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Harmonic Imaging of Stem Cells in Whole Blood at GHz
Pixel Rate

Sebastian Karpf,* Nina Glöckner Burmeister, Laurence Dubreil, Shayantani Ghosh,
Reka Hollandi, Julien Pichon, Isabelle Leroux, Alessandra Henkel, Valerie Lutz,
Jonas Jurkevičius, Alexandra Latshaw, Vasyl Kilin, Tonio Kutscher, Moritz Wiggert,
Oscar Saavedra-Villanueva, Alfred Vogel, Robert A. Huber, Peter Horvath, Karl Rouger,
and Luigi Bonacina

The pre-clinical validation of cell therapies requires monitoring the
biodistribution of transplanted cells in tissues of host organisms. Real-time
detection of these cells in the circulatory system and identification of
their aggregation state is a crucial piece of information, but necessitates deep
penetration and fast imaging with high selectivity, subcellular resolution, and
high throughput. In this study, multiphoton-based in-flow detection of human
stem cells in whole, unfiltered blood is demonstrated in a microfluidic channel.
The approach relies on a multiphoton microscope with diffractive scanning
in the direction perpendicular to the flow via a rapidly wavelength-swept
laser. Stem cells are labeled with metal oxide harmonic nanoparticles.
Thanks to their strong and quasi-instantaneous second harmonic generation
(SHG), an imaging rate in excess of 10 000 frames per second is achieved
with pixel dwell times of 1 ns, a duration shorter than typical fluorescence
lifetimes yet compatible with SHG. Through automated cell identification
and segmentation, morphological features of each individual detected
event are extracted and cell aggregates are distinguished from isolated cells.
This combination of high-speed multiphoton microscopy and high-sensitivity
SHG nanoparticle labeling in turbid media promises the detection
of rare cells in the bloodstream for assessing novel cell-based therapies.
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1. Introduction

In recent years, preclinical studies in the
field of regenerative medicine have brought
forth new treatment prospects for a number
of pathologies, including muscle diseases
such as muscular dystrophies, cardiovascu-
lar diseases, and bone injuries.[1] This has
stimulated researchers to investigate new
techniques for multi-scale examinations of
transplanted cells, including their ability
to exit the bloodstream, tendency to form
aggregates in systemic circulation, and
accumulation in filter organs (lung, liver,
and kidney) over time.[2,3] In this context,
multiphoton microscopy represents an
enabling tool thanks to the possibility to
acquire 3D images (including in vivo) with
penetration depths substantially larger
than linear optical techniques at sub-
micron resolution.[4–6] So far, fluorescence-
based reporters have represented the
main avenue in most of bio-imaging
protocols thanks to their brightness,
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Figure 1. A) Adult stem cells isolated from skeletal muscles are directly labeled by HNPs and successively B) suspended in whole blood. C) The blood
sample is circulated in a 100 × 200 μm2 fluidic channel. The output of a continuously wavelength-swept picosecond laser is scanned orthogonally to the
stream after being diffracted off a grating. The cells are illuminated in turbid media and the epi-collected SHG signal is used to acquire a continuous
image of the labeled cells present in the blood flow.
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molecular selectivity, access to multiplexing, and the possibility
of being genetically encoded.

Interestingly, multiphoton microscopy also grants access to
nonlinear parametric response[7] and offers the possibility to
generate signals beyond fluorescence, such as second and third
harmonic generation (SHG, THG), and multiple frequency
mixings.[8–12] Such imaging modalities provide distinct advan-
tages: they are less prone to bleaching than fluorescence, they
are not associated with molecular energy levels thus allowing
flexible excitation/detection wavelengths for deeper penetration,
and their emission is spectrally narrower. With the recent avail-
ability of compact light sources based on optical parametric os-
cillators (OPO) or amplifiers (OPA),[13] properties of nonlin-
ear parametric signals can now be utilized in the short-wave
infrared (SWIR) spectral range, leading to increased penetra-
tion depth[14,15] and mitigating autofluorescence. Importantly,
the quasi-instantaneous response of parametric signals, so far
rarely exploited, is compatible with extreme imaging speed char-
acterized by dwell times approaching or shorter than typical
fluorescence lifetimes (nanoseconds). These speeds are not ac-
cessible by resonant scanners but recently introduced spectro-
temporal encoded multiphoton microscopes (known as SLIDE
microscopes) can successfully achieve MHz line-scan rates and
GHz pixel rates (or, equivalently, nanosecond dwell times).[16]

Here the fast-axis line scanning is achieved by optical diffrac-
tion of a rapidly wavelength-swept laser.[16] Such scanning
speed requires sizeable signal levels with lifetimes shorter
than a nanosecond to yield high-speed, high-sensitivity detec-
tion. Metal oxide harmonic nanoparticles (HNPs) represent a
thoughtful choice as imaging probes because SHG originates
from the bulk rather than from the particle’s surface[17] lead-
ing to a large conversion efficiency for selected materials as
reported in multiple publications by ours and other research
groups.[18–26]

In this work, we center our investigation on tools for mon-
itoring a cell therapy to counter Duchenne muscular dystro-
phy (DMD), a severe X-linked recessive neuromuscular dis-
ease leading to the progressive degeneration of skeletal and car-
diac muscles.[27] Existing treatments only offer palliative relief,
and patients with DMD typically die in their twenties due to
respiratory muscle weakness or cardiomyopathy. Some of the
authors have demonstrated that the systemic delivery of allo-
genic muscle-derived stem cells induces long-term muscle re-
pair and clinical efficacy in DMD dogs.[28,29] In this context, si-
multaneous SHG/THG imaging was previously applied on hu-
man muscle-derived stem (hMuStem) cells[30] labeled by bis-
muth ferrite (BiFeO3, BFO) HNPs.[31] We showed that HNP ag-
gregates could be imaged at more than 1 mm depth in healthy
skeletal muscle.[32] Here we apply the same cellular model and
nanoparticles in combination with a multiphoton SLIDE micro-
scope based on a wavelength-swept picosecond laser source cen-
tered at 1060 nm,[16] as shown in Figure 1. This system im-
ages at frame rates up to 16 kHz with sub-micron resolution
at 1 GHz pixel rate. Below we describe in detail the SLIDE
performance in comparison with a resonant-scanner, femtosec-
ond laser multiphoton microscope. We then demonstrate the
possibility to detect and characterize individual stem cells and
stem cell aggregates flowing in whole blood without any pre-
filtration and discuss the detection efficiency. In the conclusion

Table 1. Excitation and detection settings of the multiphoton microscope
coupled to a femtosecond laser source (fs-MP) and SLIDE system based
on a picosecond wavelength-swept source (ps-SLIDE) used to acquire the
images in Figure 2.

Parameter fs-MP ps-SLIDE ps-SLIDE vs fs-MP

Wavelength 1040 nm 1060 nm

Pulse Bandwidth 13.3 nm 0.06 nm 222× narrower

Pulse Duration 120 fs 30 ps 250× longer

Average Power 5 mW 700 mW 140×

Pulse Energy 62 pJ 700 pJ 11×

Peak Power 514 W 23.3 W 22× lower

Dwell Time 0.2 μs 1 ns 200× shorter

Pulse/Pixel 16 1

Duty Cycle 10−5 0.03 3000×

Pixel illumination time 1.9 ps 30 ps 16×

Pixel excitation integral 0.5 kW2 ps 0.016 kW2 ps 32× lower

(P2
peak

⋅ tillum)

Objective NA 1.1 1.4

we consider the implications of this approach toward cell-based
therapies.

2. Results

2.1. Imaging Comparison between SLIDE and Femtosecond
Laser-Based Multiphoton Microscopy

We first compared a traditional multiphoton microscope coupled
to a femtosecond laser (fs-MP) and equipped with a hybrid scan-
ner (15 kHz line scan rate) with a ≈200-fold faster SLIDE mi-
croscopy setup based on a wavelength-swept source with 30 ps
pulse duration (ps-SLIDE). A detailed account of the excitation
parameters is provided in the Experimental Section, Table 1. We
imaged HNP-labeled hMuStem cells immobile on a substrate af-
ter assessing the labeling efficiency and ensuring that they are not
negatively affected by the presence of the particles. Results of ap-
tosis and proliferation bio-assays are reported in the Experimen-
tal Section and in Section S5 (Supporting Information). Further
assessments of BFO-cells interactions are provided in previous
works.[32,33] Figure 2 shows that both approaches exhibit overall
similar sensitivity performances despite differences in the field
of view resulting from the different objective magnifications (25×
vs 60×). The result of the comparison is notable, as ps-SLIDE op-
erates at more than two orders of magnitude higher frame rate.
In order to achieve the ≈200-fold increased imaging speed, ps-
SLIDE employs a 3000-fold higher duty cycle excitation (30 ps
pulses at 1 GHz repetition rate), causing a 140-times higher av-
erage excitation power and substantially lower peak power, Ppeak
(22-times lower). Comparing the ps-SLIDE approach with fs-MP,
one would expect a significant decrease in nonlinear generation
efficiency as the latter scales as P2

peak. However, following the cal-
culation of Denk et al.,[34] this loss is partly compensated by the
longer excitation duration (30 ps vs 1.9 ps effective pixel illumi-
nation time). This scaling has been reported in the past.[35–37] To
quantitatively account for the signal integration during the pulse,
we define the Pixel Excitation Integral (PEI) for SHG as a figure of
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Figure 2. Fast imaging modality comparison of BFO HNP labeled hMuStem cells on a microscope substrate performed by “fs-MP” equipped with
resonant-scanner (x, y) and “ps-SLIDE” operating by diffractive scanning (x) and galvo-mirror scanning (y). The dashed squares indicate the position
of the ROIs magnified in the insets. Images are displayed with a logarithmic color axis and value range optimized to enhance the image contrast. Inset
scale-bar: 5 μm.

merit proportional to the number of photons generated per pixel
obtained as the product of P2

peak and the effective illumination
time (see Table 1). This way, one can show that the ps-SLIDE
measurement implies a 32-times lower PEI, substantially closer
to fs-MP than the almost 500-fold difference one would assume
by restricting the comparison solely to P2

peak. The frame rates for
the images in Figure 2 are 60 fps for an image size of 256×256
pixels and 4000 fps for 300×800 pixels (binned to 300×400, see

Experimental Section) for fs-MP and ps-SLIDE, respectively. The
67-fold increase is limited by the speed of the galvo scanner in
the slow axis. In terms of line-scan rate and dwell times, SLIDE
reaches 215 and 254 times faster rates, with dwell times as short
as 1 ns (limited by the 1 GHz bandwidth of the SHG detector).
The low speed of the galvo scanner leads to an elongated aspect
ratio when working at 4 kHz image rate, which is corrected by
vertical two times binning (Figure S2, Supporting Information).
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Figure 3. Time-gated acquisition. Time-resolved ps-SLIDE image of a Nile
Red-stained stem cell labeled with BFO HNPs. The pixel rate was pro-
grammed to 160 MHz or 6 ns pixel dwell time. The SHG-signal was at-
tenuated eightfold using an optical filter to yield similar signal levels to
the fluorescence (Experimental Section and section S1, Supporting Infor-
mation). Image acquisition time 250 μs. Scale bar 5 μm.

A key element to access these extreme imaging conditions is
the use of SHG as a reporter signal. This optical process occurs
quasi-instantaneously[7] as opposed to fluorescence, which is typ-
ically characterized by nanosecond lifetimes.[38] This aspect is il-
lustrated in Figure 3, where we compare the temporal response
of fluorescence and SHG from a hMuStem cell labeled by BFO
HNPs and costained by Nile Red for morphological contrast. The
left image integrated over the full temporal span (grey arrow)
shows the whole object shape. Gating the signal emitted during
the first 2 ns after pulse excitation (green) preferentially reveals
the SHG emitted by BFO HNPs. The signal gated between 2 and
6 ns (red) is associated with fluorescence. Note that here we pro-
grammed a pulse repetition of 160 MHz and 814 kHz line scan
rate to accommodate the fluorescence decay time (details in sec-
tion Section S1, Supporting Information).[16] This corresponds
to a pixel dwell time of ≈6 ns. To lower the stronger SHG sig-
nal to the fluorescence level, we attenuated the SHG signal by a
spectral long-pass filter (Experimental Section).

2.2. SLIDE Cell Counting and Sizing in Blood

For high-speed, high-sensitivity cell detection in turbid media, we
employed the ps-SLIDE system to detect labeled cells suspended
in blood and analyze the morphology to detect aggregates. Ac-
cording to the optical arrangement sketched in Figure 1c, one
imaging axis is scanned by spectro-temporal scanning while the
orthogonal axis is scanned by the flow. The line scan covers a field
of view of 67 μm, sampled with 300 pulses (3.3 MHz line scan
rate, 1 GHz pixel rate). From the sampled time trace, images were
generated with an image size of 300 × 200 pixels, corresponding
to 16 kHz frame rate (62.5 μs per image).

For hMuStem cell detection experiments, cells were sus-
pended at Ccell = 4 × 105 cells mL−1 concentration in whole hu-
man blood. The ratio of target cells (hMuStem) to red blood cells
in our experiment approximately amounts to 4 in 105, assuming

the presence of ≈9 × 109 erythrocytes mL−1. The sample was cir-
culated through a microfluidic chamber of 200 × 100 μm2 cross
section at 10 μL s−1 volume rate. For intensity-based cell detec-
tion, a threshold was established to separate cell detections from
electronic noise. For this, the dark count rate was determined as
(1.9 ± 1.5) pixels counts in a 300 × 400 px region of the continu-
ous image stream. Assuming a Poissonian intensity distribution,
we defined the threshold for cell detection conservatively by an in-
tensity six times the standard deviation (6𝜎) over the mean, corre-
sponding to a false-positive rate of <4 per million. The 300 × 400
px regions of the image stream used for sensing and imaging (see
Figure S4, Supporting Information) hence only include images
with at least 11 nonzero pixels (i.e., pixels with photons). On the
left side of Figure 4, we present the nonzero pixel histograms as-
sociated with dark noise regions (top plot) and images with above-
threshold photon detections (bottom plot). On the right side, we
provide some examples of the latter class. A subset of these im-
ages (215) were annotated by a human operator and used as a
training set for artificial intelligence-based cell analysis.

2.3. Automated Cell Detection

To automate the quantification of cell detection events and extract
morphological information, we applied a deep learning instance
segmentation model (“nucleAIzer”).[39] After obtaining the seg-
mentation masks from “nucleAIzer”, we applied post-processing
techniques to address overlapping detections. Our system suc-
cessfully differentiated between labeled cells and sparse pixel
events associated with detector dark noise and cosmic rays by
taking into account the average pixel intensity and spatial dis-
tribution relative to typical cell sizes. Figure 5 illustrates these
categories; the red outlines indicate single-pixel events, while the
green outlines are the result of the automatic segmentation of ob-
jects recognized by “nucleAIzer” as events to retain. We further
refined our analysis by subjecting segmented objects larger than
single-pixel events to additional scrutiny. Specifically, we evalu-
ated these objects based on predefined thresholds for average in-
tensity and the sum of intensities within their detected shapes.
Objects falling below the threshold values were excluded from
the analysis (red crosses in Figure 5), while those surpassing
the thresholds were reclassified, denoting their increased signif-
icance and relevance.

This approach was applied to a continuous high-speed image
stream of flow corresponding to Vtot = 94.5 μl of whole blood
resulting in 2.55 × 103 cell counts and 89.75 × 103 single pixel
events acquired in 9.45 s. The measurement time was limited by
the storage capacity of the acquisition system. The detection yield
of hMuStem cells can be estimated by comparing these figures to
the theoretically expected number of detections, obtained by mul-
tiplying the hMuStem cell concentration by the overall volume of
the sample that was circulated throughout the experiment: Ccell
× Vtot = 3.78 × 104 cells. This value needs to be rectified by con-
sidering the partial spatial overlap (6.7%) of the imaging region
with the channel section (see. Section S3, Supporting Informa-
tion). An additional correction stems from the flow velocity pro-
file within the flow chamber, leading to a flow speed (and there-
fore probed volume) in the central region two times larger than
the average flow rate (see Experimental Section).[40] Overall, this
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Figure 4. SLIDE flow imaging cell detection in whole blood. Left: Noise histogram (upper plot) with overlayed mean+6𝜎 intensity-based threshold for
sensing. Any 300 × 400 px image with more than 11 nonzero pixels represents a detection event (lower plot, note the log scale). Right: SHG in flow
images acquired at 16 kHz (300 × 200 px, left images) and 8 kHz frame rate (300×400 px, right images). Scale bar 10 μm.

Figure 5. In-flow detections and segmentation. Exemplary images of automatic cell detections in whole blood. The vertical axis displays the temporal
delay from the top of the image and the corresponding distance calculated from the flow speed (see Experimental Section). The SHG in cells appears
as green spots. The automatic detection algorithm allows distinguishing isolated pixels associated with dark noise (red outlines) from cell-like objects
retained for the morphological analysis (green outlines). The object labels are also used in the scatter plot of Figure 6. Some sparsely labeled objects
were discarded based on validation criteria relying on average intensity thresholds (red crosses). Scale bar 10 μm.
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Figure 6. Summary of detections. The scatter plot displays the maximum and minimum Feret’s diameter determined by the “nucleAIzer” analysis
of in-flow detections (white dots) superposed to the corresponding heat-map (green). Along the green diagonal line, the two Feret’s diameters are
identical. The circles mark the detections corresponding to the in-flow images of Figure 5. Comparison with the morphology of fluorescent cells in
suspension. Probability distributions of the length of the maximum (top panel) and minimum (right panel) Feret’s diameter established for a suspension
of fluorescence labeled cells (blue curves) and HNP-labeled cells detected by SLIDE in flowing blood and successively segmented by “nucleAIzer” (green
curves). The vertical and horizontal dashed white lines correspond to the expected apparent size of a cell with min and max Feret’s diameters at the
maximum of the fluorescence reference distribution when detected at ±10 μm from the focal plane (Figure S5, Supporting Information).

would result in a theoretical number of ≈ 5× 103 target cells flow-
ing through the “imaging region” during measurement. Taking
these two corrections into account and assuming the spatially ho-
mogeneous distribution of cells in flow, SLIDE flow imaging is
able to detect ≈ 50% of the target cells at a throughput rate of 536
target cells per second. Interestingly, the high sensitivity of the
system leads to a large vertical “sensing region”. Thus, we can
ascribe some of the discarded detections (a few sparse pixels in a
large area, denoted by red crosses in Figure 5) to strongly out-of-
focus cells. This effect can be appreciated by inspecting the data
treatment and images in Figures S5 and S6 (Supporting Infor-
mation). We expect that both throughput and detection yield can
be increased by the use of special optics to generate an elongated
focus (e.g., Bessel beam). Already now, we can positively rule out
false positive events in our approach, due to the extremely low
background, the high SHG signal levels, and the strict rejection
criteria applied.

All detections meeting the validation criteria (e.g., green out-
lines in Figure 5) were successively analyzed for extracting es-
sential morphological parameters. In the main panel of Figure 6,
the white dots indicate the Max/Min Feret’s diameter pair of
individual detections (a different representation of the same
dataset including some additional outliers is reported in
Figure S6, Supporting Information). The heatmap in green vi-
sualizes the density of the corresponding distribution for easier
inspection. The detections labeled 1–11 correspond to the green
shapes in Figure 5. In the top and right insets of Figure 6, we sep-
arately report the distribution of the Max and Min Feret’s diame-
ters (green curves) superposed to the same parameters measured
on a set of 163 fluorescence-labeled cells in suspension on the fs-
MP reference system (blue curves, Section S2, Supporting Infor-
mation). The latter are considered as reference measurements,
as the fluorescence labeling reveals the entire cell morphology at
the cost of lower signal and lower speed. The curves for Min and

Max Feret’s diameter are well overlapped, with the maxima of the
probability distributions occurring approximately at the same val-
ues. The distributions of HNP-labeled cells in blood are slightly
broader, consistent with the results of a measurement relying on
the highly inhomogeneous arrangement of HNPs within cells for
morphology reconstruction. The asymmetry toward longer val-
ues of the green distributions arises because out-of-focus detec-
tions are associated with apparently larger dimensions (dashed
white lines in Figure 6; discussion in Section S3, Supporting In-
formation).

Taking into account all of these elements, we attribute the
events labeled 1–5 to detections of isolated cells with sizes within
the main peak of the reference distribution (blue). Interestingly,
the tail of the Max Feret’s diameter distribution (green curve) ex-
tends toward much larger sizes (i.e., 60–80 μm: up to three/four
times the maximum of the distribution and clearly larger than
the upper estimation for defocused detection of a single cell). We
identify these larger objects as cell aggregates, which is supported
by the images labeled 6–11 in Figure 5. Thus, based on the mul-
tiparametric output of SLIDE flow-imaging, we can assign aver-
age and maximum intensity to these detections, as reported in
Figure S5 (Supporting Information). This allows us to better re-
fine their assignments as aggregates and distinguish them from
strongly out-of-focus cells in ambiguous situations.

3. Discussion and Conclusion

In this work, we demonstrate the image-based detection of flow-
ing hMuStem cells and cell aggregates in turbid media. The sys-
tem showed a detection efficiency of 50%, enabling high through-
put imaging cell detection at 530 cells s−1. The high-sensitivity,
background-free harmonic imaging of nanoparticle-labeled cells
embedded in whole blood paves the way toward in vivo blood
flow imaging.
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For prospective clinical adoption, screening procedures should
inform about the presence of cells in the systemic circulation and
address concerns related to the risks induced by stem cell infu-
sion and aggregation into cellular clumps that can lead to major
adverse vascular effects. Cell aggregates can also increase throm-
bogenic risk[41,42] as it has been shown that mesenchymal stem
cells (MSCs) express procoagulant activity linked to the expres-
sion of tissue factor that, when in contact with blood, initiates
coagulation.[43] Gleeson et al.[44] found that intra-coronary infu-
sion of bone marrow-MSCs in a porcine myocardial infarction
model was associated with a mortality rate of 60% attributed to ex-
acerbated microvascular obstruction due to platelet-rich thrombi
containing infused cells. In transplanted patients, thrombogenic
events have also been described during infusions of stem cells
in the context of metabolic deficiency,[45] kidney disease,[46] and
chronic pancreatitis.[47]

The extremely limited number of target cells expected in the
flow demands the ability to monitor large volumes of blood at
high throughput to obtain statistically significant results and
to be able to monitor the evolution of the therapeutic protocol
over time. Similarly, the possibility to work in whole, untreated
blood would prevent the risk of losing target cells during filtra-
tion and accelerate the procedure, prospectively enabling mon-
itoring extracorporeal circulation. Whole blood displays broad
autofluorescence throughout the UV–vis[48] that can hinder the
signal of fluorescent reporters leading to false positive and neg-
ative detections, with a substantial decrease in sensitivity and
accuracy. The use of nanoparticles (NPs) for cell labeling rep-
resents an appealing alternative, and indeed it is a research av-
enue already explored for imaging and tracking stem cells in
preclinical models.[49–51] Unlike other settings (e.g., tracking of
metastatic cells), regenerative medicine protocols allow labeling
directly the cells before their administration. This possibility rep-
resents a great advantage as it lightens the burden of imple-
menting NP surface coating strategies to increase target selec-
tivity. The NP approach has been successfully demonstrated in
combination with MRI,[49] CT, PET, fluorescence, and photoa-
coustic imaging,[50] for NPs of various nature (Au, QDs, UCNPs,
etc.).[51] Among these imaging techniques, optical microscopy
has the advantage of (sub-)cellular resolution, which is neces-
sary for elucidating the aggregation state of flowing cells and
represents a core asset for the complementary investigation of
the migration and grafting of stem cells in tissues. However,
purely optical approaches show comparatively poor penetration
imaging depth in the host organism. The use of multi-modal
nanoparticles[52–54] including HNPs[55] could mitigate the dis-
crepancy between optically-based techniques and those operat-
ing on magnetic, radioactive, or acoustic stimuli and allow con-
necting different spatial-scales to address more comprehensively
the challenges associated with systemic delivery of transplanted
cells.

Taking these requirements into account, we have devised an
approach for in-flow counting and sizing of stem cells labeled
by HNPs in whole, unfiltered blood. We showed how the wave-
length flexibility, the practically instantaneous response of SHG
and the high signal levels enable in-flow imaging in blood, lead-
ing to the acquisition of background-free signal at high imaging
rates. The scanning speed reached is too fast for the response
of fluorophores but not for nonlinear parametric signals such as

SHG. The imaging rate demonstrated enables screening the en-
teric blood volume of a mouse (2.5 mL, corresponding to 6–8% of
its body weight)[56,57] in 30 min (considering 1 m s−1 flow speed),
with the possibility to decrease even further this time by a tai-
lored adaptation of flow cell and focusing optics. For a prospective
translation of our approach in vivo, as one image dimension is
scanned by the flow, one has to take into account different (lower)
blood flow speeds and the necessity to correct for not constant
flow with an independent calibration of the dynamics of the ves-
sel under observation.[58,59]

We established an AI-based segmentation and analysis of de-
tections which showed agreement with the morphological fea-
tures characterized by traditional multiphoton microscopy on
fluorescence labeled stem cells in suspension. Although the
sparse labeling by HNPs does not grant access to fine de-
tails of cell morphology, the maximum and minimum Feret’s
diameters can be related in a straightforward manner to the
size of flowing cells and to their aggregation state. The re-
sults were obtained based on a cell therapy protocol pro-
posed to counter the effects of DMD as a benchmark. This
suggests that the combination of SLIDE detection of SHG-
emitting adult stem cells in the blood and their simultaneous
SHG/THG imaging by conventional multiphoton microscopy
in tissues for increased selectivity,[32] defines a comprehen-
sive and promising approach for preclinical safety and efficacy
assessments.

4. Experimental Section
Isolation and Culture of Human MuStem Cells: Biopsies were collected

from the Paravertebralis muscles of patients aged 12–19 years. Patients
were 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 (approval number: MESR/DC-2010-1199). The biological sam-
ple bank was created in compliance with national guidelines regarding the
use of human tissue for research (approval number: CPP/29/10).

Human MuStem cells (hMuStem cells) were independently isolated
from skeletal muscle from four patients after 6 days using a modified ver-
sion of the preplating technique as previously described.[30,60] Cells were
seeded on CELLstart substrate-coated plastic flasks (Invitrogen, Cergy-
Pontoise, France) at 5.0 × 104 cells cm−2 under standard conditions (37
°C in 95% humidified atmosphere containing 5% CO2) and expanded
in growth medium (Macopharma, Mouvaux, France), supplemented with
10% human serum (EFS, Nantes, France), 1% 10000 IU mL−1 penicillin,
10 mg mL−1 streptomycin, 25 mg mL−1 fungizone (PSF; Sigma–Aldrich,
Saint–Quentin–Fallavier, France), 10 ng mL−1 human recombinant basic
fibroblast growth factor (bFGF; Miltenyi, Bergisch Gladbach, Germany),
and 25 ng mL−1 human recombinant epidermal growth factor (EGF; Mil-
tenyi). Growth medium was replaced every 3 days.

Human MuStem Cells Labeling by BFO HNPs: Human MuStem cells
(n = 4, independent batch) were expanded in growth medium for 8 hours
at 37 °C to generate up to 1.125 × 106 cells in a T75 plastic flask (Corn-
ing, NY, USA) and 1.95 × 105 cells in the Ibidi-8 well chamber (IBIDI,
Gräfelfing, Germany). For this study, uncoated BFO-HNPs previously syn-
thesized according to the protocol detailed in Schwung et al.[31] were used.
The particles were received and suspended in solution at 5 mg mL−1 in
100% ethanol. These HNPs were the same used and characterized in other
studies.[32,61] Cells were exposed to previously sonicated BFO HNPs at
75 μg mL−1 concentration. After 18 hours, culture medium was removed in
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Figure 7. Toxicity profile and labeling efficiency of BFO HNPs on hMuStem cells. First row; “Caspase Assay” Results for staurosporine-treated hMuStem
cells (Ctrl+), unlabeled hMuStem cells (Ctrl-), and BFO HNPs-labeled hMuStem cells (BFO). Note the split in the vertical axis. “Ki67 Assay” Results
for untreated hMuStem cells (Ctrl-) and BFO HNPs-labeled hMuStem cells (BFO) and corresponding microscopy images (red: Alexa 555 fluorescence
associated with Ki67; blue: DAPI for nuclear staining; gray: overlay of the bright-field image with BFO HNP aggregates appear as dark spots). Scale-bar
20 μm. Second row; Cell labeling efficiency was analyzed using maximum intensity projection images as the one reported in the two rightmost panels
(red: Membright Cy3.5 fluorescence; green: SHG by BFO HNP aggregates). Scale-bar 20 μm. The ROI in the dashed outline is magnified in the bottom-
right panel. Scale-bar 5 μm. The histograms in the left panels report the distribution of the number of SHG spots per labeled cell and their minimal
Feret’s diameter fitted by Gaussian functions (dashed lines).

order to eliminate the excess of BFO HNPs and primary cell cultures were
maintained for 3 days at 37 °C. Cells expanded in T75 plastic flask were
then trypsinized (Fisher scientific, Waltham, MA, USA), counted, and sus-
pended at 105 cells mL−1 in phosphate buffered saline (PBS) containing
8% PFA to obtain fixed labeled cells without presence of aggregates. Cell
suspension was centrifuged and the pellet was taken up in PBS. For spe-
cific measurements, BFO HNP-labeled cells (106 cell mL−1) were stained
with MemBright-Cy3.5 (200 nM, Idylle, Paris, France).

Assessment of Toxicity and Labeling Efficiency of BFO HNPs: In Figure 7,
the results of Caspase and Ki67 assays to quantify cell apoptosis and pro-
liferation, respectively. By the Caspase assay, it was determined that the
percentage of positive cells was 1.12% ± 0.35% and 0.49% ± 0.17% for
labeled (BFO) and untreated hMuStem cells (Ctrl-), respectively, indicat-
ing low induction of apoptosis following nanoparticle uptake (see details
in Section S5, Supporting Information).

Similarly, the results obtained with the canonical proliferation marker
Ki67 on labeled (BFO) and unlabeled (Ctrl-) hMuStem cells indicate that
the proportion of cycling cells are not statistically different. This finding
showed that the proliferation activity of hMuStem cells was not under-
mined by the presence of BFO HNPs, as demonstrated by the presence
of dispersed Ki67+ cells in the brightfield image overlayed to the fluores-
cence image of both primary cultures. Altogether, these results confirmed
those previously obtained for the same nanomaterial on various human
carcinoma cell lines[33] and those recently established for hMuStem cells
at lower BFO HNP concentrations (12.5 and 25 μg mL−1).[32]

The labeling efficiency was extracted and quantified from a series of im-
ages similar to the one reported in the bottom right panel of Figure 7. The
image was obtained as a maximum intensity projection of a stack of 41
slices acquired with 0.375 μm step size. From the analysis performed on
one hundred cells, the distributions of SHG spots per cell were computed,
and their minimum Feret’s diameter as reported in the histograms in the
second row. The two distributions were fitted by Gaussian functions peak-
ing at 5.9 SHG spots cell−1 and 1.4 μm, respectively. These values could
be readily compared with the close-range image of a cell in the rightmost
plot, corresponding to the ROI defined by the white dashed outline in the
“Labeling” plot. Generally, a rather sparse labeling of cells was found by
BFO HNP aggregates. This was consistent with the previous observations

of active nanoparticle uptake by cells and their localization in cytoplasmic
vesicles mainly corresponding to endosomes for an extended time period
(up to two weeks in proliferating cell culture conditions).[32]

Blood Preparation: The blood was collected from the transfusion cen-
ter of the Universitätsklinikum Schleswig–Holstein (UKSH) Lübeck in
EDTA tubes. All microfluidic chips and tubings were washed with Ha 1:500
Heparin:PBS solution to prevent clogging.

Imaging: fs-MP: Standard multiphoton microscopy measurements
were performed at the APEX platform of the INRAE/Oniris UMR 703
PAnTher, Center of Excellence Nikon Nantes (Nantes, France) using a
commercial system (A1R-MP, Nikon, Europe BV) coupled with an In-
Sight DeepSee laser (Spectra-Physics, Irvine, CA, USA), tunable in the
680–1300 nm range, <120 fs pulses. An auxiliary beam at 1040 nm was
used in combination with the tunable output for dual wavelength exci-
tation. An apochromat 25× MP1300 immersion objective (NA 1.10, WD
2.0 mm) was employed. For the fast imaging comparison with SLIDE
(Figure 2), the resonant scanning mode was used (60 fps, 256 × 256),
while other images (Figure 7) were recorded using the system’s galvano-
metric scanner. Quantification of BFO spot number and minimal axis
length was performed using the GA3 module of NIS software (Nikon In-
struments).

Imaging: ps-SLIDE: The SLIDE setup employed a newly built FDML
laser[62] at 1060 nm center wavelength and 3.3 MHz sweep rate by em-
ploying eight times buffering.[63] A sweep span of 12 nm was employed,
leading to a horizontal field-of-view (FOV) of 67 μm in combination with a
60 ×, NA 1.4 oil immersion objective. The vertical axis was scanned with a
galvanometric mirror (Scanlab Dynaxis 421) driven by a 2 kHz sinusoidal
waveform, leading to a bi-directional frame-rate of 4 kHz and 800 lines per
frame. For correct aspect ratios, the lines were two times binned to yield
images of 300×400 pixels (Figure S2, Supporting Information). For flow
measurements, the galvo motion was stopped and the vertical axis scan-
ning was performed through the flow (no vertical binning). The horizon-
tal sampling was programmed using a custom digital waveform loaded
on a 10 GS s−1 arbitrary waveform generator (Tektronix AWG7102), pro-
ducing 300 pulses per sweep at Gigapixel s−1 rate. The data acquisition
was driven synchronously to the SLIDE excitation pulses using a phase
locked loop (PLL) to run the sample clock of the 4GS s−1 digitizer card
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(Alazartech ATS9373) at precisely four times the pixel rate. For reference,
for the sample volume probed in the main experiment described, at 6.8
GBytes s−1, a total of 64 GByte of data needed to be recorded into the
RAM of the computer. In the detection path, the photocurrent produced
by a hybrid photomultiplier (Hamamatsu R11322U-40) was amplified by a
transimpedance amplifier with 400 MHz bandwidth, which was the high-
est DC-coupled bandwidth available. For the equalization of the strong
SHG signal and the approximately tenfold weaker fluorescence signal in
3, a cinematic color filter (LEE Filters, 025 sunset red) was used for equal-
ization of the signal levels (T635/T532 = 8). The rest of the setup was as
previously described.[16]

Imaging: ps-SLIDE flow imaging set-up: The cell-blood mixture was
sent through a flow chamber of 200 × 100 μm2 cross-section and 18 mm
length (Microfluidic ChipShop Germany, 10000196) using a syringe pump
(Harvard Elite). To prevent sedimentation of cells, a magnetic stirrer was
used inside the syringe. The flow speed in the flow chamber was empiri-
cally set to observe isotropic sampling in the x- (SLIDE) and y- (flow) di-
rection by visualization of round-shaped cells in the SLIDE imaging flow
images. In x-direction, the sampling is given as the ratio of the number of
pixels (300) and by the field of view (FOV). The FOV is given by the ob-
jective (60×, NA 1.4 oil immersion, Nikon Apoplan 60×) and the chosen
Fourier Domain Mode Locked (FDML) laser span of 12 nm. This lead to
a FOV in the x-direction of 67 μm and a pixel pitch of 67 μm 300−1 px =
223 nm px−1. It was noted that Nyquist sampling was achieved with 290
pixels, so a slight oversampling was programmed. In order to achieve the
same sampling pitch in y, the movement in between line scans should
match the 223 nm in x-direction. Considering the SLIDE line scan rate of
3.3 MHz, this translated to a flow speed of 223 nm ×3.3 MHz ≈ 0.75 m
s−1. This isotropic sampling was empirically achieved with a flow rate of
10 μl s−1 by observing fluorescent beads in flow. Alternatively, the flow
velocity by the programmed flow rate on the syringe pump of 10 μl s−1

and the cross-sectional area of the chamber (200 ×100 μm2) could also
be calculated, leading to an average flow speed of 0.5 m s−1 assuming
homogeneous velocity distribution within the chamber. However, by ap-
plying the theoretical framework developed by H. Bruus, a more realistic
average flow velocity was evaluated within the “imaging region” of 1.025
m s−1.[40] Note that this correction leads to an increase of the probed vol-
ume calculated from the nominal flow rate of the syringe, and accordingly
a decrease of the calculated detection efficiency of target cells, which cor-
responded to the ratio between the actual number of detections and the
detections expected within the probed volume. This meant that the de-
tection efficiency ranges between 99% (no correction applied) and 50%
(with correction). In a control experiment, it was verified that the irradi-
ation conditions used in the experiment does not affect the morphology
of erythrocytes by visually comparing brightfield images acquired before
and after irradiation of a blood sample (1:50 dilution in a 0.6 M saline so-
lution). It was also observed that prolonged irradiation entailing multiple
raster scans over the same sample region eventually induce permanent
damage on erythrocytes, therefore - if the approach is transferred in vivo
- more specific assays to monitor haemolysis, and the onset of nonlinear
and heat damage need to be carried out.[64–66]

Image Pre-Processing and Automated Cell Detection: The recorded raw
data was pre-processed by subtracting the electronic noise (Johnson
noise) of the transimpedance amplifier. A threshold of 14 mV amplitude
was selected to remove all electronic noise still while still leaving any
single and multi photon signals untouched (single photon levels had
≈25 mV amplitude). The thresholded data were transformed into im-
ages using the “ImageJ” Raw import option, followed by four digitization-
sample-per-pixel binning. Images were then segmented to identify target
cells using “nucleAIzer”[39] deep learning instance segmentation model
re-trained on a training set containing 215 images out of the total of 2550
detections. The training set contained images with annotations created
in the “napari-annotatorj”[67] software labeling stem cells and single-pixel
spots then exported to instance-aware masks. The predicted segmenta-
tion masks were post-processed to resolve overlapping detections, and
masks were separated to the 2 classes “cell/cell aggregates” (green out-
lines in Figure 5) and “single spots” (red outlines). Morphology and in-

tensity features were calculated using the open source image-processing
library “Scikit-Image”[68] including area, Max and Min Feret’s diameters
and perimeter to describe the shape, while basic statistics such as mean,
standard deviation, min, max, and sum were applied to intensities under
each segmented object on pre-processed images. Based on a manual se-
lection of intensity thresholds, an additional (third) class of objects was
defined for the “low-level” labeling objects containing a low number of
single spots located close to each other, filtered from the cell class (red
crosses in Figure 5).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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