the successful differentiation of chodrocytes in both
quality and quantity. In combination with chemometric methods,
the spectroscopic approach provides high accuracy and sensitivity to
detect an early differentiation state of stem cells. Future development
of automated systems based upon FPA-FTIR microspectroscopy
might represent a routine method of screening for identification of
differentiated cells facilitating clinical applications.
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