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Figure 4. PDHC scaffold architecture and cell attachment: (a) PDHC scaffold architecture and (b) SEM imaging of GpNLuc-rMSCs

infiltration and attachment.

Eight weeks post-surgery, the newly formed bone (NFB)
within the scaffold were visualized by Van Gieson staining.
GpNLuc-rMSCs group showed considerable new bone fill-
ing within the pore of PDHC and osseointegration at the
NFB-material interface (Figure 6(c)). GpNLuc-rMSCs
exhibited the same new bone formation capability as con-
trol tMSCs (Figure 6(d)). Anti-eGFP immunohistochemi-
cal staining revealed the survival and extensive colonization
of GpNLuc-rMSCs in the NFB (Figure 7(a)). To further
confirm the survival of GpNLuc-rMSCs, we also extracted
GpNLuc-rMSCs-PDHC constructs from the calvaria for
explant culture, and measured the bioluminescent intensity
after furimazine incubation (Figure 7(b)—(d)). Since the
NFB within the scaffold may obstruct furimazine penetra-
tion, we also tried crushing the scaffold, incubated with
furimazine, and measured bioluminescent intensity again.
Surprisingly, the bioluminescent signal from crushed sam-
ples was much stronger than that from non-crushed sam-
ples, implying that effective substrate delivery may improve
in vivo BLI performance in bone tissue engineering. Taken

together, our data suggested that BRET-based GpNLuc
labeling is a reliable and convenient method for in vivo
non-invasive MSC tracking in calvaria CSD.

Discussion

To the best of our knowledge, the present study intro-
duced BRET-based cell tracking strategy to the field of
bone tissue engineering for the first time. We labeled
rMSCs with a BRET-based GpNLuc reporter and tested
the cell tracking efficacy both in vitro and in vivo. A
number of advantages were found based on the experi-
ment results, highlighting BRET-based GpNLuc labeling
as a revolutionary cell tracking strategy in the field of
bone tissue engineering. First, in scaffold-free spheroid
3D culture system, using BRET-based GpNLuc reporter
resulted in a better correlation to cell number than fluo-
rescence approach, which indicates a better accuracy.
Second, in scaffold-based 3D culture system, BRET-
based GpNLuc labeling generated robustly detectable
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Figure 5. GpNLuc-rMSCs in vitro monitoring in PDHC and Gelfoam scaffold: (a) BLI and fluorescence imaging (excitation light
488nm) of PDHC alone and GpNLuc-rMSCs seeded PDHC, (b) autofluorescence of PDHC and Gelfoam deterred the visualization
of GpNLuc-rMSCs, (c) polynomial regression for evaluating the relationship between luminescence intensity and seeded cell
number in PDHC or Gelfoam. n=3, and (d) BLI imaging of GpNLuc-rMSCs seeded PDHC and Gelfoam after 28 days of osteogenic

differentiation.
Data shown as mean = SEM.

signal and avoided the issue of background noise, sug-
gesting its broad applicability and robust reliability.
Third, in calvaria CSD model, the robust signal and the
consistency in evaluating cell survival collectively sup-
ported BRET-based GpNLuc labeling as a reliable in
vivo non-invasive MSC tracking method.

Recent years have seen a surge in the application of BLI
in the tissue engineering for bone wound healing and bone
defect repair.!®!! Given the advantages of non-invasive, real-
time, and inexpensive, BLI has indeed facilitated the track-
ing of cells or biological processes in bone regeneration and
hence promoted the advancement of bone tissue engineering.
In addition, the lower cost and equipment demand make BLI
more popular in pre-clinical studies, even though CT and
MRI may offer higher resolution and deeper imaging depth. !
It has been demonstrated that biological sources of light has
sufficient intensity to penetrate deep tissues, including bone,

and is therefore available for external detection.!! However,
non-linear attenuation of photons resulted from tissue depth
and tissue optical heterogeneity hampers the quantification
of signal. Tissue scattering and absorption further limits the
spatial resolution of bioluminescence 2D imaging.!! Another
limitation is metabolic changes may influence the consist-
ency of bioluminescence signal because luciferases often
rely on ATP and cofactors. For example, it has been reported
that in vivo bioluminescence signal may decline and even
disappear even though the target cells still survive and
express luciferase.?’ Due to the above limitations, in bone
tissue engineering studies, BLI is often used in association
with another reporter, like fluorescent proteins, either to boost
signal intensity or to double confirm BLI specificity. '3
By adding fluorescent reporters, ex vivo flow cytometry or
immunostaining analysis also becomes available, which may
provide more insights for addressing the scientific question.
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Figure 6. GpNLuc-rMSCs in vivo monitoring in rat calvaria CSD: (a) BLI for monitoring the implanted cells at the defect site.
Twenty-eight days images were shown as representative, (b) bioluminescent intensity over time (1-28days). The left panel showed
average radiance; the right panel was plotted after normalized to those of | day, and (c and d) Van Gieson staining for detecting

NFB within PDHC scaffold.
M: material (PDHC).

All experiments n=3.

Data shown as mean = SEM.

To overcome these challenges, BRET seems to be an
attractive strategy because of enhanced signal intensity.
BRET is a transfer of energy between a luminescence
donor and a fluorescence acceptor under certain
requirements.’® In our previous study, BRET-based
GpNLuc reporter was created by an optimized fusion of
the eGFP and NanoLuc moieties which enables efficient
BRET (BRET ratio 2.60 + 0.02).!® GpNLuc generates the
brightest bioluminescent signal known to date: NanoLuc
itself is >150-fold brighter than firefly and Renilla lucif-
erases, and that GpNLuc has a near 10-fold increase in
total light output over NanoLuc alone. GpNLuc signifi-
cantly reduced image acquisition times and demonstrated
exquisitely sensitive monitoring of tumorigenesis at deep
tissue level. Following the successful application in can-
cer biology, now we are delighted to see the BRET-based
GpNLuc also demonstrated impressive potential in bone
tissue engineering, which widened the field of BRET
applications. We have also created another LumiFluor
reporter—LSSmOrange-NanoLuc (OgNLuc), which
emits light at a longer wavelength (572 nm) that benefits
tissue penetration, but generates weaker light than
GpNLuc due to lower BRET efficiency.!® Thus, the

GpNLuc reporter seems more suitable for a shallow sub-
cutaneous location, for example, the calvaria defect
described herein, whereas the OgNLuc may be more suit-
able for deep within the body.

Another potential advantage of using GpNLuc for BLI in
bone tissue engineering is its independency on ATP. Inorganic
phosphate homeostasis is crucial for hydroxyapatite forma-
tion and bone cell activities in the process of matrix minerali-
zation. In vitro studies have demonstrated ATP has an impact
on the differentiation and mineralization of osteoblasts.?!*
In addition, ATP level in cortical bone has been proposed as
an indicator of bone healing, because of its correlation with
the histological setting of bone repair.'® Therefore, using
ATP-independent GpNLuc reporter may have minimized
disturbance on the mineralization during bone defect repair
and is more likely to acquire consistent bioluminescence
data. In our study, it took no longer than 7 days for the signal
from GpNLuc-rMSCs to generally reach stabilization
(Figure 6(b)), which is much faster than the 30days reported
in Dégano et al.'? study that used ATP-dependent firefly
luciferase. It is possible that the ATP-independency plays a
role in this faster reachable stabilization, which may be valu-
able to bear in mind for future investigations.
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Figure 7. GpNLuc-rMSCs survival and colonization: (a) anti-eGFP immunohistochemical staining. M: material (PDHC). Green
asterisk indicates GFP positive, (b) schematic drawing: crush the scaffold for better substrate penetration and luminescence signal,
and (c and d) BLI measurement of non-crushed and crushed GpNLuc-rMSCs-PDHC explants.
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*p < 0.05.

In conclusion, by introducing BRET, this study offered
an improved, robust, inexpensive bioluminescent cell
tracking strategy for bone tissue engineering. Regarding
future improvements, there are some valuable points worth
noting. We found that crushed ex vivo samples generated
much stronger bioluminescent signal than non-crushed
samples (Figure 7(c) and (d)). Since crushing the sample
shouldn’t release the cells from the scaffold into the media,
the cell-generated BLI signal is still subject to potential
effects of NFB absorption. Thus, the increase in signal is
mostly likely coming from better luciferase substrate acces-
sibility, which may be a critical factor to be considered for
future improvement. During the bone regeneration process,
continued extracellular matrix formation and mineral depo-
sition forms a dense barrier that may prevent the diffusion
of luciferase substrate. A combination of subcutaneous and
intravenous injection may help to achieve thorough sub-
strate infusion of the defect/repair site. Since bone defect
also involves the destruction of blood vessels that further
obstructs substrate delivery, the addition of angiogenic

factors that benefits the vascularization in NFB may also
help. At last, if detecting bioluminescence signal from deep
within the body, it would be better to consider using our
BRET-based OgNLuc reporter or novel furimazine analogs
that provide red-shifted bioluminescence with NanoLuc to
enable better signal penetration.*
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