Hindawi Publishing Corporation

Journal of Biomedicine and Biotechnology
Volume 2010, Article ID 101864, 10 pages
doi:10.1155/2010/101864

Review Article

Optical Spectroscopy for Noninvasive Monitoring of

Stem Cell Differentiation

Andrew Downes, Rabah Mouras, and Alistair Elfick

School of Engineering, The University of Edinburgh, Edinburgh EH9 3]L, UK

Correspondence should be addressed to Andrew Downes, andy.downes@ed.ac.uk

Received 25 August 2009; Revised 13 October 2009; Accepted 11 November 2009

Academic Editor: Pierre Bagnaninchi

Copyright © 2010 Andrew Downes et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

There is a requirement for a noninvasive technique to monitor stem cell differentiation. Several candidates based on optical
spectroscopy are discussed in this review: Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy, and coherent
anti-Stokes Raman scattering (CARS) microscopy. These techniques are briefly described, and the ability of each to distinguish
undifferentiated from differentiated cells is discussed. FTIR spectroscopy has demonstrated its ability to distinguish between stem
cells and their derivatives. Raman spectroscopy shows a clear reduction in DNA and RNA concentrations during embryonic stem
cell differentiation (agreeing with the well-known reduction in the nucleus to cytoplasm ratio) and also shows clear increases
in mineral content during differentiation of mesenchymal stem cells. CARS microscopy can map these DNA, RNA, and mineral
concentrations at high speed, and Mutliplex CARS spectroscopy/microscopy is highlighted as the technique with most promise for

future applications.

1. Introduction

1.1. Challenges in Stem Cell Science. In current stem cell
biology and regenerative medicine, two of the greatest
challenges [1, 2] are to control the differentiation of stem
cells and to ensure the purity of isolated cells. These can both
be addressed by careful monitoring and characterization of
cells. The process of stem cell differentiation is at present
monitored by biological assays, namely, immunocytochem-
istry [3, 4]. However, this process is time consuming as well
as requiring biomarkers or labels. There is a clear need for
a truly noninvasive technique which can monitor the degree
of differentiation rapidly. Such a technique will most likely
involve a form of optical imaging or spectroscopy but must
not involve the addition of any kind of biomarker. Biomark-
ers are used to sort embryonic stem cells, in conjunction with
fluorescent [5, 6] or magnetic [7] labels. These techniques
are lengthy and time-consuming, but careful monitoring of
stem cell differentiation is essential: in clinical applications, a
population of fully differentiated cells is often implanted, but
teratomas can result if any stem cells remain undifferentiated

(8].

There are a number of issue with the use of biomarkers
for the characterization and sorting of stem cells and their
derivatives. Firstly, only a limited number of biomarkers
exists each one being cell-specific. Many cell types lack
biomarkers, for example, cardiomyocytes [9], gastrointesti-
nal stem cells [10], and corneal stem cells [11]. Secondly,
the use of biomarkers raises issues with both biological
researchers and clinicians, who would strongly prefer a label-
free technique. Finally, these biomarkers cannot easily be
translated; for example, embryonic stem cell biomarkers are
not always applicable to adult stem cells.

There are further issues with the use of fluorescent
and magnetic markers. Fluorescent biomarkers [5, 6] have
been employed in cell sorting and characterization, but
fluorescent techniques have a number of drawbacks. Firstly,
photobleaching means that signal levels drop over time; so
long-term studies of differentiation are prohibited. Secondly,
this process of photobleaching produces free radical singlet
oxygen species which will damage live cells. Finally, the use
of biomarkers causes modification to cells’ surface chemistry,
and stem cells are highly sensitive to small changes in their
surface chemistry. Magnetic beads cannot easily be visualised
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in microscopy; they must all be removed from the cells; a
large mass could cause large mechanical stresses to the cells,
which can affect the cells’ behaviour.

There is thus a requirement from the stem cell commu-
nity for a rapid, easy, sensitive, nondestructive, noninvasive,
label-free technique which can be applied both on the single
cell level and to monitoring or sorting large populations
of cells. This review will concentrate on label-free optical
spectroscopy techniques, which are noninvasive and have
sufficiently high resolution to be applied at the single cell
level.

White light imaging—either phase contrast or differen-
tial interference contrast (DIC)—can reveal the approximate
level of differentiation in situ, to those who are expert in stem
cell culture. However, it is only really suitable for monolayers
of cells. As white light imaging is usually only qualitative,
it would benefit by being replaced by a more advanced
optical technique capable of a quantitative measurement on
individual cells. Such a technique should therefore be capable
of high speed characterization, to enable large numbers of
cells to be studied—in monolayer cultures, embryos, and
scaffolds.

1.2. Infrared Absorption Spectroscopy. The first optical tech-
nique suitable for noninvasive characterization of cells is
infrared absorption spectroscopy. Infrared light is absorbed
by the wide variety of chemical bonds within molecules,
which all have well-defined vibrational frequencies. Hence,
an absorption spectrum of a cell should give a characteristic
snapshot of the chemistry, and an undifferentiated cell’s spec-
trum could differ enough from that of a differentiated cell
enough to characterize them. Simple infrared spectrometers
use a broadband light source containing a wide range of
wavelengths, which is typically passed through a cuvette of
solution, through a dispersing spectrometer onto a single
detector. This technique is slow, as the spectrum is built up
from around 1000 sequential data points. In order to collect
a full spectrum without losing the vast majority of the signal,
Fourier transform infrared (FTIR) spectroscopy [12] uses
both interferometry and a Fourier transform of the signal:
from the time to frequency domain. A typical FTIR setup
is illustrated in Figure 1(a), which requires a mirror to scan
one half of the interferometer arm over a distance of a few
millimetres. A full spectrum is typically acquired in around a
second on live cells [13]. Synchrotron sources have promised
vastly improved spectral acquisition times—up to 1000 times
faster [14] than benchtop FTIR—but it is not clear whether
this is applicable to live cells, as heating by absorption may
prevent any increase in speed.

The lateral resolution of optical techniques is normally
approximated by 0.6A/N.A. where A is the wavelength
of illuminating light, and N.A. is the numerical aperture
of illumination. Although an N.A. of 1.4 is achievable
with objective lenses using visible light, infrared light has
very low transmission through standard glass objectives;
so a parabolic mirror (known as a Cassegrain objective)
is normally used to focus light. These objectives have a
typical N.A. of 0.4. The bonds in molecules are typically
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FIGURE 1: Schematic experimental arrangements for (a) Fourier
transform infrared (FTIR) spectroscopy, (b) Raman spectroscopy,
and (c) coherent anti-Stokes Raman scattering (CARS) microscopy
and spectroscopy.

excited with infrared light of wavelengths between 2.8 and
16 ym, which corresponds to a lateral resolution of 4.2 to
24 ym, which is small enough to be applied to individual
isolated cells or to average over groups of cells, but will
not usually be cell specific when applied to an embryo
or group of cells tightly bound together. FTIR microscopy
has been achieved on fixed adherent mesenchymal stem
cells (MSCs) [15] with a diameter of around 50 ym, but
only for high-frequency (short wavelength) vibrations. These
vibrational frequencies are described by spectroscopists as
inverse wavelengths in units of cm™! [“wavenumbers”]. The
lowest frequency vibrations occur in cells around 600 cm™!
(A = 16.7 ym) and the highest frequencies relate to the C—H
stretch (2800-3000 cm™!, A = 3.3-3.6 um) and O—H stretch
(~3500cm™!, A = 2.8 um).

One of the major issues with infrared radiation is its
extremely low penetration depth in water, which limits the
depth which can be probed in solution to the range 10—
100 ym. To combat absorption of infrared light through a
thick cuvette, attenuated total reflection- (ATR-) FTIR [16]
probes only the first micrometre above the substrate. An
array of spectra can be acquired rapidly enough to perform
imaging within a few minutes on live cells [17]. Results from
FTIR on stem cells will be discussed later.
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FIGURE 2: Schematic energy level diagrams for Raman, CARS, and
FTIR processes. In Raman scattering one illuminating laser photon
is absorbed (at pump frequency vp), and another is radiated (at
Stokes frequency vs)—the difference in frequencies being equal to a
vibrational frequency, vyis. In CARS three photons are absorbed—
two at frequency vp and one at vs—and one is emitted at the
anti-Stokes frequency vas. FTIR relies solely on the absorption of
infrared radiation at vyg.

1.3. Raman Spectroscopy. The second optical technique
suitable for stem cell characterization is Raman spectroscopy
[18]. In the most widespread form—Stokes scattering—
visible or near-infrared light loses energy (frequency) by
exciting molecules into their excited state, as depicted in
Figure 2. This means that some of the laser light is red-shifted
after interacting with the sample. A typical setup is illustrated
in Figure 1(b): after filtering out the laser, the remaining
red-shifted light is passed through a spectrometer onto a
cooled CCD camera. A full Raman spectrum is normally
acquired in 1 to 10 seconds, so is typically slower than
FTIR. As silicon CCDs have a response which dies away
rapidly at a wavelength of around 1000 nm, the longest laser
wavelength which can be used is 785nm (AlGaAs diode)
which is the preferred wavelength for Raman spectroscopy
in biology. The strong C—H stretch frequencies are the
highest measurable with such a laser wavelength. The other
popular laser wavelength for biological samples is 633 nm
(HeNe laser) which has lower power than 785nm lasers,
and heating in cells and tissue is the lowest using near-
IR illumination (700—-1100 nm). Heating has been measured
directly in cells—using 100 mW of 1064 nm radiation in an
optical trap, a temperature rise of <1°C was observed [19].
Prolonged exposure to 300 mW illumination at constant
power (“continuous wave”, CW) caused photodamage—a
light-induced reduction in cell viability—attributed to two-
photon absorption. Visible light (A < 700 nm) is believed
to cause photodamage at far lower thresholds than this, due
to increased absorption by proteins, but shorter wavelengths
produce more Raman signal [20].

The reduction in wavelengths for Raman spectroscopy;,
compared to FTIR, equates to a greatly improved lateral res-
olution of 350 nm and axial (depth) resolution of 1150 nm.
This is sufficient to allow spectroscopy on individual cells,
and even at the subcellular level. Furthermore, Raman
microspectroscopy—otherwise known as Raman mapping
or Raman microscopy—can be performed [21]. Maps can
be produced containing the total signal under a given
peak, or more subtle differences between spectra can be
exploited with principal component analysis (PCA) [22] or

cluster analysis. This reduces the large number of peaks in
the Raman spectrum to a smaller number of independent
variables, and cluster analysis produces colour-coded maps
with regions of similar chemistry deduced from the set of
spectra. Due to the long acquisition time required, only
Raman microscopy of fixed cells had been performed until
recently, as live cells move far more quickly than the set
of spectra could be recorded. However, recently Raman
microscopy has been performed on live cells with 100 mW
power at 647 nm [23] and acquisition time of 0.5 second,
albeit with only 32 X 32 pixels. An alternative approach
is to illuminate a line rather than a spot—then a series of
spectra can be recorded across a single CCD, each relating
to a pixel along the line. This technique has been applied to
live cells [20] with 5 seconds per line (3 minutes per image)
with 532nm at 3.5mW/um? intensity, again with a small
number of imaging pixels. It remains to be seen whether
photodamage was occurring in both of these live cell imaging
publications.

PCA can be used to extract the most significant variations
between groups of spectra acquired on large numbers of
cells. Thus, determining an unknown cell type from two
possibilities—notably, stem cell and differentiated cell—can
be accomplished using large numbers of spectra from known
cell types. The most important differences are highlighted,
rather than any uncorrelated and unimportant variations, to
improve the sensitivity of the technique. No knowledge of
the chemistry is required with this unsupervised technique.
Two improved variants of PCA are discussed in relation
to FTIR, and both show marked improvements in their
ability to distinguish cell types [24]. Before analysis can be
performed, spectra require processing to remove unwanted
autofluorescence from tissue—normally by baseline subtrac-
tion, as well as the removal of cosmic rays, and substrate
and media contribution to the spectrum. All this processing
and analysis of spectra requires significant computing power,
when applied to large datasets.

Raman spectra consist of a large number of peaks at
well-defined frequencies, as demonstrated in Figures 3 and
4. The relative intensities of the peaks change between
cells, but the frequencies themselves do not shift. Peaks are
usually around 5-10cm™! in width, except for the single
peak at 1002 cm™!. This frequency relates to the in-plane
vibration of the aromatic ring of the phenylalanine molecule
which is highly symmetric and is narrower than the other
peaks because of the lack of vibration out of the plane and
lack of variation in other atoms attached to the benzene
ring. Frequencies in FTIR can be slightly shifted by a few
cm~'—and tend to be broader. Both techniques excite these
vibrations to different extents; so the relative peak intensities
will be different in Raman and FTIR spectra.

1.4. CARS Microscopy and Spectroscopy. Raman scattering is
a weak process—typically only 1 in ~10'? incident photons
gives rise to a Raman-shifted photon. This is largely due to
the excitation of the bond vibration far above its resonant
frequency. In order to increase this efficiency, in coherent
anti-Stokes Raman scattering (CARS) [25-28] the vibration



is excited with two laser frequencies—the difference (or
beat) frequency between them is matched to the vibrational
frequency of interest. This gives between 4 and 6 orders of
magnitude more signal than standard Raman. This means
that CARS images are acquired in seconds, whereas a similar
quality Raman map would require days to complete. The
process is best excited with pulsed lasers with durations
of around 6 ps, which should mean that no photodamage
occurs with extensive use of powers of at least 12 mW
[29]. A CARS microscope, designed for biological imaging,
is described in detail elsewehere [28], which has a lateral
resolution of 350 nm and an axial resolution of 1100 nm. Live
cell imaging is slightly slower than that of fixed cells, but
high-quality images are acquired within 1 minute.

Picosecond CARS excitation pulses have an estimated
width of around 3 cm™!, so are ideal for biological molecules,
but this means that only one vibration (spectral peak)
may be excited during an image. Images can be acquired
sequentially at different wavenumbers, by retuning one
laser, but this is not ideal given the motion occurring
during live cell imaging. Some CARS systems are able
to acquire images at two different vibrational frequencies
simultaneously [28]. Multiplex CARS [30-34] uses normal
(narrowband) pulses for one laser, vp, and broadband pulses
for vs. The broadband supercontinuum excitation pulse
is several hundred nanometres wide and is excited in a
photonic crystal fibre by a femtosecond laser. A full spectrum
is acquired in around 100 milliseconds on live yeast [30], but
an estimate of photodamage [29] suggests that 1 second per
pixel would be more appropriate for eukaryotic cells. Further
improvements to excitation sources could see this fall to the
millisecond range—enabling high-quality, noninvasive full
spectral mapping of live cells in minutes.

A different approach to increase the speed of Raman
microscopy, termed Stimulated Raman Scattering, has
recently been published [35]. In a similar way to how
stimulated emission depopulates the excited state in lasers,
the excited state in a simple Raman excitation (pumped with
vp) can be rapidly depopulated by a second laser (at vs)
modulated in the MHz range. In this way, the signal at vs is
increased slightly (Stimulated Raman Gain) and the pump
power at vp is decreased slightly (Stimulated Raman Loss,
SRL). Monitoring either signal, filtered by a lock-in amplifier,
produces images which are background-free and directly
proportional to the concentration. The standard CARS signal
has a quadratic dependence on concentration and can have
a large unwanted background. Heterodyne CARS [36] is
another technique which is able to circumvent both of these
problems encountered in standard CARS imaging. SRL is a
linear optical technique and is suitable for extension into
optical coherence tomography deep into tissue, using low
numerical aperture lenses [37].

2. Results and Discussion

2.1. Fourier-Transform Infrared (FTIR) Spectroscopy. FTIR
spectroscopy was used to study murine embryonic stem
cells by Ami et al. [38]. After 4-7 days of differentiation,
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changes to the absorption spectrum of fixed cells were
noticed: features in the amide I band (1600-1700 cm™')
were enhanced, and those in the nucleic acid region (850-
1050 cm™!) diminish. This means that the overall levels of
DNA and RNA decrease, and the alpha helix content of
proteins increases over time. Furthermore, new DNA/RNA
hybrid bands at 899 cm~! and 954 cm ™! start to occur around
day 4-7, suggesting that mRNA translation is occurring at
this time.

German et al. [11] employed high-intensity synchrotron
radiation to probe 10um thick cryosections of bovine
cornea. They used PCA to clearly distinguish the three cells
types of interest: stem cells, transit-amplifying cells, and
terminal differentiated cells. No biomarkers of corneal stem
cells exist; so spectroscopic techniques offer the only viable
method of cell characterization here.

From the same group, Walsh et al. [39] again used
synchrotron FTIR, this time on paraffin-embedded human
intestinal crypts, which were dewaxed. The position of
cells along the crypt denotes the change from stem cell
location to transit-amplifying region to differentiated loca-
tion. PCA was used to compare spectral features and
was able to separate cell types from three positions along
the crypt, which is shown in Figure 3. This method of
characterization was compared with tissue stained with two
different immunophenotypical markers: rabbit polyclonal
anti-CD133 and f-catenin antibodies. The authors state that
the dominant FTIR absorption peak at 1080 cm™!, relating
to the symmetric (PO,)~ stretch, is a more robust marker
than the two biomarkers. As gastrointestinal stem cells lack
specific biomarkers, they went on to compare FTIR data
against a number of chemical differences which are discussed
at length in a further publication [10].

Salasznyk et al. [41] used FTIR to study osteoblasts
derived from human mesenchymal stem cells after 28 days of
cell culture. Samples were dried and ground into a powder,
then pressed into a pellet. The spectrally derived mineral-
to-matrix ratio was calculated as the ratio of the integrated
areas of the phosphate absorbance (900-1200cm~!) and
protein amide I band (1585-1720 cm™!). They observed a
significant decrease in the mineral-to-matrix ratio in the
extracellular matrix produced by focal adhesion kinase-
(FAK-) knockdown cells when compared to untreated (con-
trol) cells. These FTIR results are compared favourably with
biochemical assays.

Krafft et al. [15] also used FTIR to study human mes-
enchymal stem cells differentiating into osteoblasts. Their
samples were fixed in methanol then dried, and they were
able to distinguish cells stimulated in osteogenic medium
for 7 days, from nonstimulated cells. FTIR microscopy on
isolated adherent cells (of size ~50 ym) showed that some
of the nonstimulated cells had high levels of glycogen accu-
mulation, and some stimulated cells had a high expression
of calcium phosphate. Stimulated cells had reduced levels of
amide I (at 1631 cm™!), meaning that lower concentrations
of beta-sheet proteins were present. This compares well
with Ami et al. [38], who measured a higher alpha helix
proportion during differentiation. Nucleic acids were hard to
detect in this study.
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FiGure 3: IR spectral analysis of a small intestinal crypt using
synchrotron FTIR microspectroscopy. (a) Ten IR spectra of the
entire biochemical-cell fingerprint region (900 to 1,800 cm™!)
acquired from the assigned transit-amplifying location (locations
1-3; black lines, top), the putative stem cell location (locations 4—
6; red lines, middle), and the differentiated location (locations 7—
10; blue lines, bottom). (b) PC analysis of a small intestinal crypt’s
IR spectra using the entire biochemical-cell fingerprint region.
Reprinted with permission from [39] (Copyright AlphaMed press
2008).

Bentley et al. [42] measured FTIR spectra of human
corneal stem cells and their derivatives: transit amplifying
cells. They made 10 ym thick cryosections of cornea, which
were left to dry and observed differences in synchrotron
FTIR spectra which were attributed to nucleic acids. They
were able to distinguish between both cell types with spectra
acquired from two different regions in the tissue, using PCA,
albeit with an overlap of 16% between the two populations.

In summary, FTIR is able to distinguish between stem
cells and their derivatives. Using synchrotron sources, the
speed of data acquisition and the quality of comparison
have improved greatly. Even microscopy has been performed,
requiring a spectral acquisition at each imaging pixel. To
be able to distinguish between individual cells, rather than
populations, requires subconfluent adherent cells due to the
spatial resolution (governed by the wavelength of infrared

radiation) being of the order of the cell size. The technique
has until now been limited to dried samples due to the high
absorption coefficient of water; so the technique has not been
used to noninvasively monitor stem cell differentiation in
vitro as the required drying is clearly destructive. However,
ATR-FTIR can be used on live cell cultures; hence it could
potentially be employed as a real-time noninvasive technique
for monitoring stem cell differentiation on adherent cells
(though no results have yet been published). Such a tech-
nique would be highly preferable to the use of biomarkers in
clinical as well as research applications. One issue with ATR-
FTIR is that it only probes the first 1-2 ym above a substrate;
so the nucleus would only give a small contribution to
the overall signal. Given that nucleic acids play a large
part in the reported changes in spectral signatures during
differentiation, and the nucleus may remain above this
penetration depth, it remains to be seen whether ATR-FTIR
can indeed be used as a noninvasive biomarker-free analytical
technique for live cell studies.

2.2. Raman Spectroscopy. Notingher et al. [43] used Raman
spectroscopy to investigate live murine embryonic stem cells.
100 mW of 785 nm laser light was focussed onto a spot of size
10pm x 5pm X 25 ym. The group grew cells on a gelatine-
coated quartz substrate, as plastic contains a number of
vibrational bonds which are also present in cells. Glass gives
a strong fluorescence background; so quartz or magnesium
fluoride is preferred as a substrate. However, stem cells do
not adhere well to glass and crystals; so a thin coating to
the substrate is required, such as the gelatine used in this
study. Great care must also be taken to ensure that the stem
cells do not differentiate spontaneously on a given substrate
or coating. Over 16 days of differentiation, they observed a
decrease in the RNA peak (at 813cm™!, O—P—0 stretch)
by 75% [40] and a drop of 50% in the DNA peak (at
788 cm™!, cytosine ring vibration). Peaks were normalized to
the total Raman signal. They also extracted the first principal
component spectrum, reproduced in Figure 4, which reveals
the spectrum responsible for most of the differences between
spectra of stem cells and differentiated cells. Note the high
coincidence of many peaks of this principal component
spectrum, with the spectrum of RNA. This confirms that
a reduction in RNA levels dominates the chemical changes
during differentiation.

Chan et al. [9] acquired Raman spectra on live human
embryonic stem cells (hESCs) as they differentiated into
cardiomyocytes and were able to distinguish between hESCs
and hESC-derived cardiomyocytes with an accuracy of 66%.
They found that the RNA peak (811 cm™!) and DNA peaks
(e.g., 785cm™!, 1090 cm™!) were all reduced in intensity
during differentiation.

We acquired data which is previously unpublished—
Raman spectra of fixed mesenchymal stem cells grown on
gelatine-coated quartz, and used a diffraction-limited laser
spot, instead of averaging over a large area. This meant
that spectra could be acquired separately from within the
nucleus and within the cytoplasm—these spectra are shown
in Figure5. The spectrum from the substrate has been
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FiGure 4: (a) First principal component, describing the major
differences between two groups: undifferentiated murine embry-
onic stem cells and the differentiated cells via formation of
embryoid bodies. (b) Raman spectrum of reference RNA, revealing
a good deal of similarity with (a)—hence, the major change to
the spectrum during differentiation is related to a reduction in
RNA levels. Note the strong peaks around 785cm™! (cytosine and
uracil ring stretching), 811 cm™! (phosphodiester bond stretching),
and 1096 cm™! (phosphodioxy group stretching). All spectra were
acquired in 2 minutes (Reprinted with permission from [40];
Copyright 2004 American Chemical Society).
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FiGure 5: Individual Raman spectra within a single mesenchymal
stem cell (red: nucleus, black: cytoplasm). The following peaks are
specific to DNA and RNA: A (785cm™!, uracil/cytosine/thymine
ring breathing, O—P—O stretch), B (813 cm™', O—P—-O stretch), C
(828 cm™!, O—P—0 antisymmetric stretch), F (1093 cm™!, O—P-0O
stretch and C—C stretch), and H (1580 cm™!, adenine/guanine
C—N stretch). Peaks specific to proteins are D (854 cm™!, tyrosine
ring breathing), E (1004 cm™!, phenylalanine ring breathing), and
I (1660 cm™!, amide I alpha helix). Peaks dominated by lipids are
G (1448 cm™!, CH, deformation) and J (2800-3000cm™!, C—H
stretch).
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subtracted, but no baseline subtraction was performed—
to highlight the requirement for automated subtraction in
quantitative spectroscopic analysis. Small variations in laser
power and focus position are thought to be responsible
for the offset spectra at low wavenumbers. The spectra in
Figure 5 as expected clearly demonstrate that the nucleus
contains far more DNA and RNA than does the cytoplasm;
and that the cytoplasm contains far more proteins and
lipids than the nucleus. These cells were fixed rather than
live, but a study of fixation methods on Raman spectra
[44] indicates that the effect of aldehyde cross-linking
fixation on spectra is minimal. This study, together with
the data from Notingher et al. [40, 43], implies that
it is the nucleus size (or nucleic acid density therein)
which shrinks during differentiation. Hence, monitoring
the nucleus size in a quantitative manner—using imaging
processing techniques—would seem to be a good potential
approach to monitoring the state of differentiation.

Mesenchymal stem cells were monitored by Raman
spectroscopy during differentiation into osteoblasts [45].
Mineralization was monitored at two frequencies: 960 cm™!
(PO stretch) and 1070 cm™' (PO,’"). The 960 cm~! peak
relates to the mineral hydroxyapatite—Cas(PO4)3(OH)—
and was by far the strongest signal; this peak height rose
linearly from zero to the dominant peak in the spectrum
over the 21 days of differentiation. The peak at 1030 cm™!
for (CO3>") remained constant throughout.

Pelled et al. [46] used Raman spectroscopy to compare
tissue-engineered bone derived from mesenchymal stem
cells, with femoral bone. They found a very good similarity
in phosphate (960 cm™!) and carbonate (595cm™!) levels,
with only minor spectral differences such as a larger amount
of protein. Liu [47] also observed a major peak at 960 cm™!
due to hydroxyapatite, in mineral extracted from odontoblast
nodules—which were formed by the differentiation of dental
pulp stem cells.

Azrad et al. [48] used Raman spectroscopy to character-
ize the production of mineral content from mesenchymal
stem cells, under the influence of two osteogenic agents:
quality elk velvet antler (QEVA) extract, and dexamethasone.
They measured no mineralization from the control group,
some mineralization from the dexamethasone-fed cells,
but most mineralization from cells supplemented with the
elk velvet antler. Peaks indicated phosphate derivatives,
which for QEVA were mostly related to hydroxyapatite (at
960 cm™!) and its precursors (amorphous calcium phos-
phate, Cayg(POy4)s-H,O, at 952 cm~! and octacalcium phos-
phate, Cag(POy)s-5H,0, at 957 cm~!). For dexamethasone-
fed cells, the dominant peak was of octacalcium phosphate,
and lower amounts of hydroxyapatite and amorphous cal-
cium phosphate were measured.

Gentleman et al. [49] compared mineralized nodules in
vitro from 3 sources: embryonic stem cells, neonatal calvarial
osteoblasts, and adult bone-marrow-derived mesenchymal
stem cells. After 28 days in osteogenic medium, sets of
Raman spectra were acquired of the mineralized nodules,
and PCA was performed on the spectra to extract their
chemical components. The osteoblasts and mesenchymal
stem cells both produced nodules which were chemically
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similar to native bone: a combination in descending order
of concentration, of (a) carbonate-substituted hydroxyap-
atite, (b) crystalline nonsubstituted hydroxyapatite, and (c)
amorphous phosphate species. However, embryonic stem
cells produce nodules which were dominated only by the
first mineral component, which was similar to synthetic
carbonated hydroxyapatite. Nanoindentation tests showed
that these nodules derived from embryonic stem cells were
more than an order of magnitude less stiff than those derived
from osteoblasts and mesenchymal stem cells.

These Raman studies all show a similar ability to
distinguish stem cells from their derivatives, that is, a
similar sensitivity, as the FTIR technique. In addition,
mineralization can be monitored with great subtlety. The
major advantage of FTIR over Raman is its speed; hence
mapping signals (derived from a full spectral acquisition at
each imaging pixel) into images is easier with FTIR. The
major advantage of Raman over FTIR is that has been used
on live cells, so is truly noninvasive.

2.3. CARS Microscopy and Spectroscopy. CARS microscopy
has been performed on live murine embryonic stem cells by
Konorov et al. [50], but the laser setup only permitted pixel
dwell times of 300 milliseconds compared to microseconds
in standard CARS microscopy [25-28]. Hence the image
quality was poor—the groups were unable to distinguish any
individual cells or features when imaging at the DNA and
RNA frequencies. However, CARS spectroscopy showed a
large reduction in the RNA peak intensity (at 811 cm™!) in
differentiated cells.

Figure 6 shows our CARS microscopy image, acquired on
MCEF-7 human breast cancer cells which have a similarly large
nucleus to cytoplasm ratio as stem cells. Two sequentially
acquired images are overlaid: in green, DNA/RNA is mapped
at the phosphate backbone O—P-O stretch frequency
(1095cm™'), and in red, lipids and the cytoskeleton are
mapped at the CH, deformation frequency (1448 cm~!). The
O-P-O0 stretch frequency is also present in Figure 4(a)—
the principal component spectrum which describes most
of the changes during differentiation—and in Figure 4(b)—
the RNA spectrum. This method can be easily extended to
monitoring the nucleus size in live stem cells, with a reduced
frame rate of at least 1 image per minute (we find that CARS
imaging in live cells is slower than in dried, fixed cells).

CARS microscopy is limited to monitoring one vibra-
tional mode at a time, rather than comparing the full
spectral signature. However, the RNA and DNA peaks
have been shown to drop considerably, and RNA is the
dominant change to spectra. So it is possible that CARS
imaging will be able to measure the stage of differentiation
purely by monitoring the size of each nucleus. White light
imaging is less exact at measuring the nucleus size than
either fluorescence or CARS microscopy and could not
be extended from monolayers; so CARS is preferred as a
noninvasive technique to monitor nuclear size. We expect
that CARS should also be able to map mineralization from
mesenchymal stem cells, by mapping the peak at 960 cm™!.
The clear advantage of CARS is its high speed compared to
the other spectroscopic techniques.

20 ym

FIGURE 6: CARS microscopy image of fixed MCF-7 breast cancer
cells, of size 100 X 100 ym. The green channel is specific to
the O—P-O stretch frequency (1095cm™!) and originates from
the DNA backbone, so highlights the nucleus (whose shape may
have been distorted in some cells, by the fixation process). The
red channel is specific to the CH, deformation (1448 cm™') and
is dominated by lipids and the cytoskeleton. The image plane is
restricted to a 1 um slice, acquired several micrometres above the
glass substrate, and the lateral resolution is around 350 nm. Images
of both channels were acquired in 1 second, and averaged 5 times;
both channels were acquired sequentially after retuning one laser
source. Pulse widths of 6 ps correspond to a spectral resolution of
~3cm L.

One of the most promising techniques over the coming
years should be Multiplex CARS, which acquires a full
vibrational spectrum at higher speed than Raman, and is also
applicable to the single cell level. This is bound to be more
sensitive than monitoring just one peak in standard CARS. If
the spectral acquisition speed is improved to the millisecond
scale, the technology could be applied to both flow cytometry
and microscopy.

3. Conclusions

The major noninvasive optical spectroscopy techniques suit-
able for analysis of stem cell differentiation have been out-
lined: namely, FTIR, Raman, and CARS. FTIR spectroscopy
has only been performed on fixed or dried stem cells, but
ATR-FTIR can be used in order to investigate live cells in
future. Raman spectroscopy has demonstrated the ability to
distinguish between live stem cells and differentiated cells:
both murine and human embryonic stem cells display a large
reduction in peak intensities of both RNA and DNA. When
mesenchymal stem cells differentiate into osteoblasts, they
display a clear peak (or peaks) relating solely to mineral
composition.

It is well known that the nucleus to cytoplasm (volume)
ratio in embryonic stem cells is elevated [51-54]. Hence, the
reduction in RNA and DNA levels during differentiation is
not entirely surprising. The assumption is therefore that the
nucleus volume shrinks by around 50% during differenti-
ation [53]—rather than the concentration of nucleic acids
reducing. CARS microscopy is well suited to monitoring the



nucleus size or mineralization content of each individual cell
(around 960 cm™!) and can be applied to large numbers
of cells in cultures and to engineered tissue scaffolds.
Monitoring the CARS signal of the RNA or DNA peak could
also be applied to high-speed cell flow cytometry. White light
imaging (normally DIC or phase contrast) could offer a low-
cost solution for monitoring the nucleus/cytoplasm ratio
of cell monolayers, in conjunction with automated image
recognition cytometry. CARS only monitors one (or possibly
two) spectral peaks; so it will be less sensitive than Raman
and FTIR which both acquire a full vibrational spectrum.
Multiplex CARS can acquire a full spectrum and promises
to replace Raman spectroscopy in time, due to its improved
speed.

Each spectroscopic technique has its own benefits and
drawbacks; so it is more suited to characterization of
stem cells in different ways and on different “platforms.”
Raman and FTIR spectroscopy are both most suited to
monitoring cultures averaged over a large number cells.
FTIR does not have the required resolution to address
single cells in confluent monolayer cultures, or a sufficient
penetration depth for flow cytometry. Raman spectroscopy
is too slow to characterize enough individual cells to be a
worthwhile clinical technique but could be used extensively
in biomedical research. Both FTIR and Raman techniques are
more sensitive than normal CARS which relies on excitation
of just one spectral peak. However, CARS may be sufficiently
sensitive to apply to characterization of differentiation in
microscopy and flow cytometry. Raman and CARS have been
integrated into one instrument, to combine the benefits of
both techniques [55]. In future, Multiplex CARS promises
to be the technique of choice for all platforms, due to
its combined attributes of speed, full spectral analysis, and
applicability to individual live cells.
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