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The development of novel biomaterials for regenerative therapy relies on the ability to assess tissue development,
quality, and similarity with native tissue types in in vivo experiments. Non-invasive imaging modalities such as
X-ray computed tomography offer high spatial resolution but limited biochemical information while histology
and biochemical assays are destructive. Raman spectroscopy is a non-invasive, label-free and non-destructive
technique widely applied for biochemical characterization. Here we demonstrate the use of fibre-optic Raman
spectroscopy for in vivo quantitative monitoring of tissue development in subcutaneous calcium phosphate scaf-
folds in mice over 16 weeks. Raman spectroscopy was able to quantify the time dependency of different tissue
components related to the presence, absence, and quantity of mesenchymal stem cells. Scaffolds seeded with stem
cells produced 3-5 times higher amount of collagen-rich extracellular matrix after 16 weeks implantation com-
pared to scaffolds without. These however, showed a 2.5 times higher amount of lipid-rich tissue compared to
implants with stem cells. Ex vivo micro-computed tomography and histology showed stem cell mediated collagen
and bone development. Histological measures of collagen correlated well with Raman derived quantifications
(correlation coefficient in vivo 0.74, ex vivo 0.93). In the absence of stem cells, the scaffolds were largely oc-
cupied by adipocytes. The technique developed here could potentially be adapted for a range of small animal
experiments for assessing tissue engineering strategies at the biochemical level.

Introduction

The ability to engineer the regeneration of living tissue has the poten-
tial to revolutionize patient care and promise the solution to diseases of
chronic tissue degeneration in an ageing world population [1]. Further-
more, regenerative medicine offers several potential clinical opportuni-
ties such as regeneration of bone, cartilage, skin, central nervous system
and muscular heart tissue [2]. A typical approach in tissue engineering
(TE) involve the use of stem cells seeded onto scaffolds in which me-
chanical, physical, chemical and biological properties are optimized to
promote tissue regeneration [1,3,4]. A variety of specialized biodegrad-
able scaffolds facilitating and directing cell proliferation, differentiation
and secretion of extracellular matrix are currently subject to extensive
research and range from porous calcium phosphate scaffolds [3,5,6] and
bioactive glasses [7-9] to biopolymers such as hydrogels [10-13] and
collagen scaffolds [3,14]. Furthermore, additive manufacturing, such as
3D printing, is a promising tool for the production of customized pa-
tient tailored scaffolds [15]. The development and validation of such
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novel smart materials and strategies for tissue regeneration relies on
the ability to assess tissue development, quality, and similarity with na-
tive tissue types in in vivo experiments. Non-invasive imaging modalities
such as computed tomography (CT), magnetic resonance imaging (MRI)
and ultrasound imaging are applicable in the study of calcified and soft
tissues in vivo providing good spatial resolutions but limited biochem-
ical information [16]. The ability to monitor tissue regeneration and
composition at the biochemical level would greatly improve the devel-
opment of novel TE strategies [16]. Spontaneous Raman spectroscopy is
a non-invasive, label-free, and non-destructive optical technique widely
applied for biological characterization. It has been utilized in several
biomedical applications owing to the molecule-specific spectral bands
of e.g DNA, RNA, proteins, and lipids [17] which provide a basis for
optically probing molecular changes associated with diseases [18-22],
single-cell spectral imaging [23], and bone/cartilage tissue composition
studies [24,25] to name a few. Raman spectroscopy relies on the inter-
action of photons with sample molecules in which a part of the incoming
photon energy is transformed into molecular vibrations. The result is a
scattered photon typically with lower energy than the incoming photon.
The energy shift can be detected and analysed using spectrographs with
a charge coupled device (CCD) camera producing a molecular finger-
print of the sample under consideration in the form of a spectrum (i.e.
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photon counts in a range of energy shift). The method holds great poten-
tial in a number of applications in tissue engineering such as monitoring
stem cell differentiation [26-28], bone regeneration [29-31], in vitro
tissue formation in scaffolds [32,33], assessment of transplant/scaffold
quality and composition [34-36], and organ transplantability [16]. So
far Raman spectroscopy has been applied in the field of tissue engineer-
ing and regenerative medicine (TERM) in mostly in vitro [32-35,37-41],
ex vivo [42] and proof of concept studies [29,31,33]. A single study on
live animals demonstrating the ability to spectrally distinguish healthy
and compromised oral mucosa TE constructs post implantation has been
reported although the monitoring procedure involved temporary re-
moval of overlying tissue on the live animals [43].

Experimentally induced ectopic bone formation is a well described
entity and is commonly achieved through transplantation models typi-
cally involving a scaffold carrying cells with or without the addition of
bone stimulating agents such as bone morphogenic protein 2 (BMP2)
[44-46]. The analyses of such models are crucial to understanding os-
teogenic differentiation of cells independent from an osseous environ-
ment and important in the field of skeletal tissue engineering for op-
timizing bone formation [47]. Time resolved analysis of ectopic bone
formation in animals at the biochemical level can be addressed by bio-
chemical assays and histological staining of tissue sections at discrete
timepoints, however these methods are inherently invasive, destructive
and require several sacrifices for quantitative analysis [48].

In this paper we explore the use of Raman spectroscopy for in vivo
non-invasive, non-destructive and label-free monitoring of tissue forma-
tion in calcium-phosphate scaffolds implanted subcutaneously in mice.
Using a fibre-optic Raman probe we follow the spectral variations re-
lated to tissue formation in the scaffolds over 16 weeks. We address
the potential use of Raman spectroscopy to monitor and quantify statis-
tically significant differences in the biochemical composition of tissue
under different TE strategies including scaffolds loaded with and with-
out mesenchymal stem cells (MSCs). To our knowledge this is the first
demonstration of Raman spectroscopy based non-invasive and label-free
in vivo monitoring of TE scaffolds. We believe the approach described
here can be further developed and tailored for any small animal subcu-
taneous implant model to study ectopic bone formation, tissue regener-
ation, scaffold resorption dynamics and comparison of TE strategies at
the biochemical level, ultimately improving the development of novel
regenerative therapies and reducing the number of animals needed for
longitudinal studies in this context.

Methods
Ethics and approval

All in vivo experiments were performed under the permission from
the National Danish Animal experiments inspectorate (2017-15-0201-
01210). Danish regulations for care and use of laboratory animals were
maintained throughout the experiment period. Experiments complied
with European legislation and associated guidelines for animal experi-
ments. ARRIVE guidelines [49] for animal experiments were followed.

3D printed scaffolds

3D printed scaffolds of medical grade g-tricalcium phosphate (fTCP)
[50] in the shape of discs @8 mm, 3 mm thick and 30% rectangular in-
fill pattern (Supplementary Fig. S1A), were purchased from Particle3D.
The scaffolds have previously been shown to support cell adhesion and
growth in vitro and in vivo [50,51]. The prints were autoclaved prior to
cell seeding. The § polymorph of the tricalcium phosphate was checked
before and after the 3D printing procedure by X-ray diffraction (XRD)
using a PANalytical X’pert Pro-x-ray diffractometer equipped with a Cu
Ka source. XRD was collected in reflection using the Bragg-Brentano
configuration (Supplementary Fig. S4A).
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In vivo bone formation in immunodeficient mice

To obtain ectopic bone formation in scaffolds in live mice, we used a
well-characterised, immortalised, luciferase and telomerase expressing,
human mesenchymal stromal cell line (hMSC) [52-55] cultured in min-
imal essential medium (MEM) (cat.nr. 31095, Gibco) containing 10%
foetal bovine serum and 1% penicillin-streptomycin. The expression of
luciferase allowed for continuously monitoring the presence and loca-
tion of hMSCs using bioluminescence imaging. Cells were incubated in
5% CO, incubators at 37 °C and 95% humidity. The cells were seeded on
the sterile STCP scaffolds placed in low adhesion 24 well plates (Nunclon
Sphera, ThermoFisher) by adding 100 pl medium containing the cells to
the top surface of the scaffold. The scaffolds were then left to settle in
the incubator for 1.5 h followed by the addition of 1 ml medium with
or without growth factor (GF); 100 ng/ml BMP2 (PeproTech). Scaffolds
without cells were treated similarly with culture medium only. The scaf-
folds and cells (passage 47) were then incubated for 24 h prior to sub-
cutaneous implantation (Supplementary Fig. S1B) in five experimental
units (n = 5); female CIEA NOG mice, 2 months old (Taconic). After re-
ceiving the mice, they were allowed to acclimatize for two weeks before
the experimental period. To mimic different TE strategies, we tested four
different experiment conditions; without hMSCs (no cells), 7.5 x 10°
cells/scaffold + 24 h BMP2 preconditioning (MSC; 5+GF), 1.5 x 10°
cells/scaffold (MSC; 5) and 7.5 x 10° cells/scaffold (MSC; 5). Scaffolds
were randomly assigned to the experimental groups. Each mouse re-
ceived all four conditions by implantation in four subcutaneous pockets
in the dorsal region [56]. All mice were kept in the same cage and fed
ad libitum. Sixteen weeks after implantation the mice were euthanized
by cervical dislocation and the scaffolds were removed, fixed in 10%
neutral buffered formalin (4% formaldehyde) for one day at room tem-
perature and stored in phosphate buffered saline at 4 °C until further
use.

In vivo bioluminescence

Survival and localization of hMSC in scaffolds were evaluated us-
ing bioluminescence imaging of the mice with an IVIS spectrum system
(Perkin Elmer). Cell mediated D-luciferin bioluminescence imaging was
conducted two days after transplantation of scaffolds and regularly for
the duration of the experiment. The mice received 0.1 ml pr. 10 mg body
weight D-Luciferin solution (15 mg/ml in PBS) through intra-peritoneal
injection 10-15 min prior to imaging. The mice were anesthetized with
isoflurane during imaging. Bioluminescence measurements were con-
ducted after Raman measurements to ensure that the presence of D-
luciferin would not produce interfering spectral signals.

Micro-computed tomography (uCT)

All scaffolds were scanned prior to cell seeding and after termina-
tion and removal from the animals with a high-resolution pCT system
(vivaCT40; Scanco Medical) resulting in three-dimensional reconstruc-
tions with cubic voxel sizes of 10.5 x 10.5 x 10.5 pm3.

Raman spectroscopy instrumentation

The fibre-optic Raman system (Fig. 1a) used for in vivo transcuta-
neous monitoring of TE scaffolds consists of a near-infrared (NIR) mul-
timode diode laser emitting at a wavelength of 785 nm (B&W TEK Inc.).
This wavelength, has previously been reported to lie in the optimal
range for low light extinction in tissue [57-59]. The laser was fibre-
coupled into the excitation terminal of a flat faced tip Raman filtered
fibre-optic probe (EmVision LLC). The probe consists of eight 300 pm
core, low OH 0.22 NA optical fibres, a single excitation fibre centred in
a ring of 7 collection fibres. The probe tip contains a doughnut shaped
long pass filter for suppression of Rayleigh scattered light and a circu-
lar laser band pass filter for the removal of unwanted spectral emissions
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Fig. 1. Schematic of the Raman spectroscopy system, multivariate spectral unmixing and analysis for in vivo biomolecular monitoring of TE scaffolds. (a) Fibre-optic
Raman spectroscopy allows for facile, non-invasive and label-free assessment of subcutaneously implanted scaffolds in live mice. Inelastic scattered laser light is
collected by the spectrometer producing a molecular fingerprint of specimens within the sampling volume (overlap region of green and red cones). Performing
spectral unmixing on the combined data matrix of pure reference (b) and in vivo spectra (a) allows for isolating spectral observations related to scaffold material,

skin and developing tissue for all timepoints (c).

from the laser and fibres. The probe tip is terminated by a glass window.
Furthermore in-line laser band pass and long pass filters (Semrock) were
utilized between laser to probe and probe to spectrometer. Raman scat-
tered light collected from the probe were directed to the 0.3 NA, trans-
mission grating based Eagle Raman-S spectrometer (20 pum slit) (Ibsen
Photonics) integrated with an iVAC 316, Peltier cooled (—65 °C), back-
illuminated, deep depletion charge coupled device (CCD) (Andor, Ox-
ford Instruments) with a spectral resolution of ~3.5 cm~! (determined
as full width at half maximum of mercury argon emission lines). The
spectrograph wavelength axis was calibrated using the mercury argon
lamp and regularly checked using a polystyrene sample. The combina-
tion of NIR laser wavelength and Raman volume probe was chosen to
ensure a sampling depth in the millimetre range [60].

Raman data collection

Transcutaneous Raman spectra of scaffolds representing different TE
strategies were acquired two days after implantation and regularly dur-
ing the 16-week period. Each spectrum was measured with an acquisi-
tion time of 10-20 s using 6 or 3 accumulations respectively with 20 mW
at the sample. Measurements were collected in a blinded manner. The
distance between probe tip and mouse skin was kept at 3 mm using a
spacer giving an approximate laser spot diameter of 4.5 mm covering
a substantial portion of the scaffolds, while resulting in a laser inten-
sity at the skin lower than the maximum permissible value for human
exposure to artificial optical radiation in EU [61]. In addition, we have
previously shown that contributions from surface Raman and autoflu-
orescence signals to the overall spectrum can be mildly suppressed by
increasing the distance from the probe to the sample [62]. The probe
was positioned approximately above the centre of the disc shaped scaf-
folds. The outline of the implants was clearly visible as the skin formed

a close fit around the underlying scaffolds. Before measurements, the
mice were anesthetized with 3.5% isoflurane in pure oxygen and the
fur was removed locally at the position of the underlying scaffold. Dur-
ing measurements, the mice continuously received isoflurane (2% in
pure oxygen). The dark chamber of the IVIS system with built in isoflu-
rane outlets was used for all Raman measurements. A graphical user
interface (GUI) was developed to interface with the spectrometer CCD
and enable data collection using MATLAB (Mathworks Inc.) program-
ming environment and a software development kit (Andor, Oxford In-
struments). Reference spectra of fixed, ex vivo scaffolds, and tissue were
obtained at four locations on each scaffold with the Raman fibre-optic
probe in close proximity (<1 mm) from the surface using 50 mW laser
power and 3-4 s acquisition time. Fifteen skin Raman reference spectra
were collected from the 5 euthanized mice by removing the skin at the
location of scaffolds and placing it on aluminium substrates. The Raman
probe was positioned in close proximity to the sample and spectra were
collected using 20 mW laser power, 10 s acquisition time and 6 accumu-
lations. Reference spectra of medical grade fSTCP powder (Particle3D),
printed STCP scaffolds and laboratory grade collagen (CAS: 9007-34-5,
Sigma-Aldrich) were collected using 50 mW laser power, 10 s with 3 ac-
cumulations, 10 s with 1 accumulation and 5 s with 20 accumulations,
respectively.

Spectral data processing and analysis

All data analysis was performed in locally written algorithms in
MATLAB environment. To remove tissue autofluorescence, spectra were
subject to baseline subtraction using a Whittaker filter with an asymmet-
ric least squares algorithm [63-65]. This was followed by cosmic ray
removal [66], smoothing using a 2nd order, 5 point window Savitzky-
Golay filter to reduce random spectral variations related to noise, and
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Table 1
Band assignments for Raman spectra.
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1

Raman shift/cm~ Band assignment

850-880 Tyrosine, proline, hydroxyproline [17,24,72], and C-O-O mode of lipids [73]
950, 972, 1000-1110 PO43’ stretch modes [74]

1005 Ring breathing mode of phenylalanine [75]

1220-1350 cm™! Protein Amide III [72]

1304 Lipid CH, twist [73]

1445 Protein and lipids CH, deformation [72,73]

1590-1700 Protein Amide I [72]

1658 C = C stretch mode of lipids [73]

2750-3050

Lipid and protein C-H, CH, and CHj stretch vibrations [17,73]

relative intensity correction using NIST SRM 2241 (National Institute of
Standards and Technology) [67]. To account for day-to-day instrument
variations all spectra were normalized to the intensity (area) of the in-
ternal Raman band at 407 cm~! of the probe. This approach ensured
that fluctuations in delivered laser power from equipment and bending
of optical fibres did not influence the measurements [68,69] while al-
lowing for the absolute intensities of spectral features to be used as input
to multivariate data analyses. In vivo and ex vivo scaffold spectra were
subject to spectral interference subtraction to further remove fluores-
cent spectral contributions (Supplementary Fig. S4B) originating from
metal impurities in the calcium phosphate mineral structure [70]. This
was accomplished by estimating the fluorescent spectral contribution
in the range (1100-2040 cm~!) using multivariate statistical modelling
[33] on all scaffold spectral observations including STCP powder and
3D printed implant references (Supplementary Fig. S5).

Following pre-processing, spectral models were developed using the
MATLAB statistics toolbox function non-negative matrix factorization
(NNMF) [71] (Fig. 1c) with in vivo spectra (Fig. 1a), ex vivo, and refer-
ence spectra (Fig. 1b) as input. The method assumes every biochemically
complex spectral observation can be described by a linear combination
of pure component spectra [65] related to e.g. STCP, skin, bone and con-
nective tissue. The factorization produces non-negative model spectra
along with their relative contributions to the observations as scores. Ra-
man bands characterising the spectral observations in the present work
are summarised in Table 1.

Histology and immunohistochemical analysis

Upon completing Raman and uCT measurements, the fixed scaffolds
were decalcified in formic acid (4 M) for 3 days and subsequently de-
hydrated in standard increasing concentrations of ethanol, ending in
xylene before paraffin embedding. Sections were stained with Hema-
toxylin and Eosin (H&E), stained against human vimentin for visualisa-
tion of hMSC mediated tissue using anti-vimentin antibody (purchased
from Abcam) or stained with Pico Sirius Red (PSR) for visualisation of
collagen content. Histological sections (4 um) were cut at an approxi-
mate depth of 200 um from the top of the scaffold and imaged through a
10X microscope objective using an automated conventional brightfield
microscope (Leica DM4500B, Leica Microsystems) and Surveyor soft-
ware (Objective Imaging). Images were recorded and stitched together
to produce micrographs of entire implant sections. Quantification of col-
lagen content in PSR images was performed using the ImageJ software
package. All images were converted to an RGB stack and presented in
grey scale with intensity values from 0 to 255. The green channel was
used for thresholding with upper and lower threshold set to 95 and 19
respectively. The total collagen positive area was then measured and
divided by the total length of the scaffold cavity perimeters produc-
ing an area-to-perimeter ratio. The outer edges of the scaffolds were
not included in this analysis. The lengths of the cavity perimeters were
estimated manually using the freehand selection tool in imageJ (Sup-
plementary Fig. S7). Tissue processing, microscopy and image analysis
were performed blinded until completion.

Statistical analysis

One and two-way analysis of variance with post hoc multiple com-
parisons using the Dunn-Sidak approach were used when comparing
more than two experimental groups of five biological replicates (n = 5)
to test for group effects, time effects and interactions. Wilcoxon Rank
Sum test was used for comparison of two experimental conditions. Sig-
nificance levels are indicated as * p<0.05; **p<0.01; ***p<0.001. Time
resolved data are presented as the median with error bars indicating
0.25 and 0.75 quantiles. Variable correlations were assessed using Pear-
son’s correlation coefficient (r). All statistical analyses were performed
using MATLAB programming environment. A single spectral datapoint
belonging to the group of scaffolds without hMSCs (no cells) at day 0
was excluded from any analysis due to a small saturation of the CCD in
the spectral range 950-970 cm~!. The total in vivo spectral dataset thus
includes 179 spectra acquired at 9 timepoints, from five mice each with
four implanted scaffolds.

Results
In vivo biomolecular monitoring of tissue development in scaffolds

Bioluminescence imaging showed a stable culture of hMSCs through-
out the duration of the experiment located at the position of scaffolds
that were initially seeded with cells (Supplementary Fig. S2). The aver-
age Raman spectrum =+ 1 standard deviation following pre-processing of
all 179 in vivo observations of subcutaneous scaffolds (Fig. 2a) is domi-
nated by the spectral features related to STCP and mouse skin as seen by
comparison with reference spectra (Fig. 2b). The most prominent peaks
at 950 cm~! and 972 cm™! belong to the fSTCP PO,3~ stretch vibration.
Typical Raman protein and lipid bands are visible in the fingerprint
and high wavenumber (HW) region (800-1750 cm™! and 2750-3050
cm™! respectively). The 1005 cm™! ring breathing mode of phenylala-
nine overlaps with the weaker PO43’ stretch modes of fTCP (1000-
1110 ecm™1). The Amide III band (1220-1350 cm~1), 1445 cm~! CH,
deformation, and Amide I band (1590-1700 cm™!) of protein is super-
imposed with the CH, twist at 1304 cm~!, 1445 cm~! CH,, deformation,
and 1658 cm~1C=C stretch mode of lipids. The band in the HW region
is assigned to lipid and protein C-H, CH, and CHj stretch vibrations
where the 2850 cm~! and 2888 cm~! peaks (CH, stretch) gains a high
contribution from the presence of lipids.

Spectral unmixing and quantitative analysis

The probe position with respect to the underlying skin and scaffold,
remaining mouse fur, biological variation, as well as respiratory move-
ment during measurements, are all sources of variation that can masque
any time correlated and engineering strategy dependent spectral vari-
ation related to tissue development. To accommodate this and extract
the spectral information related to tissue formation, we performed fac-
tor analysis following pre-processing (see “Methods” for more detail)
on a spectral dataset including in vivo spectra, references acquired from
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Fig. 2. In vivo Raman spectral observations and reference spectra. (a) Average (solid line) + standard deviation (shaded region) of all in vivo transcutaneous Raman
observations after preprocessing. Spectra were collected at the location of implanted scaffolds using the fibre-optic volume probe. Mice were shaved prior to spectral
acquisition. Prominent peaks are related to f tricalcium phosphate (fTCP), protein and lipid vibrational modes. (b) Reference spectra of #TCP scaffold collected prior
to cell seeding and implantation along with mouse skin reference. The silent spectral region (1750-2750 cm™!) is excluded from the plots as it contains no relevant

biochemical information for this application.

pure scaffolds, excised mouse skin, and spectra of scaffolds excised af-
ter sacrificing the mice. The factor analysis was performed using the
non-negative matrix factorization (NNMF) algorithm available in the
MATLAB software package. The algorithm creates a lower rank esti-
mate of the original data matrix resulting in pure spectra representing
different biochemical components and their contribution to the orig-
inal spectral observations given as scores. This enabled time-resolved
visualisation of the multivariate spectral contributions from tissue and
quantitative statistical comparison between timepoints and TE strate-
gies (Fig. 3). A four-component model produced biochemically mean-
ingful component spectra corresponding to fTCP, mouse skin, collagen-
rich and lipid-rich proteinaceous tissue (component 1-4 respectively,
Fig. 3a). Components 1 and 2 have correlation coefficients 0.99 and
0.97 with the respective references. Component 3 is highly similar (cor-
relation coefficient 0.96) to the spectrum of a laboratory grade collagen
reference which was not included as input to the NNMF algorithm. Com-
ponent 4 exhibits slightly imperfect separation of spectral signatures a
seen from the 950-972 cm~! contribution from STCP, however exhibits
features related to lipids by correlation with previously published work
(Table 1). The contribution from each model component to the individ-
ual in vivo spectral observations can be assessed through the component
scores (Fig. 3b). Spectral components that are related to tissue forma-
tion may exhibit a relative change in scores over time as the content
of tissue changes. In contrast, components unrelated to tissue forma-
tion would exhibit random variations with time. Indeed, both the STCP
and skin component scores exhibit little or no time-related change how-
ever, both the collagen and lipid rich components show time-correlated
tendencies (Fig. 3b). In addition, component 3 and 4 scores show a de-
pendency on engineering strategy. Scaffolds without hMSCs show an
overall decrease in relative expression of collagen over time in contrast
to scaffolds with hMSCs showing an overall increase. Scaffolds with-
out hMSCs develop bone when they are placed in bone defects where
native MSCs are abundant, but these are absent in the ectopic implan-
tation site used here which may explain why these implants fail to form
collagen rich bone tissue. Differences between initially acellular and cel-
lular scaffolds are also apparent for scores of the lipid rich tissue compo-
nent, possibly due to the subcutaneous fat layer growing into the empty
scaffolds. Scaffolds with hMSCs follow similar mild increase in scores
over time whereas scaffolds without shows a more rapid increase in the
score values. A two-way ANOVA on the scores for timepoints 0 and 16
weeks across all groups revealed a statistically significant interaction be-
tween time and engineering strategy for component 3 and 4 (p<0.006
and p<0.001 respectively) while no statistical significance were found

for component scores 1 and 2 on either interaction or across factors
levels.

Following the significant interaction for scores of components 3 and
4 across time and experimental condition, we investigated the differ-
ences within each group or timepoint, since no superposition of factors
can be justified. A one-way ANOVA on scores of component 3 across
scaffold groups at the 16 weeks timepoint followed by post hoc multiple
comparison (Dunn-Sidak approach) revealed a statistically significant
difference between scaffolds containing hMSCs and scaffolds without
(Fig. 3c). In scaffolds with hMSCs the amount of collagen-rich tissue was
3 to 5 times higher than scaffolds without. A significant difference be-
tween cellular and initially acellular scaffolds was also observed for the
scores of component 4 at 16 weeks (Fig. 3c). Here the amount of lipid-
rich tissue was estimated to be ~2.5 times higher in scaffolds without
hMSCs. Focusing on timepoints 0 and 16 weeks, scaffolds seeded with a
high number of cells (7.5 x 10°) had a statistically significant increase in
collagen-like content from O to 16 weeks as revealed by Wilcoxon Rank
Sum test. All the groups showed a statistically significant increase in
lipid rich tissue from 0 to 16 weeks while scaffolds without cells showed
the largest difference. The highest average expression of collagen-rich
extracellular matrix was observed after 16 weeks of implantation in scaf-
folds seeded with hMSCs preconditioned with BMP2 although not statis-
tically significantly different from the other scaffold groups seeded with
cells.

Histology and micro computed tomography of ectopic bone

To confirm the spectral observations, we conducted uCT and histol-
ogy of explanted scaffolds. The histological analysis shows the presence
of ectopic bone in all scaffolds that initially received hMSCs as indicated
by the osteocytes (purple spots) enclosed in dense extracellular matrix
(red colour from H&E stain, Fig. 4a and Supplementary Fig. S3). Stain-
ing against human vimentin (Fig. 4a, hVim, brown colour) confirmed
that the ectopic bone originates from the hMSCs and is not formed by
cells from the host. Both hMSCs and bone embedded individual osteo-
cytes show a positive expression of hVim. In contrast, scaffolds without
hMSCs (no cells) show the presence of hVim negative adipocytes in the
scaffold cavities (Fig. 4a, H&E, hVim, and Supplementary Fig. S3). These
results are in excellent agreement with the Raman spectroscopic anal-
ysis which indicated a high content of a lipid rich tissue type for this
group and a collagen rich tissue type for scaffolds seeded with hMSCs.

In addition, the presence of calcified tissue in scaffolds initially
seeded with stem cells was confirmed by the pCT images, showing in-
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Fig. 3. Non-negative matrix factorization analysis of in vivo spectral observations. (a) Model spectra developed on Raman dataset including in vivo observations, f
tricalcium phosphate (fTCP) powder, preimplantation STCP scaffolds, ex vivo STCP scaffolds and mouse skin references. The silent region (1750-2750 c¢cm™!) has
been excluded from the plot as it contains no relevant spectral information for this application. Model spectra (component 1-3) correlate well with pure references
showing ATCP, mouse skin and collagen respectively. Component 4 was identified as a proteinaceous, lipid rich tissue component through spectral assignments
(black arrows) with a fTCP feature around 950-972 cm™! related to imperfect spectral model separation. (b) Scores as function of time of in vivo observations for
each component in (a) according to spectral similarity. Plots show median (datapoint) along with 0.25 and 0.75 quantiles (error bars) for each experimental group
with five biological replicates (n = 5). Groups represent subcutaneous implants without mesenchymal stem cells (M), seeded with mesenchymal stem cells (MSC);
1.5 x 10° and 7.5 x 10° pr. implant (%, ®) and 7.5 x 10° MSCs pr. implant preconditioned for 24 h with growth factor (GF) bone morphogenic protein 2 prior to
implantation (V). Lines are included as approximate guides connecting the datapoints. (c), Statistical analyses of component 3 and 4 scores for timepoints 0 and 16
weeks, average score (bar graphs) are shown along with data points. One-way analysis of variance with post hoc multiple comparison (Dunn-Sidak approach) was
used for comparing more than two groups at the 16 weeks timepoint. Wilcoxon Rank Sum test was used for comparison of scores at timepoints 0 and 16. *p<0.05,
“p<0.01, ***p<0.001.
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Fig. 4. Histology and immunohistochemical analysis of explanted scaffolds. (a) Representative micrographs of histological sections showing Hematoxylin/Eosin
(H&E), human vimentin (hVim) and Pico Sirius Red (PSR) stains after 16 weeks subcutaneous implantation in mice. H&E and hVim images are shown at approximately
identical locations on the samples. PSR images represent entire scaffolds by stitched together micrographs. (b), Quantitative analysis of collagen content from Raman
spectroscopy (NNMF Component 3) and PSR images after 16 weeks of implantation. Collagen (Coll.) content from PSR histology is represented by a ratio of total
PSR positive area divided by total scaffold cavity perimeter (Area-to-perimeter ratio). Histology derived measures of collagen content correlate well with both ex
vivo and in vivo Raman derived collagen estimates. Pearson’s correlation coefficient (r). Scales bars: 200 pm (H&E, hVim micrographs) and 1 mm (PSR micrographs).
Groups: scaffolds without (No cells @) human mesenchymal stem cells (hMSCs), with hMSCs (MSC, 5 %, MSC, 5 ®, MSC, 5+GF V) amount indicated by subscript
(e.g. 7.5 = 7.5 x 10° cells per scaffold). hMSCs preconditioned with BMP2 growth factor for 24 h prior to implantation (+GF).

growth of bone into the scaffold cavities (Fig. 5). Next, we asked whether
a semi-quantitative histomorphometric analysis based on the well know
collagen specific Pico Sirius Red (PSR) stain would support the Raman
spectral quantifications of scaffold collagen content observed in vivo and
ex vivo after 16 weeks of implantation. The collagen content from PSR
was determined by intensity thresholding micrographs of entire PSR
stained scaffolds (Fig. 4a, PSR and Supplementary Fig. S6). The total
PSR positive area (um?) was then measured and normalized to the to-

tal perimeter (um) of cavities for each scaffold (Supplementary Fig. S7).
These area-to-perimeter ratios (um) were then plotted against the indi-
vidual ex vivo and in vivo Component 3 scores representing the Raman
spectroscopy derived collagen content (Fig. 4b). A significant correla-
tion between histology and Raman-based estimates was found for both
ex vivo (r = 0.93, p<0.0001) and in vivo (r = 0.74, p<0.001) spectral ob-
servations after 16 weeks of implantation. The lower correlation coeffi-
cient related to the in vivo, 16 weeks spectral observations compared to
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Fig. 5. Micro-computed tomography of scaffolds before and after implantation. Representative images of pCT reconstructions of four different scaffolds before and
after 16 weeks subcutaneous implantation in mice. Scaffolds were seeded with (MSC) and without (No cells) human mesenchymal stem cells with amount indicated
by subscript (e.g. 7.5 = 7.5 x 10° cells per scaffold). hMSCs preconditioned with BMP2 growth factor for 24 h prior to implantation (+GF). Arrows exemplifies areas

with ingrowth of calcified tissue. Scalebars: 1 mm.

ex vivo observations is attributed to the more complicated conditions as-
sociated with live animal measurements such as overlying tissue and res-
piratory movement. On average the collagen content as determined by
PSR staining showed the highest amount for scaffolds seeded with BMP2
preconditioned hMSCs (hMSC; 5+GF) with a Coll. Area-to-perimeter ra-
tio of 86 um. The amount was slightly lower (not significant) for scaf-
folds from the hMSC, 5 and hMSC; 5 groups with 81 um and 76 um re-
spectively while the lowest amount was observed for the acellular scaf-
folds (8 um). All groups of scaffolds seeded with hMSCs showed a sig-
nificantly higher amount of collagen compared to the initially acellular
scaffolds (Fig 4b, one-way ANOVA p<0.0001, Dunn-Sidak p<0.001) re-
flecting the in vivo Raman analysis 16 weeks after implantation (Fig. 3c,
Component 3 scores).

Discussion

The ability to follow tissue development in scaffolds in vivo using
Raman spectroscopy was demonstrated and explored using a set of ex-
perimental conditions mimicking different TE strategies. Customized 3D
printed STCP scaffolds [51,76] (Supplementary Fig. S1) were seeded
with or without human luciferase and telomerase expressing mesenchy-
mal stem cells (hMSC) [52,54,55]. Four different experimental condi-
tions (TE strategies) were investigated in five immunodeficient mice for
16 weeks. Each mouse received one of each condition by implantation
in subcutaneous pockets at the dorsal region (total of four implants per
mouse). The conditions include scaffolds without cells (no cells), with
low amount of cells (MSC; 5), high amount of cells (MSC, 5) and scaf-
folds receiving a high amount of cells preconditioned with bone mor-
phogenic protein 2 (BMP2) prior to scaffold seeding (MSC, 5+GF) (see
methods). While mesenchymal stem cells have been extensively inves-
tigated in the context of skeletal regeneration [77], recombinant BMP2
has been shown to enhance bone formation in vivo [78], increase os-
teogenic differentiation capacity of MSCs under both short [79] and
continuous [80] exposure. Together these strategies reflected a set of
initial conditions for testing the spectroscopic monitoring system.

We then developed a comprehensive spectroscopic system and exper-
imental workflow for the in vivo biomolecular assessment of TE scaffolds.
This included the well-established subcutaneous implantation model
[47], data acquisition, multivariate spectral unmixing and quantitative
analyses (Fig. 1). The fibre-optic approach enabled facile acquisition of
Raman spectra compatible with existing dark chambers designed for bi-
oluminescence imaging of live animals. The results demonstrated that

fibre-optic Raman spectroscopy not only can be used to monitor and
quantify time dependant tissue formation in subcutaneous TE scaffolds
in vivo but also provides information about tissue type related to dif-
ferent physiological conditions. The spectral analysis performed in this
work, did not include any spectral references for modelling the develop-
ing tissue. Instead, the tissue components were extracted in an unbiased
manner and identified based on their spectral features. As collagen is the
main organic constituent of bone [81], the increase in a collagen-rich
tissue type derived from the spectral data strongly suggested the devel-
opment of ectopic bone in scaffolds initially seeded with hMSCs. This
tendency became apparent 4 weeks after implantation which may be
related to differentiation of hMSCs into mature osteoblasts [82]. How-
ever, we did not observe the typical 960 cm~! phosphate Raman band
related to hydroxyapatite (HAp) [24], the main inorganic component of
bone [81]. This is likely due to the overlapping strong phosphate bands
of ATCP completely masking the weaker signal from the relatively low
concentrations of HAp. Nevertheless, the presence of stem cell mediated
bone was confirmed by histological analysis and pCT scans. It is interest-
ing to notice that the proteinaceous collagen-like content (component 3
of the spectral unmixing) showed a similar time dependency for all engi-
neering strategies during the first two to three weeks after implantation
(Fig. 3b). We speculate this is due to a foreign-body response [83,84]
resulting in an initial increase of protein in the subcutaneous pockets.

It should be noted, that despite STCP being a bioresorbable synthetic
bone substitute [5] the spectral analysis suggests no time-dependant
degradation (Component 1, Fig. 3b). This is attributed to a lack of cell
mediated degradation from osteoclasts in the immunodeficient mice.

Raman spectroscopy has previously been utilized for quantitative
monitoring of tissue components in TE constructs in vitro using biochem-
ical assays and linear regression [33]. This work expands the concept to
in vivo live animal research and demonstrates the technique’s ability
to bridge to well-known methods such as histology. While the spectro-
scopic method presented here has the advantage of being non-invasive
and non-destructive, the associated spectral data analysis provides only
the concentration of biochemical components in arbitrary units. Thus,
a validation of the spectral models and quantification using reference
methods is needed. It should be noted that once the model is devel-
oped and validated it can be readily applied in future experiments for
time-dependant monitoring of tissue formation. A major advantage for
Raman spectroscopy as shown here is the ability to perform repeated
measurements on the same animal allowing for a reduction of the num-
ber of experimental units needed in longitudinal studies.
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Conclusion

Here, we demonstrate the use of a simple Raman spectroscopy sys-
tem based on fibre optics for in vivo label-free, non-invasive monitoring
of tissue formation in tissue engineering scaffolds. Using multivariate
analysis, we show that bone scaffolds seeded with and without hMSCs
implanted for 16 weeks in subcutaneous pockets in mice produced dif-
ferent spectral signatures related to different types of developing tis-
sue. Scaffolds seeded with hMSCs prior to implantation were associ-
ated with collagen-rich tissue whereas a lipid rich tissue type formed
within scaffolds without stem cells. These observations were supported
by ex vivo uCT scans and histology revealing stem cell mediated bone
development in cell seeded scaffolds and adipocytes in scaffolds with-
out. The multivariate spectral analysis produced relative quantifications
of the tissue content revealing the time-dependency of each biochemical
component and statistically significant differences between experimen-
tal groups mimicking different tissue engineering strategies. In addition,
the Raman derived measures of collagen content correlated well with
histological measures. Together this emphasizes Raman spectroscopy
as a promising in vivo monitoring modality for assessing and compar-
ing tissue engineering strategies at the biochemical level. We believe
the methodology can be further developed and tailored for a number of
small animal subcutaneous implant models to study for example ectopic
bone formation, tissue regeneration, and scaffold resorption dynamics.
Furthermore, the ability to perform repeated measurements on the same
animal, helps reduce the number of experimental units needed for lon-
gitudinal studies.
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