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†PAnTher, INRA, École nationale vet́eŕinaire, agro-alimentaire et de l’alimentation Nantes-Atlantique (Oniris), Universite ́ Bretagne
Loire (UBL), Nantes F-44307, France
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ABSTRACT: In order to assess the therapeutic potential of cell-
based strategies, it is of paramount importance to elaborate and
validate tools for monitoring the behavior of injected cells in
terms of tissue dissemination and engraftment properties. Here,
we apply bismuth ferrite harmonic nanoparticles (BFO HNPs)
to in vitro expanded human skeletal muscle-derived stem cells
(hMuStem cells), an attractive therapeutic avenue for patients
suffering from Duchenne muscular dystrophy (DMD). We
demonstrate the possibility of stem cell labeling with HNPs.
We also show that the simultaneous acquisition of second- and
third-harmonic generation (SHG and THG) from BFO HNPs
helps separate their response from tissue background, with a net
increase in imaging selectivity, which could be particularly
important in pathologic context that is defined by a highly remodelling tissue. We demonstrate the possibility of identifying
<100 nm HNPs in depth of muscle tissue at more than 1 mm from the surface, taking full advantage of the extended
imaging penetration depth allowed by multiphoton microscopy in the second near-infrared window (NIR-II). Based on this
successful assessment, we monitor over 14 days any modification on proliferation and morphology features of hMuStem
cells upon exposure to PEG-coated BFO HNPs at different concentrations, revealing their high biocompatibility.
Successively, we succeed in detecting individual HNP-labeled hMuStem cells in skeletal muscle tissue after their
intramuscular injection.
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Duchenne muscular dystrophy (DMD) is a fatal X-
linked recessive muscle disease that represents the
most common form of muscular dystrophy, affecting

about one in 3500 to 5500 male births.1,2 It is caused by
mutations or deletions in the gene encoding dystrophin, leading
to the lack of dystrophin protein. This results in muscle fiber
degeneration followed by severe endomysial sclerosis, leading
to progressive muscle weakness and premature death at the age
of 20−30 years. Currently, there is no effective treatment for
DMD. Over the last years, we showed that a stem cell
population (named MuStem cells) isolated from healthy dog
skeletal muscle induces long-term muscle repair and striking
clinical efficacy after its systemic delivery in the dystrophic dog,

representing the clinically relevant DMD animal model.3−6

More recently, we isolated the human counterparts (hMuStem
cells) and demonstrated that they share the same phenotypic
and in vitro behavioral features of canine cells.7,8 In a clinical
prospect, to position this cell population as a potential
therapeutic product, several burning questions must be duly
addressed, including the biodistribution of the cell agent
delivered locally and/or systemically. This is of utmost

Received: February 3, 2017
Accepted: June 23, 2017
Published: June 23, 2017

A
rtic

le
www.acsnano.org

© 2017 American Chemical Society 6672 DOI: 10.1021/acsnano.7b00773
ACS Nano 2017, 11, 6672−6681

www.acsnano.org
http://dx.doi.org/10.1021/acsnano.7b00773


importance as it results from the main notions of safety and
efficiency of the proposed strategies. A possible approach is
labeling hMuStem cells by nanoparticles prior to the trans-
plantation protocol. Nanoparticles in fact can provide contrast
for one or more detection techniques and allow tracking cells’
position and monitoring their distribution over time.9,10

However, among all existing techniques (magnetic resonance
imaging, computed tomography, positron emission tomogra-
phy, ultrasound, etc.), only optical ones provide the spatial
resolution necessary for individual cell tracking.11 On the
negative side, optical approaches inherently possess limited
penetration depth and often offer poor selectivity when the
structures of interest are embedded in strongly autofluorescent
and scattering tissues. To address these shortcomings, in recent
years, several authors have highlighted the advantages of using
the so-called second near-infrared window (NIR-II, 1−1.4
μm)12 also in connection with nanotechnology-based ap-
proaches.13 By a clever choice of the excitation wavelength,
tissue autofluorescence can be eliminated, absorption by water
can be locally minimized, and scattering can be severely
reduced with respect to NIR-I (600−800 nm).
In this work, we use bismuth ferrite (BiFeO3, BFO)

harmonic nanoparticles (HNPs) to label hMuStem cells. The
choice of this nanomaterial is motivated by the necessity to
maximize imaging depth and to maintain high selectivity against
endogenous tissue emission. HNPs have a net advantage with
respect to other optically active nanoparticles because they
present no constrain for the excitation wavelength and can be
efficiently employed as NIR-II probes (and even in the further
infrared windows)12 differently from most of the optical
particles that have visible or UV−visible bands.14 Concerning
imaging selectivity, we have recently shown how the simple
colocalization of simultaneously emitted SHG and THG by
HNPs can be used as robust criterion to identify HNPs in
optically congested environments with minimal hindrance by
autofluorescence or endogenous SHG and THG15 from
collagen and adipose tissue, respectively.16,17 Among metal-
oxide HNPs, BFO is the first material of choice, as its nonlinear
coefficients are the highest,18,19 and the intensity ratio between
the two nonlinear emissions is conveniently low (SHG/THG =
30) when excited in NIR-II at 1300 nm under typical imaging
conditions.15,20 On top of these appealing characteristics, HNPs
are inherently not bleaching/blinking nor saturating due to
their excitation mechanism involving exclusively virtual
electronic states.14 Recently, we have provided an assessment
of the effects of in vitro exposure of human lines
(adenocarcinoma, lung squamous carcinoma, and acute
monocytic leukemia) to uncoated and PEG [poly(ethylene
glycol)]-coated BFO HNPs in the form of cytotoxicity,
hemolytic response, and biocompatibility. Our results demon-
strated the high biocompatibility of these particles for these
human cell lines.21

In the following, we first perform stem cell labeling with
HNPs to determine our ability to select a cell track tool, and in
a second time, we perform an assessment focused on the optical
properties of HNPs interacting with the relevant biological
systems investigated in this work, namely, muscle tissue. In
particular, we investigate the depth at which isolated HNPs can
be retrieved in tissue not submitted to any pretreatment.
Successively, we define the optimal conditions for labeling
hMuStem cells with BFO HNPs and determine their
biocompatibility by quantifying cells’ survival rate and
proliferation behavior over 14 days. Finally, we demonstrate

the possibility to detect labeled stem cells injected in muscles
with high contrast against endogenous and exogenous tissue
background.

RESULTS
BFO HNP Imaging Properties. This first section highlights

the advantages of the NIR-II HNP approach in the context of
cell tracking in tissues. In Figure 1, we present the images of in

vitro expanded hMuStem cells labeled by BFO HNPs to
highlight the efficient uptake by the cells of the markers and
exemplify the concepts of multi-harmonic detection and
emission wavelength tunability enabled by these particles.
The sample is imaged using two different excitation wave-
lengths (1040 and 1300 nm). The different panels represent the
overlay and the individual images acquired by three
independent channels associated with different spectral ranges.
HNPs clearly appear in all channels, with strong emissions both
for SHG (at 520 for 1040 nm excitation and 650 for 1300 nm
excitation) and for THG (at 433 for 1300 nm). Note that THG
can only be detected when excited at wavelengths >1050 nm
because signals <350 nm are not transmitted by standard
microscope objectives. The particles colocalize spatially with
hMuStem cells bodies, stained by Phalloidin-Alexa555 visible in
yellow in the overlay image. The possibility to freely tune laser
excitation is advantageous for avoiding hindrance by auto-
fluorescence and fluorophores used for staining. More
importantly, for tissue measurements, it can be applied for
adapting the excitation to the tissue optical properties
(scattering, absorption). Furthermore, the simultaneous
detection of harmonic emission at different nonlinear orders
(SHG, THG) can be beneficial for selectivity. For tissue
measurements presented in Figure 2 and 3, we used
paraformaldheyde-fixed mice muscle biopsies. At least five
pieces of muscle from one animal (n = 1) were immersed
overnight at 4 °C in a nanoparticle solution. The enhanced

Figure 1. In vitro expanded HNP-labeled hMuStem cells. The
different panels show the nonlinear responses by HNPs (SHG
excited at 1040 and 1300 nm, THG at 1300 nm) and the overlay of
these signals with cell bodies, stained in yellow by Phalloidin-
Alexa555 (excitation at 1040 nm). Scale bar 20 μm.
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selectivity allowed by HNPs is exemplified in Figure 2a, where
we present a muscle tissue characterized by the presence of a
collagen fiber network. Such structures are known to generate a
strong SHG signal.22 The presence and position of HNPs in
this region can therefore be hardly determined using exclusively
information provided by the SHG detection channel. However,
one can use the THG channel where HNP emission is acquired
without any background disturbance from collagen, as reported
in Figure 2b. A similar argument, inversing the role of SHG

with THG, can be applied when HNPs are localized in a fat
tissue, as lipid bodies are known to generate strong THG but
not SHG.17 In the experimental conditions described in this
article corresponding to administration of cells in skeletal
muscle of healthy mice, lipid vesicles are scarcely represented in
the tissue composed mostly of muscle fibers and interstitial
tissue. In return, dystrophic muscle exhibits a large amount of
fat tissue that progressively replaces muscle tissue when muscle
precursor cells are exhausted. Nevertheless, the tissue the most
described in the literature to be a strong emitter of THG is
myelin.23 It is the reason why we choose to provide image of
BFO HNPs in contact with myelin spinal cord in Figure 2d−f.
Again, by comparing the SHG and THG channels, we show the
ability of this approach to discriminate by harmonic separation
the signals generated by HNPs and tissue background.
An additional asset of the approach we propose relies on the

extended imaging penetration enabled by NIR-II excitation. On
the left side of Figure 3, we present a three-dimensional image-
stack of muscle tissue obtained at 1300 nm. The vertical
dimension extends for more than 1.3 mm from the sample
surface on the top. In the image, one can recognize the intense
emission by HNPs as individual or aggregated elements in blue
and green over the predominant yellowish autofluorescence by
the tissue. Very notably, HNPs can be detected also in the
lowest region of the volume at depths exceeding >1 mm. The
plots on the right are a split channel representation of the SHG
and THG of a region of interest (ROI) embedded in the tissue
volume at approximately 1 mm depth. The HNP pattern
appears very similar in both detection channels at first sight.
For a more quantitative comparison, we computed the
colocalization map presented in the bottom plot, where hot
colors correspond to high colocalization. Note that the
nonuniform color on the large spots in the colocalization
map (redder in the center) is a consequence of the fact that the
THG image possesses a better spatial resolution, consistently
with the decrease of point spread function width as the
nonlinear order is increased. This demonstrates that multi-
harmonic selective detection can be carried out also in tissue
depth, even withstanding the different optical properties of
muscles at the SHG and THG wavelengths.

BFO-PEG Cell Labeling Efficiency and Effect on
Proliferation. Based on the promising results presented in
the previous section, we investigated the effect of exposing to
BFO HNPs hMuStem cells isolated from the paravertebralis
muscles of patients (n = 3) free of known muscle disease. All
details about the procedures for HNPs PEG-coating and in vitro
sample preparation are provided in the Materials and Methods
section.
Intracellular localization of HNPs is a relevant parameter

influencing cell viability but also the scope of the labeling
protocol (e.g., nuclear staining vs cytosol or membrane
localization). For this reason, we carefully examined the
interaction between hMuStem cell organelles and BFO HNPs
post-incubation. Our analysis, reported in Figure 4, indicates
that at day 4, HNPs are essentially localized in early (labeled by
early endosome antigen-1 in yellow, Figure 4a) as well as in late
endosomes and lysosomes (stained by Lysotracker in red,
Figure 4b). Altogether, these results support an endocytic
pathway for HNP internalization going from early to late
endosomes and finally lysosomes. Such a situation is very
consistent with previous works on PEG-coated BFO HNPs21

and common to other NPs of similar size, including gold NPs
in stem cells.10

Figure 2. (a−c) Collagen-rich tissue region decorated by HNPs. (a)
In the SHG channel, HNPs are not distinguishible from the tissue
background. (b) In the THG channel, HNPs appear with no
background hindrance. (c) Overlay of SHG and THG channels.
(d−f) Spinal chord myelin-rich tissue region decorated by HNPs.
(d) In the SHG channel, HNPs are visible with high contrast
against background. (e) In the THG channel, HNPs are hindered
by the strong background THG. (f) Overlay of SHG and THG
channels. Laser excitation 1300 nm. Scale bar 20 μm.

Figure 3. Z-stack of a muscle tissue excited at 1300 nm (THG and
SHG) and 1040 nm (autofluorescence). (a) Overlay of all channels.
(b) Overlay of SHG and THG channels. (c,d) Maximum intensity
projection over the y-axis for the THG and SHG channels of a
three-dimensional ROI (0.14 × 0.54 × 0.14 mm3) situated at 0.9
mm from the tissue surface, corresponding to the outlined
rectangle in (b). (e) Two-color colocalization image of the ROI
in the THG and SHG panels. Hot colors represent positive
correlation. The fraction of positively correlated pixels corresponds
to Icorr = 0.834.33
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We then proceeded in the study of the fate of labeled cells
over a 2 week period. A series of multiphoton microscopy
images of hMuStem cells at different days after labeling are
reported in Figure 5. We applied two different HNP
concentrations (12.5 and 25 μg/mL) and followed-up the cell
cultures until day 14. Qualitatively, we observed that the
morphology of hMuStem cells was not impacted by the

exposure to HNPs at both concentrations tested. Similarly, we

did not retrieve any dead cells, supporting the high viability

previously observed for in vitro experiments on other human

cell lines. Labeling by HNPs is known to be rather sparse,

presenting a small average number of SHG spots per cell

(typically 10 to 30).24 These intense spots are associated with

Figure 4. Subcellular PEG-coated BFO HNP localization in cultured hMuStem cells at day 4 post-incubation. (a) Excitation 950 nm. Blue,
SHG by HNPs; yellow, fluorescence from EEA1 staining early endosomes; green, Phalloidin-Alexa488 staining cytoskeleton; white,
colocalization of HNPs and endosomes. Scale bar 10 μm. (b) Excitation wavelength 1000 nm. Green, SHG by HNPs; red, Lysotracker-Al555
staining lysosomes; yellow, colocalization of red and green signals. Scale bar 10 μm.

Figure 5. Multiphoton microscopy images of hMuStem cells at different days after exposure to 12.5 and 25 μg/mL PEG-coated BFO HNPs.
Blue: SHG by HNPs. Red: actin staining of cell cytoskeleton. Excitation 950 and 1040 nm. Scale bars: (a−d) 100 μm and (e−l) 20 μm.
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isolated HNPs or more likely to small particle aggregates
formed upon uptake and internalization in hMuStem cells.
In Figure 6a, we provide a sequence of histograms reporting

the probability for a cell to present a given number of SHG

spots as a function of day after exposure and particle
concentration. The average number of SHG spots per cell is
reported in Figure 6b. The procedure applied to determine
these values is detailed in the Materials and Methods section.
Note that in this case, the error bars are informative of the
variability of the three independent replicates from the three
donors and not on the width of the probability distributions of
Figure 6a. Overall, we note that the labeling does not change
significantly until day 4 with rather large particle distributions in
cells and no major effect of concentration. For longer times, we
observe a major decrease in the number of spots per cell. Such a
phenomenon is not surprising, as cells maintained in in vitro are
known to proliferate very fast and undergo a rapid sequence of
doublings with a major impact on labeling. It should be noted
that when cells are injected and engrafted, we do not expect a
major decrease of cell labeling. Finally, in Figure 6c, we provide
the fraction of hMuStem cells labeled over time for the two
different BFO HNP concentrations. These values and
corresponding error estimates are obtained as the average of
the three independent biological replicates. Given the sparse
labeling by BFO HNPs, the criterion we selected to describe a
labeled cell is that at least one SHG spot is visible on the cell.

The efficiency is determined by dividing the number of cells
labeled by the total number of cells (150 to 400 cells by
condition). Until day 4, close to the totality of cells were found
labeled. Ten days after HNP uptake, 50% of cells are still
labeled, whereas at 14 days, this value is reduced to
approximately 10%. No significant difference is observed
among the two HNP concentrations at any time.
The size of SHG spots for BFO-PEG-labeled cells at both

12.5 and 25 μg/mL concentrations was determined from
images taken with a 25× objective (pixel size 0.678 μm) at days
1, 4, 10, and 14. The pie charts in Figure 6a indicate the
distribution of spot sizes over time. The lightest color
corresponds to 1 pixel (0.46 μm2) and successive colors to
groups constituted by 2, 3, and 4 pixels. In all conditions, we
observe that more than 80% of the HNP spots have an area
equivalent to that of a single pixel. Moreover, we do not report
any significant spot size evolution over time for these in vitro
expanded cells for both HNP concentrations applied.
We successively monitored the effect of HNP exposure on

cell viability and proliferation. In Figure 7a, we show the

cumulated number of cells over time for the two HNP
concentrations tested (three independent batches per con-
dition) and the negative control. We assessed that there exists a
significant difference between the cumulated number of cells in
negative control and the labeled cells at both concentrations.
However, we also notice that the overall growth trend is similar
for the three traces pointing to the absence of major negative
impact of the HNPs on the proliferation ability of hMuStem
cells. The difference among the two concentrations is
significant only at day 4. Similarly, in Figure 7b, we present
the cumulated number of cell doublings with respect to
negative control, normalized at 100% at each time point. In this
case, one can observe only a minor decrease in cell doublings
upon HNP labeling at both concentrations at day 4. This
difference remains not significant at any other time point.

Figure 6. (a) Normalized distributions indicating the fraction of
cells with a given number of SHG spots at different days after the
exposure protocol (day 0) for the two HNP concentrations tested.
The pie charts indicate the distribution of spot sizes at each time
point. The lightest color corresponds to 1 pixel (0.46 μm2) and
successive colors to 2, 3, and 4 pixels. (b) Average number of SHG
spots per cell. (c) Percentage of HNP-labeled cells according to the
definition in the main text. In panels b and c, the error bars indicate
the standard deviation calculated for the averages from the three
replicates.

Figure 7. (a) Cumulated number of cells over time for negative
control and for the two concentrations tested. (b) Cumulated
number of doublings for cells labeled at the two HNP
concentrations with respect to negative control, normalized at
100% for every time point. The error bars indicate the standard
deviation calculated for the averages from the three patients. HNP
labeling procedure at day 0. Significance is calculated by statistical
tests: **p < 0.01, *0.01 < p < 0.05, not significant otherwise. Black
* difference of labeled vs control; red * difference among the two
HNP concentrations.
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Tracking BFO-PEG-Labeled hMuStem Cells in Muscle.
To assess the possibility of using HNP-based labeling to track
cells of interest in tissue, BFO-PEG hMuStem cells were
injected in mice muscle. The experiment was performed on
three mice (n = 3) to check for reproducibility. As reported in
Figure 8, 24 h later, injected tissue was removed and the

presence of hMuStem cells identified by multiphoton
microscopy ex vivo in a 25 μm thick slice by specific human
lamin A/C immunolabeling and by HNP SHG (in yellow and
blue, respectively). hMuStem cells and HNPs are mainly
localized in the central region of the image. By inspecting the
close-up frame, one can see how the HNPs appear as isolated
blue spots in close vicinity of yellow labeled cells. The blue
region extending vertically on the left side of the figure
corresponds to the intense SHG emission by a bundle of
collagen fibers. Although the interpretation of these features is
rather clear here because of the distinct morphologies and
spatial separation of the different constituents, it is evident that
due to the presence of collagen, a straightforward association of
SHG with HNPs is not always sufficient for their selective
identification.
To ensure that HNPs remain internalized in cells even upon

injection in muscle, we took advantage of the abundance of
actin filaments for visualizing hMuStem cells by AlexaFluor488-
Phalloidin labeling. In this case, as shown in Figure 9, hMuStem
cells are identified in tissue by their double immunolabeling
lamin A/C (red) and Phalloidin (green). Results again confirm
that HNP signals perfectly and exclusively colocalize with the
fluorophores staining the cells of interest. Also, this figure is a
further demonstration that, thanks to their extremely narrow
emission spectra and their excitation tunability, HNPs can be
used in association with a large number of fluorophores with no
signal cross-talk.

DISCUSSION
In the field of regenerative medicine, tissue homing, survival,
differentiation, and engraftment properties of cell candidates
need to be clearly understood without artifacts after in vivo
delivery protocol, in order to objectively assess the therapeutic
potential of cell-based strategies developed over the past
decade. To this end, the development of noninvasive and
powerful imaging technologies is required to overcome the

current lack of efficient tools. The outstanding potentialities of
multimodal nanomaterials naturally received great attention
due to their appealing properties in terms of sensitivity,
specificity, and stability enabling long-term follow-up. The high
spatial resolution associated with optical techniques and a
fortiori with nonlinear ones represents a major asset to position
them as tool of choice for reliable assessment of advanced
therapeutic strategies. However, limited imaging depth and
poor signal selectivity in tissues might prevent the use of optical
microscopy in relevant preclinical conditions. Here, we show
that labeling adult stem cells by HNPs can greatly mitigate
these two issues. First, one of the key advantages of this
approach relies on the possibility to use NIR-II excitation to
minimize the scattering contribution on the excitation path and
signal absorption during detection path. In support of this
general statement, in our previous works, we numerically
computed the imaging depth of HNP retrieval in tissues as a
function of NIR excitation wavelength, taking into full account
the nonlinear excitation process at the second25 and third
order15 based on exsisting light transport codes.26 More
recently, Sordillo et al. experimentally compared the total
attenuation length, lt, for different tissue types at various
excitation wavelengths from 500 to 2500 nm.12 The optical
parameter lt accounts for both scattering and absorption, and it
is the most relevant one for predicting the behavior of the
ballistic component of light in a biological medium.27 Note that
this photon fraction is the only one contributing to nonlinear
excitation in multiphoton microscopy as it conserves the pulse
temporal structure and, therefore, pulse peak intensity, along
with propagation. The authors estimated that lt in NIR-II is 125
μm for muscle, that is, 40% longer than that in NIR-I.12 On the
other hand, the scattering present at the shorter emission
wavelengths does not sensibly affect imaging resolution and
sensitivity. In a somehow counterintuitive manner, increased
scattering for the generated signal can even benefit image
quality in epi-detection when a low-magnification, large NA
objective is employed.28 Here, we show that using 1300 nm

Figure 8. Muscle tissue detection of HNP-labeled hMuStem cells,
24 h post-injection. Blue: SHG from HNPs and collagen. Green:
autofluorescence from fiber. Yellow: lamin A/C-Alexa555 immu-
nolabeling for hMuStem cells. Scale bar 100 μm. Inset. Close-up of
a ROI in the main image. Excitation at 950 nm. Scale bar 10 μm.

Figure 9. BFO-PEG-labeled hMuStem cell tracking (12.5 μg/mL)
in muscle 24 h post-injection. SHG from BFO-PEG, immunolabel-
ing for hMuStem cells: Phalloidin-Alexa488, lamin A/C-Alexa555.
Scale bar 25 μm. Inset. Close-up of a ROI in the main image.
Excitation at 950 nm. Scale bar 10 μm.
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excitation and a NA 1.1, 25× lens, HNPs embedded at a depth
exceeding 1 mm in muscle tissue can be easily detected (Figure
3). Such tissue depth is not yet quite adapted for monitoring
cell fate from therapeutic point of view. Nevertheless, it could
enable generating ex vivo 3D investigation to get major
information on the behavior of hMuStem cells in their muscle
environment, considering their localization with muscle fibers
or the interactions they developed with resident and circulating
cells. In addition, it can offer the possibility in vivo to track
HNP-labeled hMuStem cells and follow them long-term by
using intravital microscopy via muscle windows. In addition, we
have confirmed with the present study that contrast and
selectivity can be further boosted by the application of multi-
harmonic HNP detection that results in the particularly
important presence of strong autofluorescence or collagen/
lipid harmonic emission, as exemplified in Figures 2 and 8.15

HNPs are not prone to bleaching or blinking because of their
nonparametric interaction with the excitation field, which does
not imply absorption and re-emission.14,19 Such a property is
essential to perform tracking over days or weeks. Finally, HNP
excitation wavelength flexibility widens the palette of molecular
probes that can be used for fluorescence staining of the
structures of interest, as their narrow emission peaks can always
be spectrally isolated by simply tuning the laser wavelength
outside the fluorophores’ absorption region. Clearly, all these
advantages would vanish if the interaction of HNPs with cells
would affect viability and proliferation. This motivated the
thorough bioassessment presented in this work, where we show
that PEG-coated BFO HNPs in contact with hMuStem cells
allow long-term monitoring with no impact on their essential
features as compared to negative controls. Despite some small
discrepancies, the two particle concentrations applied seem to
differ on cell proliferation and labeling efficiency in a very
limited fashion. We are tempted to ascribe this observation
together with the minor impact of HNPs on cells to the active
uptake of particles by cells and their successive storage in
endosomes and lysosomes, which might limit the negative
effect of internalized nano-objects on cellular metabolisms. In
terms of labeling efficiency and stability over time, we
demonstrated that by applying our protocol almost the totality
of cells are marked up to day 4, despite a substantial increase in
the number of cumulated cells from day 1 to day 4. At later
times, the decrease in labeling that we observe can be ascribed
to the continuous proliferation activity of cells peculiar to in
vitro cultures3,29 and should therefore not prevent the long-
term observation of HNP-labeled hMuStem cells injected in
muscles. Note that protocols for monitoring cell dissemination
after systemic delivery prescribe follow-up of the fate of injected
cells typically for 72 h.

CONCLUSIONS
PEG-coated BFO HNPs in association with NIR-II multi-
photon microscopy represent an innovative research platform

for assessing cell therapies at high spatial resolution. Here, we
demonstrate this procedure by labeling hMuStem cells, a
human skeletal muscle-derived stem cell population with
promising therapeutic potential for muscular dystrophies.
During a 14 day monitoring period, we observe in vitro very
limited adverse effects on cell survival as well morphological
and proliferation features. Cell labeling is highly stable as
highlighted by the observation that 98% of cells are labeled at 4
days post-incubation. By immunolabeling and image signal
colocalization, we evidence that BFO HNPs preferentially
follow an endocytic internalization pathway. Successively, we
show the possibility to retrieve hMuStem cells in mice muscles
up to 24 h post-injection. BFO-PEG is able to generate intense
SHG and THG simultaneously. Such a multi-harmonic
emission is essential to distinguish particles from the SHG
generated by collagen and THG by lipids in muscles. In terms
of signal intensity, we demonstrated the possibility to retrieve
them at depths exceeding 1 mm in muscle. Our results show
that the labeling of hMuStem cells with BFO-PEG represents a
promising approach for monitoring their engraftment proper-
ties.

MATERIALS AND METHODS
Human Muscle Tissue. Muscle samples were obtained from

paravertebralis muscles of 12−15 year old patients free of known

muscle disease and operated for acute scoliosis at the Department of
Pediatric Surgery of the Centre Hospitalier Universitaire (CHU) de
Nantes (France). All patients gave written informed consent. All
protocols were approved by the Clinical Research Department of the
CHU (Nantes, France), according to the rules of the French
Regulatory Health Authorities. Biological sample bank was done in
compliance with the national guidelines regarding the use of human
tissue for research (Permit numbers: MESR/DC-2010-1199; CPP/29/
10).

Figure 10. BFO HNP coating procedure.

Figure 11. Definition of the channels in the nondescanned
detection unit. LP: long-pass dichroic mirror. GaAsP: gallium
arsenide phosphide detector. PMT: photomultiplier.
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Muscle-derived cells (MDCs) were isolated after 6 days using a
modified version of the preplating technique previously described.3

They were plated at 5 × 103 viable cells/cm2 to gelatin-coated plastic
flasks (Corning) under standard conditions (37 °C in 95% humidified
air and 5% CO2) and amplified in growth medium (Macopharma,
Mouvaux, France) containing 10% FCS, 1% PSF/10 ng/mL human
recombinant basic fibroblast growth factor, and 25 ng/mL human
recombinant epidermal growth factor (Miltenyi).
Animals. 129/J mice were housed in the specific pathogen-free

animal facility at Oniris (Nantes, France). Mice were fed ad libitum
and allowed continuous access to tap water. Three-month-old mice
were used as recipients for human cell implantation. All surgeries were
performed under ketamine/xylazine anesthesia. All experiments were
carried out in accordance with the guidelines from the French National
Research Council for the Care and Use of Laboratory Animals
(reference number: APAFIS #1267-2015072317573209).
Nanoparticle Preparation and Characterization. The coating

procedure was adapted from previously reported protocol.21,30

Heterobifunctional PEG oligomers were prepared according to
established synthetic protocols.31 As reported in Figure 10, a mixture
of EtOH/toluene (1:1, 2.38 mL) and aqueous ammonia (25%, 762
μL) was added to a suspension of BFO NPs (in EtOH, 3.6 mg/mL, 5
mg). The suspension was ultrasonicated for 30 min, and a mixture of
α-triethoxysilyl-ω-azido PEG and α-triethoxysilyl-ω-amino PEG (1:1,
150 mg) was added. After ultrasonication at 40 °C for 12 h, the
suspension was concentrated to 0.5 mL. Emulsification in a mixture of
CH2Cl2/EtOH/H2O (1:1:1, 3 mL), followed by centrifugation (10
min, 13 000 rpm), was repeated five times to remove the excess of
unreacted polymers in the aqueous layer and to collect the suspension
of PEG-BFO NPs in CH2Cl2. The solvent was removed in vacuo, and
PEG-BFO NPs were suspended in EtOH.
Concentration was calculated by measuring the turbidity of the

solution by spectrometry at 600 nm (Synergy HT) and by comparing
the values with a standard curve prepared using the stock solution at
3.6 mg/mL. PEG-BFO NPs were suspended at 4.2 mg/mL and
characterized by dynamic light scattering (DLS) using a Zetasizer
NanoZ (Malvern) for determination of mean hydrodynamic volume
and ζ-potential. Suspension of uncoated or PEG-BFO NPs (20 μL)
was diluted in 1 mL of distilled water. Acetic acid (100 μL) was added,
and the resulting suspension was ultrasonicated for 30 min and
analyzed by DLS. We determined a mean hydrodynamic diameter of
80.10 ± 18.39 nm and ζ-potential = 0.83 ± 0.13 mV.
hMuStem Cell Labeling by BFO-PEG HNPs. hMuStem cells

were expanded for 8 h in a plastic flask. Successively, they were
exposed to BFO-PEG HNPs at 12.5 and 25 μg/mL overnight at 37
°C. Culture medium was removed, and primary cell cultures were
maintained for 14 days. Cells were washed in phosphate-buffered
saline solution (PBS) at pH 7.4 and fixed in 4% paraformaldehyde at
T0, T0 + 1d, T0 + 4d, T0 + 10d, and T0 + 14d.
In Vitro Proliferation Analysis. Labeled hMuStem cells (n = 3,

independent batch) were plated in a gelatin-coated flask at a density of
5 × 104 cells/cm2 in growth medium and placed under standard
conditions. Cell population growth was monitored over a period of 14
days. The population doubling level was calculated at each passage
performed when cultures reached 80% confluence, as previously
described.32 The number of spots per cell was determined by using the

Find maxima algorithm of ImageJ 1.51h (Fiji Distribution) public
domain software to segment locally bright structures. Area values of
spots were determined by using the function Adjust threshold and
Analyze particles. By this dual operation, we retrieved information
about the number of spots in the cells and the distribution of their size
for each HNP concentration and each in vitro expansion time
considered.

Statistical analysis was performed using the Statistics and Machine
Learning Toolbox of the software MATLAB R2015b. We applied both
Student t test sequentially on each labeled sample against the negative
control and one-way ANOVA on the two samples labeled at different
concentrations and negative control simultaneously.

In Vivo Experiment and Histological Analysis. Mice (n = 3)
were anesthetized with an intraperitoneal injection (0.1 mL per 20 g
body weight) of a solution containing 100 mg/mL ketamine (Merial,
Lyon, France) and 20 mg/mL Rompun 2% (Bayer, Puteaux, France)
in NaCl solution. Labeled hMuStem cells were trypsinized, pelleted,
resuspended (2.5 × 105 cells in 15 μL of PBS), and injected through
the skin into left Tibialis anterior (TA) muscle, using a 50 μL syringe
with a 29-gauge needle. Twenty-four hours later, injected muscles were
removed, frozen in isopentane/liquid nitrogen, and cryosectioned at
10 μm. Transverse muscle sections were disposed on a slide and
submitted to immunolabeling. Nuclei of hMuStem cells were detected
using specific human lamin A/C antibody combined to AlexaFluor555-
conjugated secondary antibody. Actin was detected with Phalloidin-
AlexaFluor488.

Multiphoton Imaging. Measurements were performed at the
APEX platform of the INRA/Oniris UMR 703 (Nantes, France). A
Nikon microscope A1R-MP coupled with a Insight Deepsee laser
(Spectra Physics), tunable in the 680−1300 nm range, <120 fs pulse
width was used. An auxiliary beam at 1040 nm can be used in
combination with the tunable output for dual wavelength excitation.
Auto laser alignment was systematically performed when changing
multiphoton excitation wavelength. For all images, an apochromat 25×
MP1300 immersion objective (NA 1.10, WD 2.0 mm) was employed.
As reported in Figure 11, the microscope non-descanned detector unit
was equipped with three highly sensitive GaAsP on the blue, green,
and yellow channels and a photomultiplier tube on the red channel.
We used different interferometric filters according to the excitation as
reported in Table 1. For all images presented, we use color
assignments as close as possible to actual colors for all detection
channels. For instance, SHG by HNPs excited at 1040 nm (i.e.,
emitted signal at 520 nm) is represented in green, whereas SHG
excited at 1300 nm (650 nm) is in red. Colocalization signals, derived
from the spatial superposition of different harmonics by HNPs or of
fluorescent markers, will simply appear as the additive mixing of their
respective colors.

Colocalization of Harmonic Signal from BFO-PEG in Deep
Tissue. We used a plugin for the image processing software ImageJ
based on the method originally described by Jaskolski et al.33 This
algorithm computes correlation of intensities between pairs of
individual pixels in two different channels. Results are presented as a
colocalization color map where hot colors represent positive
correlation (colocalization), and colors that are cold represent negative
correlation (exclusion).

Table 1. Settings Used for All the Images Presenteda

Figure exc (nm) blue green yellow red

2 1240 THG (415/10) SHG (615/20)
3 1300/1040 THG (446/92) SHG (525/50) Autofluo (575/25) SHG+Autofluo (629/56)
4a 950 SHG (446/92) Phalloidin-Alexa488 (525/50) EEA1-Alexa555 (575/25)
4b 950/1040 SHG (525/50) Lysotracker Alexa568 (629/56)
5 950/1040 SHG (446/92) Phalloidin-Alexa555 (525/50)
8, 9 950 SHG (446/92) Phalloidin-Alexa488 (525/50) Lamin a/c Alexa555 (575/25)

aBlue, green, yellow, and red columns correspond to the different non-descanned detection channels defined in Figure 11 used for detecting the
fluorescence and harmonic signals. The specifications of the spectral filters used for each image are provided in brackets as (central wavelength/
bandwidth). Double excitation (e.g., 950/1040) indicates the use of both tunable and fixed wavelength output of the laser for image acquisition.
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(7) Cheŕel, Y.; Rouger, K. MuStem Cells: a Therapeutic Candidate
for Cell-Based Therapy of Duchenne Muscular Dystrophy. Hum. Gene
Ther. 2013, 24, A16−A16.
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