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Abstract The spectroscopic approaches of FTIR imaging
and Raman mapping were applied to the characterisation
of a new carbon hydroxyapatite/β-glucan composite devel-
oped for bone tissue engineering. The composite is an artifi-
cial bone material with an apatite-forming ability for the bone
repair process. Rabbit bone samples were tested with an im-
planted bioactive material for a period of several months.
Using spectroscopic and chemometric methods, we were able
to determine the presence of amides and phosphates and the
distribution of lipid-rich domains in the bone tissue, providing
an assessment of the composite’s bioactivity. Samples were
also imaged in transmission using an infrared microscope
combined with a focal plane array detector. CaF2 lenses were
also used on the infrared microscope to improve spectral qual-
ity by reducing scattering artefacts, improving chemometric
analysis. The presence of collagen and lipids at the bone/

composite interface confirmed biocompatibility and
demonstrate the suitability of FTIR microscopic imaging
with lenses in studying these samples. It confirmed that
the composite is a very good background for collagen
growth and increases collagen maturity with the time of
the bone growth process. The results indicate the bioac-
tive and biocompatible properties of this composite and
demonstrate how Raman and FTIR spectroscopic imag-
ing have been used as an effective tool for tissue
characterisation.

Keywords IR spectroscopy . Raman spectroscopy .

Biomaterials . Bone tissue engineering . Hydroxyapatite
composite

Introduction

Fourier transform infrared (FTIR) spectroscopic imaging and
Raman mapping have been successfully demonstrated as an
effective approach for tissue characterisation and diagnosis
[1]. Both methods can provide important structural informa-
tion on the molecular composition of a sample as well as
relative quantification of lipids, proteins, carbohydrates and
a variety of phosphorylated biomolecules in bone tissues
[2–4]. Spectroscopic imaging methods have been used for a
wide variety of bone studies including mineralisation [5, 6],
ageing [7], and the variation of composition within a bone
tissue [8]. Microcharacterisation of biominerals allows for a
better understanding of the pathophysiological processes that
occur in classified tissues and synthetic biomaterials. FTIR
spectroscopic imaging has also proven to be a powerful meth-
od for the characterisation of resorbable polymer composites
containing bioactive inorganic phases developed for bone
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tissue engineering scaffolds [9]. The properties of bone are
influenced by a variety of material and structural properties,
such as the tissue organisation, the amount of mineral and the
orientation and cross-linking of the collagen component. Col-
lagen has a unique structure, and one of the most distinct
features of type I in mineralised tissues is its cross-linking
chemistry [10, 11].

Paschalis et al. demonstrated that FTIR spectroscopy al-
lows the simultaneous evaluation of the mineral and collagen
components of bone without sample demineralisation, and is
capable of determining the spatially resolved changes in col-
lagen maturity at the microscopic level [12]. The spectroscop-
ic parameter of collagen maturity, which is the relative percent
area ratio of two sub-bands at 1660 and 1690 cm−1 [13, 14],
was related to collagen cross links that are abundant in
minera l i sed t i ssues ( i .e . pyr id inol ine [Pyr] and
dehydrodihydroxylysinonorleucine [deH-DHLNL]) [12].
The self-organisation of hydroxyapatite (HAP) nanocrystals
on and within collagen fibrils was intensified by
carboxymethylation [15]. It was shown that sugars, not pro-
teins, form the interface between the organic and mineral com-
ponents. This observation fundamentally altered an accepted
concept of bone structural biology [16].

In order to obtainmany infrared spectra from a large area of
bone tissue, FTIR spectroscopic imaging can be used. Unlike
mapping with a single element detector, FTIR spectroscopic
imaging utilises a focal plane array detector (FPA) containing
a grid of infrared-sensitive detectors typically up to 128×
128 pixels. Each pixel obtains a full infrared spectrum simul-
taneously, allowing spectroscopic images to be acquired more
quickly than would be possible with mapping. Using a ×15
microscope objective with CaF2 lenses, spatial resolutions of
11 μm for real (non-ideal) samples can be obtained [17]. Ra-
man microspectroscopy also offers excellent spatial and spec-
tral resolution with the possibility to investigate the effect of
the crystallographic environment on the Raman signal [18,
19]. It is possible to increase the spatial resolution in FTIR
imaging using attenuated total reflection (ATR) mode with Ge
crystal in a microscope objective. However, the imaged area in
such case is small, ca. 50×50 mm2 [20, 21].

In this study, FTIR spectroscopic imaging with and without
lenses and Raman mapping were applied to investigate the
formation of new bone tissue after ceramic-polymer compos-
ite implantation in an animal model. The novel biomaterial
tested in this work consists of carbonate hydroxyapatite
(CHAP) and β-glucan. HAP is an appreciated component of
bone substitutes due to its biocompatibility, osteoconductivity,
bioactivity and minimal risks of allergic reactions. CHAP is a
carbonate-substituted form of HAP, generally recognised as a
promising mineral for bone repair due to its bone-mimicking
chemical structure. Glucan is an elasticity-increasing polymer
produced by Alcaligenes faecalis that was used due to its gel-
forming ability. This composite shows high bimodal porosity

[22] and was already tested in pilot in vivo studies [23]. The
results suggested the beginning of composite remodelling and
the gradual replacement of composite by newly formed bone
[23]. Spectroscopic analysis is essential for confirmation of
the abovementioned processes on a chemical level, by detec-
tion of phosphates, lipids and mature collagen, which are the
markers of new bone tissue formation. This would allow the
evaluation of the biocompatibility of a new CHAP-glucan
composite.

Materials and methods

Sample preparation for histology and spectroscopic
imaging

CHAP-glucan composite (83 dry wt% granules and 17 dry
wt% curdlan) was fabricated according to the procedure de-
scribed in the European patent [24]. Composite samples
(4 mm in diameter and 6 mm in depth) were implanted (sur-
gical procedure as described by Borkowski et al. [25]) into
bone defects in the tibial metaphysis of 24 New Zealand male
white rabbits with approval of the II Local Ethics Committee
on Animal Research University of Life Sciences in Lublin,
Poland (agreement no. 16/2010). Rabbits were euthanized 1,
3 and 6 months after composite implantation with an overdose
of sodium pentobarbital (Morbital®, Biowet, Poland; 1 ml/
kg). The isolated tibiae (8n for each group) from all three time
points were decalcified in EDTA solution, embedded in
Cryomatrix gel, frozen in liquid nitrogen and stored at
−20 °C until all the samples were collected for histological
and spectroscopic analyses. Then, the frozen material was cut
using a cryotome (Thermo Scientific, USA) in the following
ways:

(a) For histology: 7–10-μm sections. The sections were
stained with haematoxylin and eosin (Sigma Aldrich,
USA).

(b) For FTIR imaging: 7–10-μm sections then mounted on
2-mm CaF2 windows and formalin fixed for 3 min. The
samples were washed with water for 5 min and air dried.

(c) For Raman mapping: 20-μm sections using a cryotome
and then mounted on an aluminium-coated microscopic
glass slide.

Histological analysis

The structure of the metaphyseal bone was examined under an
Axiovert 200M light microscope and AxioCam HR3 camera
(Carl Zeiss, Germany). Plan Neofluar ×5 and Plan Neofluar
×40 lenses were used.

7776 A. Sroka-Bartnicka et al.

Author's personal copy



FTIR spectroscopy and imaging

FTIR images were measured in transmission using an FTIR
continuous scan spectrometer (IFS 66, Bruker, Germany) at-
tached to an infrared microscope (IRscope II, Bruker, Germa-
ny) with a focal plane array detector (96×96 pixels) at Impe-
rial College London. The microscope was equipped with a
×15 Cassegrain objective with a numerical aperture of 0.4.
Spectra within the spectral range of 3800–900 cm−1 were
measured with either 64 or 192 scans at 4-cm−1 spectral reso-
lution. All 9216 spectra were measured simultaneously, and
an image typically took up to 20min to measure depending on
the number of pixels and the number of scans.

Single images or tiles of 256×256 μm2 were obtained
using a mapping stage, then subsequently connected with each
other to form one complete map using MATLAB program
(script written by J.A. Kimber). This single large map, typi-
cally 4×4 tiles, was used to provide a much larger dataset for
statistical cluster analysis using CytoSpec software.

Lens approach

FTIR measurements with a single CaF2 lens on top of the
sample window [17] and with top and bottom CaF2 lenses
[26] were performed as described in a previous work by the
Kazarian group. This new approach was applied to samples of
bone tissue in this work. These publications highlighted that
with the lens, scattering across the edges of the samples
mounted on CaF2 spectroscopic windows was reduced, and
a degree of magnification (×1.4) was observed as the lens
acted as an immersion objective [17]. The lens also corrected
for chromatic aberration, where different frequencies of light
focus at different depths when measuring through an infrared
window. In this work, infrared microscopy without the lens
was done with the tissue directly under the objective, support-
ed by the CaF2 window. With the lens, the window is inverted
such that the infrared transmits through the sample first, then
through the window and lens and to the objective. With one
lens, there is a significant loss of throughput due to the con-
denser not being matched with the objective and lens. The
presence of a bottom lens as noted by Chan and Kazarian
[26] corrects for this, and with a bottom lens positioned just
away from the sample, throughput can be increased in a sim-
ilar way. It is acknowledged that there would be a slight chro-
matic aberration due to refraction at the air gap between the
bottom lens and the sample, but this would only affect the
intensity of different frequencies of infrared light at the focal
point. Throughput across the whole spectral range is increased
though there is attenuation below 1000 cm−1 due to the in-
creased thickness of calcium fluoride. Images of 180×
180 μm2 were acquired, and as before, images were stitched
to form large datasets for statistical analysis using CytoSpec
software.

Raman mapping

Raman spectra were collected using a DXR Raman micro-
scope (Thermo Scientific, Waltham, MA, USA), with a 780-
nm laser, with maximum output power of 20 mW. The spectra
were recorded over the range 3350–400 cm−1 using an oper-
ating spectral resolution of 4 cm−1 of Raman shift. A 25-
square aperture was used with an exposure time of 6 s, and
the number of exposures was 8. The mapping was performed
using both ×10 and ×100 objectives. The ×10 objective was
used for mapping a 570×75-μm area with a step size of
15 μm, and the ×100 objective was used to map an area of
16×90 μm with a step size of 1.5 μm. The autofocus at each
point of the map was used in case of non-flat samples.

All data processing and image assembly was performed
using CytoSpec 2, MATLAB, OPUS (for infrared spectra)
and OMNIC (for Raman spectra) software.

Data analysis

All image assembly and data processing was performed using
MATLAB (R2013b) and CytoSpec software (ver 2.00.01),
respectively. The hierarchical cluster analysis (HCA) was per-
formed with the original spectra using the D value distance
(Pearson’s correlation coefficient) andWard’s algorithm. Prior
to calculating the clustering, the quality of each pixel out of
the whole image was tested for sample thickness using the
bands in the 1000–1800-cm−1 range, ruling out pixels where
absorbance was too high and pixels containing invalid spectra
(resulting from faulty detector elements). Only pixels which
passed the test were included for further analysis. MATLAB
was used as a program for stitching multiple tissue sections
together for use in CytoSpec spectroscopic software.

Results

FTIR spectroscopic imaging

In order to compare the chemical changes in bone tissue struc-
ture with the implant, FTIR spectroscopic images of the sam-
ples were measured. The decalcified bone tissue spectra with
the band assignments are presented in Fig. 1a. The lipid con-
tent changes in the tissue according to distance from the im-
planted composite are marked with a red circle in Fig. 1b.
Figure 1b shows different IR images of the bone sample over-
laid on a visible image. Image C was acquired at a distance of
350 μm from the implanted composite, and image A was
measured at a distance of 1000 μm from the composite. The
highest content of lipids as shown by the band at 1744 cm−1

was observed in the spectrum from image C, which is closest
to the implant. The spectra presented in Fig. 1a consist of 9216
averaged spectra from each spectral image.
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Imaging, chemometric analysis and histological staining

The FTIR spectroscopic imaging approach also provides the
ability to obtain information about the distribution of bone
tissue chemical components over a large area of the sample.
The use of the FPA detector enables the collection of single
images where each of them consists of 9216 spectra, and
combining 16 images into one map, we obtained 147,456
spectra. This allows measurement of 1024×1024 μm of bone
tissue and subsequent observation of the chemical changes in
the bone tissue, not only in immediate proximity to the im-
planted composite but also across a larger sample area.

To investigate the bone tissue regeneration process, we
focused on the area between the bone and implanted compos-
ite. Figure 2 shows the bone reconstruction area. The 3-month
sample was chosen as an example for closer analysis. After
3 months of composite implantation, the effects of the rebuild-
ing process were visible under the microscope and confirmed
by histological analysis (Fig. 2e). The spatial distribution of
phosphates HPO4

2− (1000–1200 cm−1) in the sample is pre-
sented in Fig. 2c. The presence of phosphates confirmed that
the decalcification process does not reach completion during
sample preparation. The large concentration of CHAP gran-
ules did not completely allow the decalcification of the
sample.

To correlate the histological images (Fig. 2e) to chemical
images (Fig. 2b–d), chemometric analysis (HCA, D value,
Ward’s algorithm) was performed using the CytoSpec pro-
gram. Prior to calculating the clustering, the quality of each
pixel out of the whole image was tested for sample thickness
and only pixels which passed the test were included for further
analysis. The analysis was performed with the original spectra
using the D value distance (Pearson’s correlation coefficient)
which are known to be sensitive to band shapes and not
intensities.

In cluster analysis, a measure of similarity is established for
each class of related spectra, and a mean characteristic spec-
trum can be extracted for each class. Image assembly on the
basis of cluster analysis follows the simple idea that all spectra
in a cluster are assigned the same colour. In the false-colour
maps, images are generated by plotting specifically coloured
pixels as a function of the spatial coordinates (x, y position in
the map). Themean spectrum of a cluster represents all spectra
in a cluster and can be used for the interpretation of the chem-
ical or biochemical differences between clusters [27]. There
are also a variety of algorithms to perform cluster analysis, the
choice of which (D values as the distance measure andWard’s
algorithm) has been confirmed by Pash et al. [27] as the best
correlation between histopathology and spectral images. The
reason for employingWard’s algorithm is that it minimises the
heterogeneity of the clusters [28]. The average spectra of the
three most important classes from HCA are presented in
Fig. 2g. These spectra correspond to the results from H & E
staining analysis, and the red spectrum corresponds to the
implanted composite. The lipid bands at 1720–1790 and
2800–3000 cm−1 appear in both the plexiform bone tissue
and in the composite, and this is reproducible for all samples
(Fig. 3), which show images of bone at different growth
stages. Thematurity of collagen, determined by spectral bands
at 1660 or 1690 cm−1, is also shown, along with the ratio of
these two bands to demonstrate the change in collagen over
time.

Strong scattering effects on the spectra are observed when
samples of varying densities (composite and soft tissue), con-
taining numerous osteons (holes), are measured. This causes
difficulty with respect to the interpretation of chemical images
and can impede the performance of the chemometric analysis,
e.g. multivariate clustering methods. A recent study by Chan
and Kazarian demonstrated that with the placement of a lens
on top of the window of a standard transmission infrared

Fig. 1 Comparison of the average FTIR spectra of the 3-month sample:
(a) FTIR spectra of decalcified bone tissue, normalisation to amide I band
at 1657 cm−1, and (b) visible image with overlay of FTIR images corre-
sponding to areas A, B and C of the sample. Spectrum A represents the
averaged spectra from all spectra acquired in image A (9216 spectra).

Area A is 1000-μm distance from the composite marked with a red circle,
spectrum B is an average spectrum from all spectra acquired from image
B (9216 spectra) from themiddle part of the bone tissue and spectrumC is
an average spectrum from image C (9216 spectra)—the part of the sample
closest to the composite. Circled in red is the composite implant
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liquid cell, a pseudo-hemisphere lens is formed on the sample
and the dispersion and refraction effects are removed [26].
This solution was used to overcome the scattering problem,
where in our case, the scattering effect arises from changes in
the density of the material as the bone tissue is at a lower
density relative to the implanted composite.

In this paper, the lens approach was applied to the bone
tissue with implanted artificial bone material. Analysis of the
FTIR images measured in transmission mode with and with-
out the use of both a top and a top and bottom lens, was
undertaken to demonstrate the effects of the lenses (Fig. 4).
It was found that the lens removed chromatic aberration, and

Fig. 2 Images of a 3-month bone sample: (a) visible image with marked
area of mapping (768×768 μm). C composite, PB plexiform bone, DB
decalcified bone. (b) FTIR image based on the integrated absorbance of
lipids 1720–1790 cm−1. (c) Phosphates 1000–1200 cm−1. (d) Amide I

1600–1720 cm−1. (e) Histological preparation, the arrows indicate bone
penetrating into the implant. (f) Chemical image using hierarchical cluster
analysis (HCA) (D value, Ward’s algorithm, four cluster). (g) FTIR aver-
aged spectra, normalisation by amide I band (1600–1720 cm−1)

Fig. 3 FTIR images of the bone samples: The spatial distribution of
amide band 1600–1720 cm−1, lipids 1720–1790 cm−1, phosphates
1000–1200 cm−1, non-reducible/mature cross links sub-band

1660 cm−1, reducible/immature cross links sub-band 1690 cm−1, collagen
maturity ratio 1660:1690 and visible image of the measured sample area.
C composite, DB decalcified bone tissue
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improved the spatial resolution as expected. HCA re-
sults with and without the lenses are shown in Fig. 4c
and, selected spectra from the samples without and with
top and bottom lenses are shown in panels d and e of
Fig. 4, respectively.

Raman spectroscopy

The typical Raman spectrum of the bone tissue from a 3-
month sample with band assignment is presented in Fig. 5a.
As described in the BSample preparation for histology and
spectroscopic imaging^ section, the samples were decalcified,
due to the difficulty in cryotoming samples otherwise. The
PO4

3− bands are visible only in the part of the sample where

the composite was implanted. To avoid misunderstanding and
misinterpretation, the mineral to matrix ratio, mono-hydrogen
phosphate to phosphate ratio and the carbonate to phosphate
ratio were not analysed, as phosphorous bands were only ob-
served in parts of the sample with the implanted composite.
The 960-cm−1 band changes with the distance (150 μm) from
point A to point C of the bone tissue (as shown in Fig. 5b, c).
This is shown in Fig. 5c and this effect was also observed in
other samples.

Comparison of the averaged spectra from the 1-, 3- and 6-
month samples with the implanted composite at different
stages of bone rebuilding process is presented in Fig. 5d.
The relative quantitative changes of the PO4

3− band in the
implanted composite decrease with the age of the sample.

Fig. 4 The lens approach: (a)
schematic diagrams, (b) IR
images of 1720–1790 cm−1 of the
3-month sample with implanted
composite, (c) dendrograms
(HCA, D value, Ward’s algo-
rithm), (d) FTIR spectra with
scattering (i.e. no lenses) and (e)
FTIR spectra with top and bottom
lenses
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The next stage of the investigation was to analyse as before
the border between the composite and bone tissue. To achieve
this, Raman mapping was performed on the 1-month sample
using ×100 objective and a step size of 1.5 μm (Fig. 6).

The visible image using a ×10 objective is shown in
Fig. 6a. Figure 6b shows the visible image under the ×100
magnification, and Fig. 6c shows a Raman map based on the
distribution of the 960-cm−1 band. The major changes are
observed in the 960- and 1068-cm−1 bands, the amide I, amide
III and C-H wag, and these are all typical markers for the
protein or organic matrix of the bone. Part of the overlapping
area of the 1080-cm−1 C-O vibration of the (C-O stretch of the
fatty acids) can easily be accidentally included in the 1072-
cm−1 area. Other phosphate and carbonate vibrations are mon-
itors of subtle changes in mineral composition [29].

Discussion

There are several techniques used in tissue engineering for
imaging, evaluation and characterisation of physical phenom-
ena in living and engineered tissues. They include magnetic
resonance imaging (MRI) for validation of cell-seeding pro-
cedures in 3D porous scaffolds [30] and measurement of tis-
sue deformation and concentrations of extracellular matrix
compounds [31]. Nuclear imaging has been used to visualise
changes in tissues using contrast agents such as radiolabelled
gold nanorods [32]. Fluorescent labelling is primarily useful
in high-resolution imaging of intracellular endogenous pro-
teins in live cells [33]. Spectroscopic methods (FTIR and Ra-
man) have been proven to serve as extremely useful tech-
niques for biomaterial characterisation prior to in vivo

Fig. 5 Representative (a) Raman
spectrum of the implanted
composite in a 3-month bone tis-
sue sample; (b) Ramanmap of the
960-cm−1 peak intensity over the
sample of plexiform bone struc-
ture (C composite,DB decalcified
bone tissue); (c) spectra from
points A, B and C of the Raman
map after baseline correction and
normalisation to the amide I band;
and (d) comparison of the aver-
aged spectra of the 960-cm−1

band from 1-, 3- and 6-month
samples after baseline correction
and normalisation to the amide I
band

Fig. 6 Raman map of the 1-month sample: (a) visible image with blend-
ing measured area, magnification ×10 (C composite,DB decalcified bone
tissue); (b) visible image of measured area, magnification ×100; (c)

phosphates 960 cm−1; and (d) averaged Raman spectra normalised by
amide I band: red spectrum—composite, green spectrum—plexiform
bone tissue, black spectrum—decalcified bone tissue
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experiments [34–36] due to their chemically specific and
label-free nature. These methods have also been applied for
the evaluation of in vivo biochemical changes in implanted
scaffolds and give detailed information concerning implant
remodelling related to tissue regeneration [37]. However, bio-
material samples studied after implantation into living organ-
isms are more problematic due to the scattering effects
resulting from the varying densities of composite and soft
tissue in histological sections. This problem can be solved
by application of correcting lenses, and this article demon-
strates the positive outcome of using correcting lenses for
FTIR spectroscopic imaging and assessment of the tissue
regenerating process based on biomaterial application.

From the 3-month bone sample as shown in Fig. 2, the
phosphate 1000–1200-cm−1 band confirmed the presence of
CHAP granules, and the presence of amides 1600–1720 cm−1

and lipids 1720–1790 and 2800–3000 cm−1 proved the bio-
compatible properties of the composite. The black spectrum
from the grey area of HCA corresponds to the plexiform bone
tissue; the phosphate groups are not present but only lipids and
amides, which confirm that this is the bone structure with a
new layer of osteons. It was reported that the changes of lipid
content in bone affect the metabolism of lipids, as the lipid
content in articular cartilage increased with the age of the
samples [38]. The blue spectrum represents decalcified bone
tissue without the lipid bands, suggesting the early stage of
age of this sample. It was previously reported that the lipid
content in bone tissue increases with the age of the tissue [13].

In Fig. 3 showing bone at different ages, the collagen spec-
tral band peak height ratio of 1660:1690 was used to assess the
maturity of the sample. The increase in the 1660:1690 peak
height ratio as a function of age is in agreement with the
reported pronounced increase in the pyridinoline content
based on biochemical analyses [39]. The presence of the im-
mature collagen band at 1690 cm−1 appears in the composite
region at the different stages of the samples. The age of the
sample influences the changes in collagen maturity ratio. The
highest collagen maturity ratio can be clearly observed in the
6-month sample. In the 3-month sample, the ratio is low, but in
the 6-month sample, a high ratio is observed across the whole
area, especially in the composite and the region of bone-
implant contact. This confirms that the CHAP composite is a
very good background for collagen growth, as it significantly
aids an increase in its maturity with the time of bone growth
process. The variation of 1660:1690 ratio as a function of
tissue age was also determined by histology experiments
(Fig. 2). The phosphate bands appear in the area where the
composite was implanted, signifying that the decalcification
process has not completed. This suggests that there is a higher
concentration of phosphates in the CHAP granules of the
composite than in bone tissue.

The addition of lenses as shown in Fig. 4 and described in
references [17, 26] not only improved the quality of single

spectra but also affected the HCA of the spectral maps as seen
in Fig. 4c.

The applicability of the chemometric methods, especially
cluster algorithms to the spatially resolved microspectroscopic
data, is already widely used to compare the degree of correla-
tion between distinct cluster images [40] and histopathology
analysis [27, 28]; thus, the use of correcting lenses to improve
the quality of data is an important step for improved chemo-
metric analysis .

HCA (D values andWard’s algorithm)was applied to FTIR
spectroscopic images obtained with and without lenses, from
the same sample area, as shown in Fig. 4a. The comparison of
these dendrograms derived from HCA with those performed
using the same procedure as in Fig. 2f reveals differences in
the clusters. Based on the knowledge from histological stain-
ing analysis, the cluster situated between the decalcified bone
(DB) and the composite (C) was assigned to plexiform bone
(PB) tissue (the same as in Fig. 2f—grey colour). Four to six
clusters could be obtained depending on the quality of the
spectral maps. The maps collected without the lenses
contained more spectra with scattering artefacts, resulting in
clusters based on scattering artefacts rather than chemical dif-
ferences. Typical examples of the spectra with the scattering
artefacts are presented in Fig. 4d; the spectra acquired with the
top and bottom lenses are shown in Fig. 4e. Without the top or
bottom lens, HCA was less able to extract chemical differ-
ences between spectra due to the presence of scattering. With
the top lens only, a larger degree of relevant classification was
possible, and this was further improved with the use of the
bottom lens due to increased infrared throughput, which more
closely matched the condenser and objectives compared with
the top lens only.

This approach allows improved interpretation of the plex-
iform bone tissue using multivariate techniques. This area of
the sample is high in lipids, which are extremely important for
bone metabolism and mineralisation [8]. It should be noted
that the plexiform bone region was not flat; the small differ-
ences in height were visible under the microscope, leading to a
slight defocussing in this region.

Raman spectra obtained in the different locations in the
sample on the border between the tissue and implanted com-
posite reported in Fig. 5c confirmed the changes of the inten-
sity of the phosphate band at 960 cm−1. As the absorbance of
the phosphate bands was the same in the composite before
implantation, it confirms that phosphates changed with the
distance of the implanted biomaterial to the bone tissue. The
relative quantitative changes between 1-, 3- and 6-month sam-
ples also confirm that the phosphates change with the age of
the samples (Fig. 5d). In the 6-month sample, the phosphate
band is less intensive than in the 1-month sample, where to
assess this, the spectra were baseline corrected and normalised
by amide I band. The relative difference in the intensity be-
tween the 1-, 3- and 6-month samples (not present in Fig. 5)
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provided the same conclusions, i.e. the phosphate bands de-
crease with the age of the tissue. It is important to note that the
HA from the biomaterial and from the bone are almost indis-
tinguishable from each other [41], but in this case, the samples
were decalcified so that the distribution of the 960-cm−1 band
we observe comes only from the implanted composite. This
indicates the gradual replacement of the composite by newly
formed bone. A limitation of the presented study is that the
Raman measurements were performed on the decalcified sam-
ples due to the problem with cutting of the samples, resulting
in an uneven topology. Therefore, the Raman experiments
were performed with autofocus at each point in the maps.

The content of the organic matrix is presented in Fig. 6d
from the 1-month sample. The collagen bands appear at the
different positions in the sample, and the key observation is
that the organic content of bone tissue at 1447 and 1664 cm−1

appears not only on the border of the implanted composite but
also in the composite area itself. Consequently, it is important
to consider and compare the tissue, composite and border
between the implanted composite and tissue. To do this and
draw conclusions on the bioactive and biocompatible proper-
ties of the composite for bone repair, we have to compare the
Raman data with focus on the phosphate bands (mineral) to
the FTIR imaging data, where the amides, lipids and collagen
(matrix) were investigated.

The Raman data confirmed the decrease of the phosphate
bands inside the different points on the composite/bone tissue
border as presented in Figs. 5c and 6d. In Fig. 3, the presence
of the phosphate bands only in the non-decalcified composite
part was confirmed. As was mentioned before, the decalcifi-
cation process was successful only in the bone tissue part. So
not only was the visible microscopic image and histological
staining analysis used, but also assessment of the phosphate
band was used as a third marker of the composite location in
the samples, as in Figs. 2g and 6d. The connection platform
between the border of the composite and the bone tissue was
confirmed by the presence of lipids, amides and collagen in
the FTIR spectra as presented in Figs. 2 and 3. The histolog-
ical staining indicated the plexiform bone form and the bone
penetration into the composite (Fig. 2e) which was correlated
with the chemometric analysis in Fig. 2f. In comparison to the
Raman spectra presented in Fig. 6d, the amide band at
1664 cm−1 also appears on the border between the bone and
composite. This phenomenon of the gradual transformation of
plexiform bone tissue occurs in all the samples by detecting
the presence of lipids, amides and collagen in the porous com-
posite. The most definitive confirmation of this gradual re-
placement of the composite by newly formed bone tissue
was presented by the collagen maturity ratio in Fig. 3.

The changes of lipids, amides and phosphates both in the
tissue and composite using FTIR spectroscopic imaging and
Raman are highly dependent on tissue/sample age. The pres-
ence of amides and lipids in the composite material is a

confirmation of remodelling and its gradual replacement into
newly formed bone. Additionally, the information obtained
through such techniques, while complementary, are in concert
with the information obtained through other techniques.

Conclusions

The use of FTIR spectroscopic imaging and Raman mapping
techniques has proven useful in the characterisation of bone
and composite samples. The chemical changes in the compos-
ite after implantation have been determined over 6 months,
showing spectroscopically the bioactive and biocompatible
properties of the composite for bone repair. The lipid content
and collagen maturity changes in the bone appear in the com-
posite with the phase of growth. The relative quantitative
changes of amide I and PO4

3− were also demonstrated. FTIR
imaging and Raman mapping revealed the presence of a layer
enriched with phosphates and lipids suggesting the formation
of a plexiform bone between the composite and bone tissue.
This indicates the existence of a connective platform on the
border between the above and gradual transformation of the
scaffold into bony tissue. Highly troublesome scattering ef-
fects across the edges and bone/composite interface were re-
duced by the presence of the top lens, and with the use of the
bottom lens, throughput was increased, leading to a higher
signal to noise ratio. The improvement in spectral quality from
the use of lenses had a large impact on chemometric analysis
and spatial resolution, especially at the bone/composite inter-
face where the density of the materials differed significantly.

In this paper, the HCA clusteringmethod was used not only
for correlating chemical images with histological staining
analysis but also for showing the benefit of using correcting
lenses for FTIR microspectroscopic imaging for the evalua-
tion of bone regeneration progress due to biocomposite im-
plantation. The results presented in this study confirm that
advanced lens-assisted FTIR spectroscopic imaging and Ra-
manmapping provide a unique tool for highly informative and
reliable characterisation of biological samples.
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