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Abstract
We investigated the ability to do deep subsurface Raman spectroscopy in turbid media using a simple fiber-optic
volume probe. Being able to collect Raman signals from regions deep within a biological sample provides the ability to
noninvasively study underlying living tissue and tissue engineered constructs with high chemical specificity. Spatially
offset Raman spectroscopy has shown great potential for obtaining subsurface Raman signals in biological samples.
The applicability of the method for in vivo studies depends on the system complexity and small size probes are often
desirable. Most real-time studies on human patients utilizing Raman spectroscopy have been performed with easy-
to-handle miniaturized probes. Here we show both experimentally and theoretically that the sampling depth from a
simple volume probe can be controlled by changing the probe to sample distance effectively suppressing Raman and
fluorescence contributions from shallow sample layers while favouring the collection of signals from deeper layers.
Relative spectral intensities as function of probe to sample distance were investigated for layered phantoms of PMMA
and trans-stilbene and compared with theory. The volume probe was then utilized for the collection of spectra from
phantoms mimicking in vivo transcutaneous measurement configurations of bone and engineered scaffold as well as
from an ex vivo sample of bone and soft tissue. Together the results show that Raman fiber-optic volume probes can
be utilized for subsurface Raman spectroscopy in turbid media, providing a simple alternative to spatially offset Raman
systems for e.g. noninvasive monitoring and studying mineralized tissue and implanted scaffolds in vivo.

Keywords
Subsurface Raman spectroscopy, Fiber-optic volume probe, Tissue engineering, Transcutaneous, Bone, Noninvasive
analysis.

Introduction

Deep subsurface Raman spectroscopy techniques provides
the ability to non-invasively monitor and study the
biochemical composition of living tissue with high chemical
specificity. This is useful for medical diagnosis and the study
of diseases which are often accompanied by biochemical
changes.
Spatially offset Raman spectroscopy (SORS) is a technique
in which the region of laser excitation and region of
collection of Raman scattered light on the sample are
spatially offset. The spatial separation provides the ability
to detect signals originating from within turbid media
at depths in the order of millimetres and centimetres.1

The method relies on photon migration in which Raman
photons generated deeper within the sample are more
likely to migrate laterally before being emitted from the
sample surface than photons generated in shallow sample
layers. Increasing the spatial offset therefore reduces the
contribution to the Raman signal from photons inelastically
scattered at the surface while increasing the contribution
originating from deeper layers. The technique was first
demonstrated by Matousek et. al.2 Since then SORS has
been realized in a variety of ways3 and utilized for different
applications4 including in vivo transcutaneous assessment of
bone5,6, transcutaneous quantitative glucose measurements7

and assessment of layered soft tissues.8 SORS setups have
been demonstrated with bundles of optical fibers for the
collection of Raman scattered light along with a specific
laser spot geometry where each fiber forms a spatially
offset collection image at the sample.5,9–11 The Raman
scattered signals collected by each individual fiber are
projected onto different CCD tracks. These signals can
then be processed using multivariate decomposition methods
or by scaled subtraction to achieve pure Raman spectra
originating from different individual layers from within the
sample. Multitrack signal collection often suffers from low
signal-to-noise levels requiring longer exposure times. This
can be overcome by an inverse SORS approach in which
the signals on the CCD are fully binned into a single
spectrum while utilizing a ring-illumination with a given
radius centred at the collection zone.3 The ring illumination
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can be achieved by placing an axicon lens in the exication
beam path and the offset can be adjusted by the changing
the distance from the axicon lens to the sample.12 Although
this approach overcomes the limitations of multitrack based
SORS it requires additional beam-shaping optical elements.
Defocused SORS is another approach for obtaining Raman
spectra of subsurface layers in turbid media. This method
does not involve fully separated illumination and collection
zones resulting in lower contrast between layers compared
to conventional SORS although it is more practical due
to simplicity since defocusing can be achieved by shifting
the sample away from the image plane of the focusing
optics. The method has been demonstrated in conventional
backscattering Raman setups13 and the mechanism leading
to differences in Raman surface-subsurface intensity ratios
is related to changes in illumination and collection zones
by the defocusing.14 SORS has great potential for in vivo
medical diagnosis and disease monitoring1 and the many
ways available for obtaining the subsurface Raman signals
makes the method very versatile. It is also feasible for
monitoring bone tissue engineering scaffolds in vitro and
in vivo.15 The applicability of SORS systems for in vivo
studies and clinical use is without doubt very dependent
on the system complexity and small size probes are often
desirable.16

Bone disorders are frequently studied in mice but due to
the size of murine bone it can be experimentally difficult
to completely separate illumination and collection zones.5

Raman spectroscopy have been demonstrated directly on
human patients for intraoperative cancer detection.17–20

In these cases the laser illumination and Raman signal
collection are based on simple fiber optics assembled in
easy-to-handle miniaturized probes utilizing a conventional
backscattering collection geometry. In the perspective of
non-invasive monitoring of tissue and implants in vivo such
probes may be more applicable than their more complex
SORS counterparts even though the ability to suppress
surface signals from overlying soft tissue is limited.
Here we show the application of a Raman fiber based
volume probe including no focusing optics for deep
subsurface Raman spectroscopy in turbid media. We show
experimentally that suppression of surface layer signals and
a degree of depth selectivity can be obtained by vertically
shifting the Raman probe away from the sample surface. The
mechanism behind the observations are related to changes in
the sampling volumes for different sample layers. We show
the performance of the probe on layered phantoms and on
an ex vivo pig maxilla. To support the observations of depth
selectivity we adapted an analytical approach for calculating
Raman signal strength for volume probes with illumination
and collection geometries that mimick the design of the
utilized probe.

Experimental

Raman
The fiber-optic Raman spectroscopic system utilizes a near-
infrared (NIR) laser (λex=785 nm) (B&W Tek Inc. Europe
GmbH, Lubeck, Germany) for excitation coupled via a
100 µm core multimode fiber (0.22 NA) to a double
collimator (Thorlabs Sweden AB, Molndal, Sweden), laser

bandpass filter (Semrock, IDEX Health & Science, LLC,
Rochester, New York) setup for rejection of unwanted
specral emissions before entering the Raman Filtered Fiber-
optic Probe (EmVision LLC, Loxahatchee, Florida). The
probe consists of a central 300 µm core, low OH fiber (0.22
NA) delivering the laser excitation and 7 300 µm core, low
OH collection fibers (0.22 NA) positioned in a ring around
the central fiber. A donut shaped long pass filter for rejection
of Rayleigh scattered light is positioned on the probe tip
which is terminated by a fused silica window. The probe fiber
ensemble has an outer metal casing designed for handheld
operation. The output end of the 7 collection fibers is coupled
to a double collimator (Thorlabs Sweden AB, Molndal,
Sweden), long pass filter (Semrock, IDEX Health & Science,
LLC, Rochester, New York) setup for further rejection of
elastically scattered light. This is followed by a 19 fiber,
100 µm core round-to-slit, one way fiber-optic bundle (0.22
NA) (Andor, Oxford Instruments, Belfast, Nothern Ireland)
directing the Raman scattered light to the Andor Shamrock
163 spectrometer with an SR1-ASM input slit and SR163
fiber ferrule adapter. The input slit was fully opened such
that the 19 line oriented fibers acts as input slit. The Raman
spectrum is projected onto a Peltier cooled back illuminated,
deep depletion, NIR-optimized Andor iDUS 416A CCD
operated at -70 ◦C (Andor, Oxford Instruments, Belfast,
Nothern Ireland) (Fig. 1). It should be noted that the setup
has not been optimized for high throughput and due to the
magnification of the spectrograph (x1.8) a part of the Raman
signal delivered from the 19 line oriented fibers will miss the
CCD detector. Spectra were collected using 45-50 mW laser
power at sample and full vertical binning of the CCD.

Samples
We investigated the sampling depth of the probe as function
of probe to sample distance (∆Z, Fig. 1) on layered
phantoms and on an ex vivo sample of soft tissue and bone:

• Bilayer phantom: PMMA (poly(methyl methacrylate),
Sigma-Aldrich CAS.:9011-14-7) powder, layer thick-
nesses 1 mm, 2 mm and 3 mm on a layer of 20 mm
trans-stilbene powder (Sigma-Aldrich CAS.:103-30-
0) which was ground using a pestle and mortar.

• Bilayer phantom: Fresh 2.8 mm chicken skin (local
supermarket), 180 µm glass coverslip on a 3 mm
layer of hydroxyapatite (HA) powder (Sigma-Aldrich
CAS.:12167-74-7).

• Layered phantom: Fresh chicken skin (0.3 mm), 3D
printed Poly(L-lactic acid) (PLLA) scaffold (1.1) mm
on layer of 9 mm HA powder.

• ex vivo sample: Pig head was purchased at the local
butcher. The head was frozen shortly after the pig had
been slaughtered.

The polymer discs were printed using a Prusa i3 MK3S 3D
printer with a medical grade PLLA filament of diameter 1.75
mm, at 200-215 ◦C extrusion temperature. The printhead
with a 0.2 mm nozzle diameter traveled at 40 mm/s. Since
the probe design have already shown to be feasible for
handheld measurements on humans during brain surgery20

we only demonstrate the depth selectivity by mounting
the probe in positions for approximately normal incident
laser excitation and controlled adjustments of probe to
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Figure 1. Schematic of Raman setup and mathematical
illustration of sampling volume. 785 nm NIR laser excitation
(green cone) is delivered by the Raman volume probe (EM
Vision LLC) through a single central 300 µm core 0.22 NA fiber
to the layered sample. Seven 300 µm core 0.22 NA fibers
positioned in a ring around the central fiber collect the
inelastically scattered light from the sample (e.g. red cone). The
the excitation and collection volumes in the sample and their
overlap are a function of the vertical offset between sample and
probe (∆Z).

sample distances. Raman spectra of bilayer phantoms of
PMMA/trans-stilbene were collected using 5 s acquisition
time. Measurements on chicken skin/HA were collected
at three different locations on the sample using 10 s
acquisition time and 2 accumulations per spectrum. Spectra
of chicken skin/PLLA/HA phantom were collected using 25
s acquisition time. For ex vivo measurements on the pig
head 10-20 repeated Raman spectra of the maxilla above
the molars (Fig. 2) were collected for each probe-sample
distance with an acquisition time of 5 s and 4 accumulations
per spectrum. Some soft tissue were removed in order to
expose the gums before measurements. The pighead was
stored at -20 ◦C and was only allowed to thaw at room
temperature during measurements.

Theory
To understand the experimental factors affecting the
sampling of Raman signals from different sample layers
we adapted an analytical approach described elsewhere.21

In short, the laser light from the excitation fiber defines
a cone as it enters the sample. This cone is determined
by the fiber numerical aperture. Similarly there is a cone
defined by each collection fiber and the overlap between the
laser and collection cones define the region from which the
inelastically scattered light is sampled. The geometry of the
problem is shown in Fig. 1. The Raman power, from a bilayer

Figure 2. Position of Raman analysis on pig maxilla. The
Raman Filtered Fiber-optic Probe (EmVision LLC) designed for
handheld operation was mounted for controlled adjustment of
probe tip to sample distances.

sample, incident on the collection fiber can be estimated by

PR =

∫ ∫ ∫
P (x, y, z)βtop/bottomR2

R2
i (z)a2(x, y, z)

dxdydz (1)

where P (x, y, z) is the laser power at the point x, y, z
in the overlap region which is assumed to follow an
exponential attenuation as function of distance through the
sample determined by the attenuation coefficient of the
layers. βtop/bottom is a factor accounting for concentration of
scatterers and scattering cross-section for the top and bottom
layers. R is the radius of the collection fiber, a(x, y, z) is the
distance from x, y, z to the collection fiber face and Ri(z) is
the radius of the laser cone at a distance z from the excitation
fiber. The overlap region integral which is dependent on the
distance between the probe and sample was approximated by
summation in MATLAB (MathWorks Inc.).

Data processing
All spectral processing were performed in MATLAB. Pre-
processing of Raman spectra involved baseline correction
using asymmetric least squares smoothing22,23, normaliza-
tion using vectornorm and spectral noise reduction by 10
point moving average filter. Spectra were not corrected for
the wavelength response of the CCD. Due to relatively
low Raman intensity, spectra acquired from the ex vivo
sample were corrected for the intrinsic Raman signal of the
probe using extended multiplicative scattering correction and
spectral interference subtraction.24,25 The normalized ratio
of Raman intensities for bands belonging to bottom and
top layers (Ibot,Itop) in a sample as function of the vertical
distance between the probe and the sample (∆Z) is expressed
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as:

IRatio(∆z) =

[
Ibottom(∆z)

Itop(∆z)

]/[
Ibottom(0)

Itop(0)

]
(2)

Note that for conventional SORS this quantity is a function
of lateral displacement between the excitation and collection
geometries at the sample.26

Band-target entropy minimization27 (BTEM) is an algorithm
developed for the recovery of pure spectral components from
mixed spectra which has been demonstrated on SORS data
for estimating pure bone factors.5,9,10 We applied the method
to demonstrate the ability to obtain pure spectral factors from
data acquired with the volume probe.

Results and discussion

PMMA/trans-stilbene
To study the sampling depth of the Raman volume probe
we constructed a bilayered sample of PMMA powder on
trans-stilbene powder. The Raman spectra show a decreasing
contribution from the top layer realtive to the bottom
layer for increasing probe to sample vertical distances
(∆Z)(Fig. 3). The contribution from the top layer is greatly
reduced in comparison to the bottom layer at 4 mm. The
intensity ratios (Fig. 4) were calculated from the PMMA and
trans-stilbene bands at 809 cm-1 and 1575 cm-1 respectively
using Eq. 2. About six times improvement in the relative
Raman intensities in favour of the bottom layer is achieved at
4 mm offset for a top layer thickness of 3 mm. In comparison
this ratio can be as high as 20 for conventional SORS26

but will in general depend on the optical properties of the
materials in question as well as excitation and collection
geometry. The observed tendency of relative decrease and
increase in Raman signals from top and bottom layers with
increasing probe to sample distance can be explained by
the relative changes in the sampling volumes. Geometrical
values, resembling the design of the volume probe, were used
as input for theoretical calculations (Eq. 1) with R=150 µm,
Ri(0)=150 µm, NA=0.22 and a distance between centres
of excitation and collection fibers equal to 400 µm. The
glass window at the probe tip was assumed to be 1.5 mm.
A close fit to the experiment was obtained for the values
βtop=1, βbottom=3.4 and with attenuation coefficients for
top and bottom layers equal to 1 mm-1 and 0.02 mm-1

respectively (Fig. 5). The fits were obtained by normalizing
all experimental data with the same constant and then
adjusting βtop/bottom as well as the attenuation coefficients.
Both theory and experiments show a faster decrease of the
top layer Raman signal relative to the signal from the bottom
layer with increasing probe to sample distance. This enables
suppression of signals originating from shallow layers while
retaining signals from deeper within the sample. The close
fit between the theory and experiments suggests that the
observed effects, in contrast to SORS, are dominated by
changes in the sampling volume in the respective layers.
SORS relies on the lateral migration of photons in the sample
making highly scattering media such as powders ideal.
Scattering and photon migration leading to less well defined
sampling volumes of the probe may be present but seems
to have a diminishing influence on the results. Although
powders and living tissue are usually considered highly
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Figure 3. Raman spectra as function of probe to sample
distance (∆Z). Samples consist of PMMA powder layer of
thickness 1 mm on top of a 20 mm layer of trans-stilbene
powder. The spectra represents the average of three
measurements at different locations on sample. For
comparison, reference spectra of PMMA and trans-stilbene are
also shown. Spectra were collected using 5 s acquisition time.
All spectra were normalized by the Eucleadian vector norm and
shifted vertically for clarity.
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turbid media3 they may favor forward scattering making
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average experimental values (2). Average and standard
deviation (errorbars) were determined from three consecutive
measurements. Experimental intensities for top and bottom
layers were obtained from the bands at 809 cm-1 (PMMA, top)
and 1575 cm-1 (trans-stilbene, bottom). Fits were obtained as
described in the text.

lateral migration in the sample less likely while retaining a
cone-like light distribution. It should be noted that a lateral
offset between the excitation and collection geometries at the
sample is present due to the design of the probe. A sampling
from areas outside the overlapping regions therefore cannot
be excluded, thus SORS-effects will contribute to the overall
Raman signal. Nevertheless, the cones defining the excitation
and collection areas at the sample depends equally on the
vertical distance to the sample. This explains why SORS-
effects appears to have relatively small influence on the
results compared to the influence from changes in sampling
volume suggested by the close theoretical fit.

Skin/HA layered structure
To study the performance of the volume probe for
transcutaneous measurements we constructed a phantom
of 2.8 mm fresh chicken skin on a 3 mm thick layer of
HA powder. A 180 µm thick glass coverslip was placed
between the skin and the powder in order to maintain
a smooth interface between the materials. Spectra were
collected at three random positions on the sample with the
probe approximately perpendicular to the sample surface.
The intensity ratios calculated from the 962 cm-1 (HA) and
1660 -1 (skin Amide I) bands show only a modest increase as
function of distance with a maximum around 2 at a 4.5 mm
vertical distance (Fig. 6). One of the key benefits of SORS is
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Figure 6. Normalized intensity ratios for Raman bands 962cm-1

(HA) and 1660cm-1 (skin Amide I) along with average intensity
of baseline in raw Raman spectra (+) for the 962 cm-1 band as
function of probe to sample distance (∆Z). The baseline is
normalized with the intensity at zero offset. Sample consists of
chicken skin (thickness 2.8 mm) on borosilicate coverslip placed
on top of a HA powder layer (thickness 3 mm). Average values
(2) and s.d. (errorbars) of three measurements at different
locations on sample.

the suppression of fluorescent contributions from the surface
of the sample which can overwhelm the Raman signal from
deeper zones.1 To estimate the contribution of fluorescence
from the skin layer to the raw Raman spectra as function of
the offset we used the average intensity of the baseline in the
962 cm-1 band (Fig. 6). At 5 mm offset the contribution from
fluorescence has decreased to 70% of the intensity at zero
offset.

Skin/PLLA/HA layered structure
The feasibility of SORS for monitoring bone implants
transcutaneously have been demonstrated on phantoms
mimicking an in vivo measurement configuration
(skin/scaffold/HA).15 In order to test the volume probe
under similar conditions we constructed a phantom of
0.3 mm fresh chicken skin on a 1.1 mm biodegradable
polymer (PLLA) disc placed on top of a 9 mm layer of HA
powder. The spectra show that the PLLA Raman band at
875 cm-1 decreased relative to the HA band at 962 cm-1

with increasing distance between sample and probe (Fig. 7).
Due to dominating Raman scattering of the two lower layers
the skin Raman bands are not visible in the spectra but
provided a decreasing fluorescent background for increasing
probe to sample distances (Fig. 7, inset) determined from
the intensity of the baseline in raw spectra averaged over
the wavenumber interval from 825 cm-1 to 1000 cm-1. The
results shown here suggests that the volume probe is feasible
for monitoring the mineralization of subcutaneous scaffolds.
For comparison, Liao et al. used a SORS setup with 170 mW
laser power and a spot size of 88 µm at the sample to obtain
spectra from a skin/PLGA/HA sample.15 Here we used a
maximum of 50 mW with a minimum spot size at ∆Z=0
of approximately 500 µm. Decreasing the intensity at the
sample in transcutaneous measurements has the advantage
of lowering the risk of photo induced damage to the skin.

Prepared using sagej.cls



6 Journal Title XX(X)

800 1000 1200 1400 1600 1800

Wavenumbers (cm -1)

R
am

an
 In

te
ns

ity
 (

a.
u.

)

Z=3.5 mm

Z=3 mm

Z=2.5 mm

Z=2 mm

Z=1.5 mm

Z=1 mm

Z=0.5 mm

Z=0 mm

HA

skin

PLLA

0 2
Z (mm)

0

0.2

0.4

0.6

0.8

1
N

or
m

al
iz

ed
 b

as
el

in
e 

in
te

ns
ity

Figure 7. Raman spectra as function of probe to sample
distance (∆Z). Sample consists of chicken skin (0.3 mm) on
PLLA scaffold of thickness 1.1 mm on top of a 9 mm layer of HA
powder. The spectra represents the average of three
measurements. For comparison reference spectra of skin, PLLA
scaffold and HA powder are also shown. Spectra were collected
using 25 s acquisition time. All spectra were normalized by the
Euclidean vector norm and shifted vertically for clarity. Inset
shows normalized baseline of raw spectra averaged over the
interval from 825 cm-1 to 1000 cm-1) as function of ∆Z.

Ex vivo maxilla

The advantages of a simple miniaturized volume probe
is the ability to access sites of interest in vivo where it
would be difficult for more sophisticated and complex optical
setups e.g. in the oral cavity. Pure bone Raman spectra
and bone factors have been collected transcutaneously using
SORS setups that involve relatively large illumination and
collection geometries, lateral offsets in the order of (3-5
mm) as well as optical equipment including lenses dichroic
mirrors and mounts.5,9,10 We studied the ability to acquire
bone spectra through soft tissue using the defocused volume
probe on an ex vivo pig head. The Raman spectra collected
at the maxilla (Fig. 8) show increasing contribution from the
bone mineral band 962 cm-1 while decreasing contributions
from soft tissue such as proteins and lipids 855 cm-1, 1300
cm-1, 1452 cm-1 and 1660 cm-1 with increasing offsets.
After the measurements the soft tissue was removed and the
spectrum of exposed bone was collected. The thickness of
the soft tissue was approximately 2.6 mm. The correlation
coefficients for the average spectra and exposed bone
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Figure 8. Raman spectra of pig maxilla for different probe to
sample distances (∆Z). Spectra were collected using 48 mW
laser power, 5 s acquisition time, 4 accumulations. After the
measurements the overlying gum tissue ( 2.6 mm thick) was
removed and spectra from the exposed bone were collected.
Spectra are offset for clarity. Average spectra of 10-20 repeated
measurements on the same position on the maxilla: solid lines
and standard deviation: shaded area. Inset shows normalized
intensity ratios as function of probe to sample distance (∆Z)
assuming a bilayer model of the pig maxilla. Raman band
intensities for 962 cm-1 (Bone mineral) and 1300 cm-1 (soft
tissue lipids) were used for bottom and top layers respectively.
Position of bands are indicated by arrows.

spectrum went from 0.4 at zero offset to 0.85 at 4 mm offset.
Intensity ratios (Fig. 8, inset) was calculated by assuming a
bilayer model for the pig maxilla. The intensities of the 962
cm-1 bone mineral band and the 1300 cm-1 lipid band was
used for bottom and top layers respectively. The 1300 cm-1

band was chosen due to its relatively weak contribution to
the spectrum of exposed bone (Fig. 8). The intensity ratios
shows an almost linear increase with offsets >0.5 mm and a
threefold improvement in the Raman signal of bone relative
to soft tissue at 4 mm. The measurements demonstrate
the ability to acquire Raman spectra of deep layers of
tissue using a simple easy-to-handle volume probe. Although
signals from the top layer can not be suppressed completely
the variation in the spectra induced by the different probe-
sample distances can be used for the recovery of pure spectral
factors by multivariate decomposition.4 BTEM was applied
on the entire dataset of individual preprocessed Raman
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spectra of the maxilla targeting the 962 cm-1 band of bone.
A bone factor was retrieved with a 0.91 correlation with the
spectrum of exposed bone (Fig. 8) demonstrating the ability
to obtain pure spectral estimates from data collected with the
volume probe using a multivariate decomposition method.
SORS is very feasible for transcoutaneous measurements and
provides superior depth selectivity but may be difficult to
implement in endoscopic Raman probes. Typical endoscopes
have working channels with diameters in the order of 2-3
mm16 which limits the spatial offsets available. A variety
of fiber-optic probes similar the one used in this work have
been designed to fit into such channels and could be utilized
directly with a vertical offset to obtain suppression of surface
signals and relative increase in signals from subsurface
regions.

Conclusion
Deep subsurface Raman spectroscopy in turbid media was
demonstrated using a simple miniaturized defocused Raman
volume probe. The experiments on layered phantoms and
an ex vivo sample of soft tissue on bone show the ability
to gradually suppress both Raman and fluorescence signals
from surface layers by increasing the distance between probe
and sample. The observed effect is well described by relative
changes in the sampling volumes in the different layers. For
a bilayer sample, we show that the experimentally observed
relative Raman signals as function of probe to sample
distance follow the theoretically determined tendencies
given by a simple volume integral. Using the multivariate
decomposition method BTEM we also demonstrated the
recovery of a pure Raman factor of bone at the maxilla of
a pig from 100 spectra collected through 2.6 mm soft tissue.
Although spatially offset Raman spectroscopy may provide
superior depth selectivity, we believe that simple, easy-
to-handle miniaturized probes with the ability to do deep
subsurface Raman spectroscopy is a combination allowing
for interesting applications. For example it could provide
an easily applied, non-invasive method for monitoring the
development of biodegradable implants both in vivo and in
vitro and could be used for studies of soft and mineralized
tissue in the oral cavity. Also miniaturized probes with
adjustable sampling depth may be interesting in a variety of
endoscopic applications.
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