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In many multi-disciplinary fields of science, such as tissue engineering, where material and
biological sciences are combined, there is a need for a tool that combines ultrastructural and
chemical data analysis in a non-destructive manner at high resolution. We show that a
combination of confocal Raman spectroscopy (CRS) and scanning electron microscopy
(SEM) can be used for such analysis. Studies of atomic composition can be done by X-ray
microanalysis in SEM, but this is only possible for atomic numbers greater than five and does
not reveal molecular identity. Raman spectroscopy, however, can provide information on
molecular composition and identity by detection of wavelength shifts caused by molecular
vibrations. In this study, CRS–SEM revealed that early in vitro-formed bone extracellular
matrix (ECM) produced by rat osteoprogenitor cells resembles mature bone chemically. We
gained insight into the structure and chemical composition of the ECM, which was composed
of mainly mineralized collagen type I fibres and areas of dense carbonated calcium phosphate
related to the collagen fibre density, as revealed by Raman imaging of SEM samples. We
found that CRS–SEM allows the study of specimens in a non-destructive manner and
provides high-resolution structural and chemical information about inorganic and organic
constituents by parallel measurements on the same sample.
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1. INTRODUCTION

Raman spectroscopy provides information on
molecular vibrations. Raman spectroscopy is a method
based on an inelastic scattering effect. In short, a
monochromatic light source (laser) irradiation can
excite molecules to a higher vibration state, which
then relax to a different vibration level from their
original state. As a result, a photon is emitted with less
energy and, therefore, a longer wavelength than the
initial photons from the laser. This event is called Stokes
Raman scattering. The energy difference between the
incident and scattered radiations appears as a frequency
shift from the incident light. These frequency shifts are
specific for a given chemical bond and, therefore, allow
molecular analysis. Not only can scanning electron
microscopy (SEM) be used for structural analysis, but
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also it can provide chemical information aswell, by using
X-ray microanalysis (XRMA). XRMA is, however,
limited because no molecular information can be
obtained from these data and moreover, detection of
elements is limited to the higher atomic numbers
(greater than five). In contrast, Raman spectroscopy
can give information on molecular identity, compo-
sition, orientation and crystal form by detection of
wavelength shifts caused by molecular vibrations.
Therefore, combining SEM with confocal Raman
spectroscopy (CRS) not only allows structural and
elemental analysis of a sample, but also can provide
information about the presence of inorganic and organic
molecules in a non-invasive manner. In general, highly
sensitive systems, containing high-power lasers and
liquid-cooled CCD cameras are needed to obtain high
signal-to-noise ratio data when studying biological
samples with Raman spectroscopy. A clear example of
such a system was shown in a study done on polytene
chromosomes showing different DNA-protein ratios
q 2005 The Royal Society
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in their interbands (Puppels et al. 1990). However,
the above-mentioned systems are in general too large
to fit into a vacuum chamber of a SEM.We have built a
compact confocal Raman microscope that was incor-
porated into the vacuum chamber of an environmental
SEM, thus allowing us to do non-invasive chemical and
ultrastructure research on typical biological samples. In
tissue engineering, (bio)materials are commonly com-
bined with biological components, such as the addition
of specific cells or proteins for drug release, etc. In most
cases, inorganic and organic components are present and
preferably need to be evaluated in themost non-invasive
way possible, in order to maintain the structure of the
sample. Several different authors investigated the
mineralization of a collagen matrix made by osteopro-
genitor cells in vitro on different substrata by electron
microscopy. In these cases, a network of collagen fibres
was observed that had undergone calcification (Oghusi
et al. 1992; Yoshikawa et al. 1997; Yamamoto et al.
2002). Separate FTIR and XRD analysis showed that
the observed mineralization consisted of carbonated
apatite-like calcium phosphate (CO3-AP) comparable
to bone (Oghusi et al. 1992; Ou-Yang et al. 2001). In
previous studies on bone, by using Raman spectroscopy
in all cases, the samples used were bulk-like and
sometimes treated specifically with hydrazine (Walters
et al. 1990; Rehman et al. 1995) or H2O2 (Penel et al.
1998; Freeman & Silva 2002) to decrease fluorescence of
the samples. Although these approaches produce
compositional data, they do not allow for both chemical
and ultrastructural analysis at the same time. Recently,
a combination of transmission light microscopy and
Raman spectroscopy has been used to study micro-
damage in bovine bone and to image damage at low
magnifications (Timlin et al. 2000), showing that
different types of carbonated apatite were present
around micro-cracks. This proved that high-resolution
Raman analysis on amicrometer scale can reveal crucial
information about sample composition, which can then
be related to 2D histology. In 3D cell cultures, it was
found by CRS that human osteoblasts produced bone
cell spheroids, under the influence of TGF-b1, contain-
ing microspicules, composed of CO3-AP similar, to
mature bone (Kale et al. 2000). These examples
illustrate that there is an increasing demand for
combining ultrastructural with chemical analysis at
high resolution, to gain a better understanding of the
formation of extracellular matrix (ECM) in active
cellular processes. In this study, we investigated in
vitro-formed bone ECM, produced by osteoprogenitor
cells obtained from rats, on titanium alloy plates.
2. METHODS

Biomimetic CO3-AP coatings were provided by IsoTis
SA (The Netherlands). The coatings were prepared
according to a precipitation method by Barrere et al.
(1999, 2001) on sandblasted Ti6Al4V (Smitford Staal
BV, The Netherlands) square plates with a surface area
of 100 mm2, and 1 mm thickness. The plates were
ultrasonically cleaned for 15 min in acetone, 70%
ethanol and demi-water, in sequence. The coatings
were analysed by XRMA, SEM (FEI, model XL-30
J. R. Soc. Interface (2005)
ESEM-FEG) and combined confocal Raman scanning
electron microscopy (CRSEM) as described in the
following.

2.1. Cell culture

Rat bone marrow cells were isolated from the femora
of young (150 g) male Wistar rats (Maniatopoulos et
al. 1988) and cultured in T75 flasks. Cell culture
medium used during culture and seeding was
composed of a-MEM medium (Life technologies,
The Netherlands) containing 0.2!10K3 M L-ascorbic-
acid-2 phosphate (ASAP, Life technologies), 0.01 M
b-glycerophosphate (bGP, Sigma, The Netherlands),
1!10K8 M dexamethasone (DEX, Sigma), 15% foetal
bovine serum (FBS, Life technologies) and 1%
penicillin–streptomycin. At the third passage, the
cells were seeded onto Ti6Al4V plates at a density of
1!104 cells cmK2 and then cultured for two weeks to
allow sufficient ECM formation. As a control, the
cells were also seeded on tissue culture polystyrene to
monitor the growth and morphology of the cells.
After 14 days of culture the cells were fixated with
1.5% glutaraldehyde in 0.14 M cacoadylate buffer
(pH 7.4). After fixation, the cells were dehydrated by
immersion in an increasing ethanol series (70–100%)
and then critical point dried (Balzers CPD 030). In
order to reveal the ECM structure underneath the
cultured cells, the top cell layer was removed by
gently applying either pressurized air to blow of the
cell layer, or Scotch tape to reveal the underlying
ECM and cells. The samples were analysed by
CRSEM and XRMA. Pure collagen type I (Sigma)
from bovine tendon was used as a positive control for
collagen present in the ECM measured by Raman
spectroscopy.
2.2. Combined confocal Raman scanning
electron microscope

A collimated and circularly symmetrical beam from a
diode laser with a frequency of 685 nm is reflected by a
dichroı̈c beam splitter (BS) into the vacuum chamber
of the SEM through a coupling window (figure 1). The
beam is then focused by a 60! objective (numerical
aperture 0.65) on a sample of interest. The excited
Raman scattering is collected by the same objective,
and the Stokes components of Raman frequencies
pass through the BS, a notch filter and a pinhole
(: 0.25 mm), which allows for confocality of the
system. The scattering is collected by spectrograph–
monochromator, in which the incoming light is
decomposed by a concave holographic diffraction
grating and focused on a thermo-electrically cooled
CCD (1056!256 pixels, Princeton Instruments
Spec10). The theoretical spatial resolution of the
system is w700 nm with an effective laser power of
6 mW on the sample. The CCD is connected with a
computer for data collection and analysis using
WinSpec (Roper Scientific Inc., USA) and Microcal
Origin (Microcal Software Inc., USA) data analysis
software. The set-up was calibrated by using 2, 5 and
10 mm : polystyrene beads to establish the coordi-
nates needed for lateral movement from the electron



Figure 1. Schematic of the CRSEM. Samples are analysed by selecting a location by EM and then shifting the sample into the
confocal laser spot at exact coordinates. The laser source consists of a laser diode with a wavelength of 685 nm and is diverted
through a side port into the vacuum chamber by a BS. The laser is then emitted onto the sample by a set of gold-coated mirrors
through a 60! objective. The induced Raman scatter is then collected by the same objective and diverted in the opposite
direction, through a pinhole allowing for confocality of the system. Inside the spectrograph, the Raman scattering is subsequently
focused on a holographic diffraction grating, and the decomposed wavelengths are then detected by a thermo-electrically cooled
CCD. The scanning stage (nanometre movement) is equipped with a small light source to use transmission light microscopic
observation for easy calibration of stage movement.

Figure 2. Raman spectrum (a) of the first bead from the left, show in electron micrograph (b). (c) Five mm diameter polystyrene
beads, transmission light micrograph observed trough the objective lens; inset (d) corresponding Raman image (1 pixelZ1 mm)
using the 1004 cmK1 band of polystyrene. Scale bar in (b) represents 10 mm, and in (c) and (d) 5 mm.
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gun to the laser spot. Raman measurements were
taken of the ECM observed by SEM in such a way
that the focal plane always just touched the titanium
alloy substrate surface; in this way all measurements
were done the same. After collection of whole Raman
spectra, images were collected on chosen frequencies
by using a nanometre scanning stage (Kleindiek,
Germany). The stage was controlled by LabView
software (National Instruments, USA), and images
were then generated from WinSpec data files by
programming in LabView.
J. R. Soc. Interface (2005)
3. RESULTS

3.1. Confocal Raman scanning electron
microscopy

We used polystyrene beads of sizes 10–2 mm to calibrate
sample stage positioning. In this manner, we established
the exact movement of our samples from our electron
micrograph to the laser spot of the confocal Raman
microscope. We were able to obtain clear polystyrene
spectra (figure 2a) from these samples and, furthermore,
were able to select a specific band (1004 cmK1) for



Figure 3. Electron micrograph showing a cross-section of
CO3-AP coating, Raman spectra were collected at the centre
of the cross-section (asterisks). Scale bar represents 20 mm.
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vibration of the aromatic ring group of polystyrene for
chemical imaging. We decided to image (figure 2d) the
samples with a step size of 1 mm, by using a nanometre
scanning stage to build onto the SEM sample stage to
show the efficacy of the system. We found that sample
movement was very accurate and that the analysis of
very small samples was possible.

3.2. CRSEM and biomimetic carbonated
apatite-like coatings (CO3-AP)

After establishing the feasibility of our measurement
system, we measured several cross-sections of thin
CO3-AP coatings on titanium alloy plates to check if
we could reproducibly measure a more complex
sample. Cross-sections of coatings were all measured
in the centre to ensure that all measurements were
performed in the same manner (figure 3). The obtained
spectra (figure 4a) show Raman bands belonging to the
phosphate group vibration modes: 960 cmK1 y1, 430–
450 cmK1 y2, 1030–1040 cmK1 y3, 580–590 cmK1 y4 and
also a band around 1070 cmK1, which is due to the
presence of the CO2K

3 stretch vibration of the
carbonate group.

3.3. CRSEM and bone ECM by rat
osteoprogenitor cells

After 14 days of culture, osteogenic medium rat
osteoprogenitor cells had produced a vast amount of
well-organized ECM on the surface of the titanium
alloy discs. In all cases, the samples were covered with
a smooth layer of cells. In order to reveal the
underlying ECM structure and study the matrix
without interference of possible contribution of cells
to our Raman spectra, we had to gently remove this
top layer. After removing the top layer of cells
according to the method described in §2, a network of
fibres could be observed, which upon closer examin-
ation had a roughened surface (figure 4c,d). We
selected locations free of cells and with abundant
ECM for our Raman measurements. As a reference,
although not exactly similar to native rat bone collagen
type I, we measured biochemically purified bovine
collagen type I obtained from tendons (commercially
available from Sigma). The Raman spectra of ECM
(figure 4a) show both bands belonging to carbonated
J. R. Soc. Interface (2005)
apatite and bands belonging to protein, mainly
collagen type I. The spectra obtained from ECM
were comparable to spectra from mature bone. Raman
imaging revealed that mineralization of the matrix
was found to be heterogeneous (figure 4f), whereas
in mature bone, this is found to be homogenous
(figure 5a). XRMA of the same areas revealed the
presence of calcium, phosphorus, carbon and oxygen,
which confirms the data obtained by Raman spec-
troscopy (figures 5 and 6).
4. DISCUSSION

In this study, we investigated the feasibility of
combining CRS with SEM and report on the perform-
ance of this system on tissue engineered samples.
Measurements of 2–10 mm diameter polystyrene beads
showed that clear Raman spectra, with low signal-to-
noise ratio can be obtained, which in turn can be used
for chemical imaging. Investigation of thin layers of
carbonated apatite, a major component of bone, on
titanium alloy plates revealed the presence of Raman
bands belonging to both PO3K

4 and CO2K
3 . SEM

investigation of rat osteoprogenitor cells on titanium
alloy plates after 14 days showed that ECM had formed
and was composed of a network of fibres that have a
mineralized appearance. Measurements taken from
different spots of this matrix revealed that Raman
bands belonging to PO3K

4 , CO2K
3 and protein could be

found, which could not be deduced initially from
XRMA data from the same sites. It is clear that, when
comparing the ECM spectra to the spectra of CO3-AP
coatings, pure collagen type I and the histological
observations made by SEM, the extra bands in these
spectra are mainly contributed by the presence of
collagen type I in the ECM. This was also concluded in
studies done on dentin (Kirchner & Edwards 1997;
Wang & Spencer 2002), bone (Dopner et al. 2002;
Tarnowski et al. 2002) and osteoblast cultures (Stewart
et al. 2002), in which CRS showed similar bands for
collagen as in our study. The spectra of pure collagen
type I show differences in intensity of peaks when
compared with the spectra of ECM. This can be
explained by the fact that we measured biochemically
purified protein as a standard, whereas the ECM also
contains other proteins and inorganic components, each
contributing to the total ECM spectrum. The amide III
protein band position observed in both ECM (1270–
1300 cmK1) and pure collagen type I (1242–1282 cmK1)
spectra indicate that collagen type I in the ECM is likely
to be in the form of a a-helical structure, while the
purified collagen type I is probably more disordered and
in an irregular form (Guan et al. 1991; Renugopalak-
rishnan et al. 1998; Barron et al. 2000; Carden et al.
2003), probably caused by the biochemical purification
process of this material. Collagen type I is the major
contributing protein to bone ECM, but it is certainly
not the only one present in the matrix. It is well
established that bone ECM also contains proteins, such
as osteopontin, bone sialoprotein, bone morphogenic
proteins, osteocalcin andmanymore, but in much lower
amounts. The above-mentioned details, added to the
fact that the amount and purified form are different,



Figure 4. (a) Raman spectra of femoral rat bone, CO3-AP; (b) ECM and collagen type I; (c)–(e) electron micrographs of ECM
produced by rat osteoprogenitor cells, showing mineralized collagen fibre bundles (width 0.1–0.5 mm); (f) Raman image from an
area of (e), which was subsequently imaged using the 960 cmK1 PO2K

4 band (1 pixelZ0.5 mm). Scale bars in (c), (e) represent
5 mm and in (d) 1 mm.

Figure 5. (a) Electron micrograph of the surface of bone, showing a 15–20 mmmicrocrack and subsequent corresponding Raman
images 50!50 mm (1 pixelZ1 mm) of protein (1400–1440 cmK1, red square), CO2K

3 (1070 cmK1, green square) and PO3K
4

(960 cmK1, blue square); (b) XRMA maps for C, O, P and Ca, the area covered by the white square corresponds to the electron
micrograph in (a). Scale bar in (a) represents 50 mm and in (b) 25 mm.

Confocal Raman SEM of bone samples A. A. van Apeldoorn and others 43
might explain the slight shape differences in the
collagen type I specific peaks observed in figure 4.
Interestingly, the ratio of the protein to phosphate
group Raman band intensities seems to be higher in
mature bone than in ECM. It is known that, during the
development of bone, ECM deposition of carbonated
apatite takes place before a collagen network can
accumulate (Davies 1996, 1998); this probably explains
J. R. Soc. Interface (2005)
the difference in ratio found in our study. High-
resolution Raman imaging revealed that ECM contains
areas that are more mineralized than others, caused by
the distribution of collagen fibres and the presence of
small spherical structures composed of carbonated
apatite. Raman images and XRMA maps of mature
bone on amide III, CO2K

3 and PO3K
4 revealed that the

composition of bone is much more homogenous than



Figure 6. XRMA spectra of (a) rat femoral bone and (b) ECM, all measurement parameters were kept the same (15 keV, spotsize
4, collection time 260 s, working distance 10 mm).
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ECM, possibly because in bone the ECM is compacted
to a dense structure. Raman imaging of these surfaces
showed that, with the increase in surface topography
complexity, the interpretation of the generated Raman
image becomes increasingly more difficult. The diffi-
culty in analysis can be explained by the fact that the
confocality of the system allows for so-called ‘optical
sectioning’, meaning that scanning of the surface of a
sample is done in one focal plane. The focal spot, in
turn, has a certain measuring volume and, therefore,
the appearance of an electron micrograph, which is a 3D
observation, and a Raman micrograph, which is a 2D
observation, can be slightly different. An example of
this effect is shown in figure 2, where the edges of the
polystyrene beads show clearly a lower intensity
compared with the centre and also, to some extent, in
the Raman micrographs shown of bone (figure 5).
Therefore, the information in the Raman image not
only reveals chemical, but also topographical data as
well, more than could be found by XRMA (see figure 5),
which adds to structural information obtained by SEM.
Future research on in vivo bone formation using the
above-mentioned combined technique can possibly
reveal more detailed information on bone growth in
defect areas; the data found in this study suggest that
bone-forming cells start producing ECM resembling
mature bone from an early time point. The use of CRS
in a SEM can enlarge the field of applications of sample
analysis by electron microscopy to a great extent.
Although in this paper we investigated bone ECM, this
application can also be used for other sample types
where information about molecular composition is
necessary. Newly, non-resonant Raman imaging of
single cells has been used to map DNA and protein
distributions in human cells (Uzunbajakava et al.
2003a,b). This revealed that protein distribution varies
with cell type and that the presence of RNA inside the
nucleus of HeLA cells could be detected for the first
time. However, light microscopy used in these studies in
order to study these distributions, is extremely limited
as the physical properties of light limit the ultimate
resolution for observation. Combining CRS with SEM
as described in this manuscript could be interesting for
studying intracellular processes, such as phagocytosis,
J. R. Soc. Interface (2005)
cellular differentiation and apoptosis, while at the same
time being able to study cell morphology with very high
resolution at very high magnifications. Moreover, this
technique allows one to pinpoint structures with
submicron dimensions by SEM, and then subsequently
analyse them by CRS. In addition, Raman imaging in
combination with environmental SEM would allow one
to image directly, without prior labelling of molecules of
interest, while in the meantime maintaining the normal
functioning of the cells.

This research is supported by the Dutch Technological
Sciences Foundation (STW).
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