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Scaffold-based bone tissue engineering often involves the use of

human mesenchymal stem cells (hMSCs) that are seeded into three-

dimensional (3D) scaffolds and induced to generate new bone by

osteoinductive cues. In order to obtain an efficacious reconstruction

of bone tissue, hMSCs must grow and differentiate in osteogenic

conditions on biomaterial scaffolds to be subsequently implanted in

vivo. Traditional evaluation of the osteogenic differentiation of hMSCs

on scaffolds depends on time-consuming and cell-destroying end-

point assays. This work explores the use of Raman spectroscopy as

a non-invasive and real-time imaging method for continuous moni-

toring of the osteogenic differentiation of hMSCs on a poly-

caprolactone scaffold. In a period of 28 days, Raman spectroscopic

imaging with a single cell resolution provided fingerprint chemical

information and structural information on the differentiating hMSCs.

Delayed mineralization was observed for hMSC osteogenic differen-

tiation on PCL scaffolds in comparison to that on tissue culture plates.
Introduction

In the past decades, bone tissue-engineering with the goal of
regenerating the bone tissue on a porous permanent or
temporary scaffold has been developed to represent a cost-
effective and patient-friendly approach.1,2 As bone is the
second most transplanted tissue in the world, it has been re-
ported that over twomillion replacement procedures are carried
out annually globally.3 The successful bone tissue engineering
processes in the clinic always involve loading, culturing and
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osteogenic induction of human mesenchymal stem cells
(hMSCs) on biocompatible scaffolds in vitro and subsequent
implantation in vivo. The ideal scaffold should allow the
regeneration of bones that can withstand stress or forces
without breaking, which requires the successful adhesion and
subsequent induction of the osteogenic differentiation of
hMSCs on the scaffold before transplantation.4–6

The traditional approaches for monitoring the osteogenic
differentiation of MSCs on scaffold include quantitative alka-
line phosphatase (ALP) activity measurement, gene expression
of osteogenic markers like ALP, type 1 collagen, osteocalcin and
osteopontin, histological (e.g. von Kossa and Alizarin red
staining) and immunochemical staining of osteogenic
markers.7 Most of these methods are poorly quantied by pixel
measurements and supply limited distinguishable information
of the volume, mechanical properties and chemical composi-
tion of newly formed bone deposition.8 More importantly, they
are invasive that disable the following usage of bone scaffolds
for transplantation. While the primary method for assessing
fracture healing (i.e. computed tomography) could allow better
assessment of the efficacy and performance of gras, they are
lack of resolution for distinguishing the subtle structures and
information of chemical composition during the bone healing.9

Fluorescence based nanosensors were developed to monitor the
osteogenesis of hMSCs.10,11 However, the inuences on cellular
viability and bone functionality generated from the uorescent
dye are still not well understood. Therefore, it is highly desired
to have a label-free imaging methodology which can non-
invasively detect the osteogenic differentiation of MSCs, visu-
alize the ne structure of mineralized nodules, and acquire the
chemical information during the osteogenic differentiation on
the scaffolds.

Raman imaging is an attractive analytical tool because of its
high specicity (nger-print chemical information), low sensi-
tivity to water (advantageous to biological samples), and
minimal sample preparation (label-free).12 It has been used in
non-invasive identication of the osteogenic differentiation of
hMSCs13–17 and mapping of bone tissue sections previously.18 In
RSC Adv., 2016, 6, 61771–61776 | 61771
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situ Raman spectrum was acquired and analyzed during the
osteogenic differentiation of stem cells on cover slides or
Raman substrates. The development of hydroxyapatite was
revealed to be associated with the differentiation of hMSCs
into osteoblasts.13–18 By analyzing the mineralized nodules
formed in vitro, Raman spectroscopy can further reveal cell-
source-dependent differences in multiple bone-like mineral
environments.19 However, all of these works were performed
in 2D tissue culture plates or glass slides, where
hMSCs behave differently from polymeric scaffolds.20

Thus the previous observation might not be helpful in
identifying the suitable time for transplanting the engi-
neered scaffold.

In this report, we explore the usage of Raman imaging to
monitor the osteogenic differentiation of MSCs on the poly-
meric scaffold for the rst time. Specically, hMSCs were
seeded on polycaprolactone (PCL) lm scaffold, and their
osteogenic differentiation were monitored by Raman imaging
for 28 days. Delayed mineralization was observed for hMSCs
osteogenic differentiation on PCL scaffolds in comparison to
that on tissue culture plates. Based on chemical and structural
information provided by Raman imaging, two stages of miner-
alization on PCL scaffolds were found aer 3 and 4 weeks post
osteogenic induction respectively.
Fig. 1 Raman spectrum of hMSCs before and after osteogenic induction
osteogenic induction for 21 days on tissue culture plates. (C) The Ram
numbered spectra were acquired from the areas indicated by yellow cro

61772 | RSC Adv., 2016, 6, 61771–61776
Results and discussions

The Raman spectrum of hMSCs before and aer osteogenic
induction for 21 days on tissue culture plates were rst
acquired. Undifferentiated hMSCs exhibited a spindle shape
(Fig. 1A). Their Raman spectrum of nucleus (1 in Fig. 1C) and
cytoplasm regions (2 and 3 in Fig. 1C) were marked by major
cellular components features including protein (skeletal C–C
vibrations at 936 cm�1, amide I band at 1660 cm�1 and amide
III vibrations at 1250 cm�1) and carbohydrates (C–H deforma-
tion at 1450 cm�1).13,19 Aer induction of osteogenic differen-
tiation for 21 days, hMSCs differentiated and mineralized that
exhibited morphology change (from spindle shaped into
cuboidal shaped, Fig. 1B) with hydroxyapatite deposition on top
of and around the cells. Hydroxyapatite Ca10(PO4)6(OH)2 is the
mineral component of bone and is usually deposited on an
extracellular matrix during the osteogenic differentiation of
hMSCs. The specic Raman peak near 953 cm�1 indicated the
PO4

�3 n1 symmetric stretch from the hydroxyapatite (1 and 3 in
Fig. 1D), while similar Raman spectrum to that of undifferen-
tiated hMSCs was obtained at the cellular region without
mineralization (2 in Fig. 1B and D). Therefore, the Raman
intensity near 950 cm�1 was assigned to identify the mineral-
ized nodules from undifferentiated cells.
. (A) Bright field image of undifferentiated hMSCs and (B) hMSCs after
an spectrum of undifferentiated and (D) differentiated hMSCs. The
ss in respective bright field images.

This journal is © The Royal Society of Chemistry 2016
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By line illumination and beam scanning the interest areas,
Raman imaging were performed for hMSCs before and aer
osteogenic differentiation on tissue culture plates. Integration
of the intensities at 950 cm�1 of each pixel generates the image
of mineralization while integration at 2900 cm�1 (C–H vibra-
tion) depicts the prole of cells. The mineralization was absent
for undifferentiated hMSCs as expected (Fig. 2A and C), where
only background signal was shown in the Raman mapping
image at 950 cm�1. Aer the osteogenic induction for 21 days,
clear mineralized nodules presented in the Raman mapping
image (Du ¼ 950 cm�1, Fig. 2B and D, S1 in ESI†). The distri-
bution of mineralized nodules was mainly associated with and
adjacent to the cells. The chemical information obtained from
the Raman spectrum during the scanning allowed multiple
components imaging simultaneously. For example, adipogenic
differentiation of hMSCs which do not directly contribute to
bone formation can be clearly identied by integration the
intensity at 2900 cm�1 generated from the abundant lipid
droplets in adipocytes that is much stronger than that from
other cellular components (Fig. S2 in ESI†).

Aer establishing the imaging method on tissue culture
plates, we next set to monitor the osteogenic differentiation of
hMSCs on cell loaded scaffolds. PCL has been widely used in
biodegradable scaffolds and drug containing implants for
tissue engineering and cancer therapy.21–24 For example, the
Osteopore products (PCL based scaffolds) has been obtained
FDA approval and a CE mark, and been implanted in more than
Fig. 2 Raman imaging for monitoring of the osteogenic differentiation o
integration the intensities at 950 and 2900 cm�1 of hMSCs before differe
at 950 and 2900 cm�1 of osteogenic induced hMSCs at day 21. Scale bar,
random selected points indicated by red cross in the bright field images

This journal is © The Royal Society of Chemistry 2016
1500 patients.6 In this work, a PCL lm scaffold fabricated by
cryomilling and subsequent heat pressing presented a smooth
and continuous surface (Fig. S3 in ESI†). The mechanical
properties were also obtained from a tensile test with 10.8 � 1.9
MPa of yield strength, 192.9 � 38.4 MPa of Young's modulus
and 5.7 � 0.8 MJ m�3 of toughness, which are in good agree-
ments with reported studies.22,24 The Raman spectroscopy of the
PCL scaffold was marked by nC]O stretching (1734 cm�1), nC–H
stretching (2900 cm�1) and other crystalline domains (800 to
1500 cm�1).25 Although the strong Raman peak of PCL at 2900
cm�1 might inuence the visualization of cells, the Raman peak
near 900 cm�1 (927 cm�1) coincidentally avoid overlapping with
the signal of phosphate at 950 cm�1 (Fig. S3 in ESI†). As a result,
the Raman peak at 950 cm�1 generated from the mineral
deposition during the osteogenic differentiation of hMSCs still
can be distinguished from the background signal of PCL scaf-
folds theoretically.

hMSCs were seeded on the PCL scaffolds and imaged at day
0. Then they were induced osteogenic differentiation and
cultured for 28 days. At predetermined time points, the hMSCs
loaded PCL scaffolds were scanned by Raman imaging for
evaluation of the osteogenic differentiation. Both images at 950
and 2900 cm�1 and the Raman spectrum random selected from
the bright eld images were presented (Fig. 3). Before differ-
entiation (i.e. day 0), there was no signal of mineralized nodules
showing in the Raman image (Fig. 3A). The Raman peak at 950
cm�1 was also absent for hMSCs on PCL scaffold cultured in
f hMSCs on tissue culture plates. (A) Bright field and Raman images by
ntiation. (B) Bright field and Raman images by integration the intensities
10 mm. Vertical bars indicate the Raman intensities. Raman spectrum of
for hMSCs (C) before and (D) after osteogenic differentiation.

RSC Adv., 2016, 6, 61771–61776 | 61773
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Fig. 3 Raman imaging formonitoring of the osteogenic differentiation of hMSCs on PCL scaffolds. (A) Bright field and Ramanmapping images by
integration the intensities at either 950 or 2900 cm�1 of hMSCs seeded on the PCL scaffolds before differentiation. (B) Bright field and Raman
mapping images by integration the intensities at either 950 or 2900 cm�1 of osteogenic induced hMSCs on the PCL scaffold at day 7, (C) day 14,
(D) day 21 and (E) day 28. Scale bar, 10 mm. Vertical bars indicate the Raman intensities. (F) and (G) Raman spectrum of random selected points
indicated by red cross in the bright field images.
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non-differentiation inducing medium (i.e. growth medium) for
28 days (Fig. S4 in ESI†). Clear mineralization started at day 21,
that was 3 weeks aer osteogenic induction. At this moment,
mineral nodules were random distributed on the scaffolds sug-
gesting themineralization stage of bone evolution (Fig. 3D).8 The
time point that mineralization happened on tissue culture plates
was reported around 1 to 2 weeks aer osteogenic induction.10

Our observation on PCL scaffolds suggested the differences of
mineralization of osteogenic induced hMSCs in different culture
environment. The delayed mineralization exhibited by hMSCs
on scaffolds might be caused by the differences between mate-
rials that resulting in different cell adhesion and proliferation. If
culture were kept for a longer period, the nucleation and rapid
growth of mineral nodules occurred. This was conrmed by the
Raman image at day 28 where signicant increase of mineral
nodules presented (Fig. 3E). The subtle structure of mineral
nodules exhibited disjointed ne plate-like networks of two
connecting bres randomly oriented, revealing the woven bone
was formed. This nding was supported by previous studies that
61774 | RSC Adv., 2016, 6, 61771–61776
the woven bone stage happened at 3 to 6 weeks.8 In terms of the
Raman mapping image at 2900 cm�1, the visualization of cell
prole was signicantly compromised by the background signal
of PCL scaffolds, only undifferentiated hMSCs spread on the
scaffolds was identied.
Conclusions

In summary, a non-invasive and label-free imaging method-
ology for evaluation the osteogenic differentiation of MSCs on
stem cell loaded polymeric scaffolds was developed. This
method was based on Raman imaging that can provide chem-
ical information and subtle structural information of differen-
tiated MSCs on the scaffolds before transplantation. As a proof
of concept, the evolution of osteogenic induced hMSCs on PCL
scaffolds were monitored for 28 days. This method holds great
promise in assessment osteogenic differentiation of hMSCs in
tissue-engineered bone scaffolds before transplantation non-
invasively.
This journal is © The Royal Society of Chemistry 2016
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Experimental
Cell culture and hMSC differentiation assay

hMSCs were purchased from Lonza (USA), and were harvested
from normal human bone marrow. All the experiments of
hMSCs culture and differentiation assay were performed
according to the protocol provided by the vendor.

hMSCs were cultured in hMSC growth medium (Lonza)
supplemented with 10% Fetal Bovine Serum (FBS, Gibco) and
1% penicillin–streptomycin (Gibco), at 37 �C with 5% CO2 and
90% humidity. hMSCs (passage 2) were seeded at a density of
6000 cells per cm2, fed with hMSC growth medium every 3 days,
and sub-cultured when they were approximately 90% conuent
(6 or 7 days). hMSCs in all assays were used by passage 5.

The osteogenic differentiation was induced by replacing the
growth medium with osteogenesis induction medium (Lonza).
Feed the induced hMSCs every 3–4 days. Adipogenic differen-
tiation was induced with 3 cycles of induction/maintenance. In
each cycle, hMSCs were fed with adipogenic induction medium
(Lonza) for 3 days and then replaced with adipogenic mainte-
nance medium (Lonza) for another 2 days. Aer 3 complete
cycles, hMSCs were cultured in adipogenic maintenance
medium for 7 days. The non-induced control group was fed with
hMSC growth medium on the same schedule.
Fabrication of PCL scaffolds

PCL (Osteopore International, Singapore) was used as received.
PCL lms were fabricated according to our previous
protocol.23,24 They were fabricated by a cryomilling (Retsch®,
Germany) and thermally pressed process. PCL powder were
loaded into the cryogenic vial. The cryomilling protocol was 6–8
min of pre-cooling in liquid nitrogen and 20 min of continuous
milling for one cycle. Then the formed PCL powders were
thermally pressed into lms of thickness approximately 30–60
mm. Briey, a known mass of PCL was placed between two
stainless steel sheets on the Carver system (Carver Inc, USA).
Temperature was elevated to 80 �C and pressure added for 30
min. The lm was then stored in a dry cabinet (Digi-Cabi AD-
100, Singapore) before use.
Cell seeding on PCL scaffolds

The pressed lm scaffolds were cut into round pieces (12 mm in
diameter) and then glued onto 12 mm coverslips. The whole
compartment were sterilized by immersing into 100% ethanol
for 24 hours. Aer washing with PBS for more than 3 times, the
scaffolds were placed into a 24 well plate with 0.5 mL cell
medium for 1 hour before seeding. All cells were seeded at the
density of 2 � 104 per well and incubated at 37 �C with 5% CO2.
High speed slit-scanning confocal Raman spectroscopy
measurements

Raman spectra and Raman mapping were obtained with the
sample mounted on the Ramantouch microspectrometer
(Nanophoton Inc, Osaka, Japan). A 532 nm laser was used as an
excitation laser. The excitation laser light was focused into a line
This journal is © The Royal Society of Chemistry 2016
on a sample through a cylindrical lens26 and an air objective
lens (LU Plan Fluor 100� NA 0.9). The back-scattered Raman
signal from the line illuminated site was collected with the
same objective lens, and a one-dimensional Raman image (1D
space and Raman spectra) was obtained with a two-dimensional
image sensor (Princeton Instrument, PIXIS 400 BR, �70 �C,
1340 � 400 pixels) at once. At a single acquisition, line-shaped
illumination is shone on the sample, where 400 Raman scat-
tering points are then collected simultaneously in the x-direc-
tion. Two-dimensional (2D) Raman spectral images were
obtained by scanning the line-shaped laser focus in a single
direction. The line illumination drastically reduces the acqui-
sition time for x–y axis Raman mapping to less than half an
hour for a 6400 mm2 area, as compared to the few hours required
when using conventional Raman system. The excitation laser
power was 0.09 mW on the sample plane. The exposure time for
each line and slit width of the spectrometer were 3 s and 50 mm
for 2D Raman imaging. The line scan mode with the resolution
of y direction around 300 nm was used for x–y imaging.

For single point spectra collection, at least three spectrum
was repeated for each sample. For the Raman imaging, the
spectra was extracted from the obtained Raman mapping
image. Each pixel corresponded to one spectra. The soware
will export the Raman spectra for selected pixels. The data
treatment of raw spectra was done by the soware provided by
Nanophoton.
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