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In this visualized experiment, protocol details are provided for in vitro labeling of human
embryonic stem cells (hESC) with second generation harmonic generation
nanoparticles (SGHSHG-NPs). The latter are a new family of probes recently
introduced for labeling biological samples for multi-photon imaging. SGHSHG-NPs are
capable of doubling the frequency of excitation light by the nonlinear optical process of
second harmonic generation with no restriction on the excitation wavelength.
Multi-photon based methodologies for hRESC investigation by multi-photon microscopy,
their differentiation into cardiac clusters (maintained as long term air-liquid cultures) are
presented in detail. In particular, evidence on how to maximize the intense second
harmonic (SH) emission of isolated SGHSHG-NPs while during 3D monitoring of
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beating cardiac tissue in 3D is shown. The analysis of the resulting images to retrieve
three dimensional3D displacement patterns is also detailed.

Author Comments: An original video animation is included in the submission. It can be modified to be
inserted in the final video.
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Dear Editor,

Please find enclosed our manuscript entitled “Harmonic nanoparticles for regenerative research”.

Since a few years we witness a steady increase in the number of multi-photon imaging platforms in universities,
hospitals, and industrial R&D departments. This rising interest for nonlinear imaging is motivated by several
factors, both scientific and commercial. The former include the inherent three dimensional sectioning capabilities
and high spatial resolution of nonlinear approaches, accompanied by the possibility to work in the infrared spectral
region, increasing penetration depth and minimizing sample absorption and degradation. The commercial reasons,
on the other hand, comprise the increased availability of cost-effective ultrafast lasers and the fact that, in 2009,
the patent on 2-photon microscopy ran expired, favoring the opening of this market to several manufacturers.
These facts have motivated ours and a few other research groups worldwide to work on the development of
“harmonic nanoparticles”, a novel family of inherently nonlinear microscopy probes. The optical contrast
mechanism they exert, contrary to quantum dots and up-converting nanoparticles, is not based on fluorescence
but on second harmonic generation. This physical mechanism enables a series of attracting optical properties
including excitation-wavelength tunability, complete absence of bleaching and blinking, and narrow (tunable)
emission bands. These characteristics, in turn, make these nanosystems amenable for long-term tracking and deep
tissue imaging. A context where these properties might be particularly favorable is that of regenerative medicine.
In fact, despite the increasing success of stem cells based approaches, a complete understanding of the integration
mechanism of stem cells or derivative into a native tissue after transplantation is still missing. This lack of
knowledge descends primarily from the difficulty to track in a continuous fashion and for extended time periods
(days to weeks) transplanted cells within tissues at sub-cellular spatial resolution. With our video protocol we show
for the first time that harmonic nanoparticles can be used to monitor the evolution of embryonic stem cells, follow
their differentiation, and even provide three-dimensional information about the beating pattern of

cardiomyocites.

We believe that this contribution is particularly suited for JoVE, as it combines different state-of-the-art
approaches (non linear nanoparticles, harmonic microscopy, embryonic stem cells) providing sound results and

data analysis.
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SHORT ABSTRACT:
Protocol details are provided for in vitro labeling human embryonic stem cells with second
harmonic generating nanoparticles. Methodologies for hESC investigation by multi-photon

microscopy and their differentiation into cardiac clusters are also presented.

LONG ABSTRACT:
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In this visualized experiment, protocol details are provided for in vitro labeling of human
embryonic stem cells (hESC) with second harmonic generation nanoparticles (SHG-NPs).
The latter are a new family of probes recently introduced for labeling biological samples for
multi-photon imaging. SHG-NPs are capable of doubling the frequency of excitation light by
the nonlinear optical process of second harmonic generation with no restriction on the
excitation wavelength.

Multi-photon based methodologies for hESC differentiation into cardiac clusters
(maintained as long term air-liquid cultures) are presented in detail. In particular, evidence
on how to maximize the intense second harmonic (SH) emission of isolated SHG-NPs
during 3D monitoring of beating cardiac tissue in 3D is shown. The analysis of the resulting
images to retrieve 3D displacement patterns is also detailed.

INTRODUCTION:

Nonlinear microscopy systems, thanks to their inherent three dimensional sectioning
capabilities, have increasingly triggered the demand for photo-stable fluorophores with
two-photon absorption bands in the near infrared. Only in the last couple of years, to
complement the development of fluorescence-based labels (dyes, quantum dots, up-
converting nanoparticles), a different imaging methodology has been exploiting the use of
a novel family of inherently nonlinear nanoparticles as labels, i.e. harmonic nanoparticles
(SHG-NPs) which have been specifically developed for multi-photon microscopy. These
labels, based on inorganic noncentrosymmetric crystals, exert optical contrast generating
the SH of the excitation frequency: for example by converting a fraction of near infrared
pulsed excitation light (A = 800 nm) into visible blue light (A /2 = 400 nm). Several authors
in the recent past have tested different materials, including iron iodate (Fe(I03)s", potassium
niobate (KNbOs)? lithium niobate (LiNbO3)%, barium titanate (BaTiO3)*°, potassium titanyl
phosphate (KTiOPO4, KTP)®®, and zinc oxide (Zn0O)>**°. Compared to fluorescent probes,
SHG-NPs possess a series of attractive properties, such as complete absence of bleaching
and blinking, narrow emission bands, excitation-wavelength tunability (from ultraviolet to
infrared), orientation retrieval capability, and coherent optical response. These unique
properties have been recently explained in two comprehensive review papersili2, The
possibility of working in the infrared spectral region, which increases imaging depth by
minimizing scattering and absorption, also drastically limits sample photodegradation13.14,
Moreover, the infinitely photo-stable signal guaranteed by SHG-NPs makes them ideal
probes for long-term cell tracking, which is particularly appealing for regenerative
medicine applications?5,

In this visualized experiment, protocol details are provided for in vitro labeling of human
embryonic stem cells (hESC) with unfunctionalized SHG-NPs. The synthesis and
preparation of colloidal suspensions is detailed in a previous publication and in references
thereinl® and is beyond the scope of this work. Methodologies for hESC investigation by
multi-photon microscopy and their differentiation into cardiac clusters (maintained as long
term air-liquid cultures) are presented. Human ESC can be let to differentiate within so
called embryoid bodies (EBs) in two different ways either by EB formation of colony
fragments in suspension or, alternatively, forced aggregation of single cells into EBs using
the Aggrewell plate, as illustrated in Figure 1A. Culturing beating clusters of cardiac cells on
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polytetrafluoroethylene (PTFE) porous filters facilitates their long-term maintenance for
further studies (for example electrophysiological measurements of action potentials).

The excitation source of the scanning microscope should be able to deliver ultrashort
pulses (with a pulse duration smaller than 300 fs at the sample) in order to reach the peak
power needed to perform second harmonic imaging of SHG-NPs. For instance, the most
common fs-source used for imaging are tunable Ti:Sapphire lasers. Alternatively, other
ultrafast lasers can be employed, for instance Erbium ionl7, Chrome Forsteritel® or
Ti:sapphire pumped infrared optical parametric oscillators. The microscope can be
equipped with an objective with preferably a rather high numerical aperture. Very
importantly, prior to measurements, and each time the objective is replaced, it is
mandatory to minimize the dispersion present in the set-up (lenses) by optimizing the
settings of the laser pulse pre-compressor at the working wavelength of choice. This
procedure, detailed in the protocol, ensures that the laser pulse is as close as possible to the
transform limited duration (i.e. shortest as possible) at the focal plane and maximizes the
sample nonlinear response.

The goal of the image analysis described at the end of the protocol is to identify and track in
3D SHG-NPs movements associated with the rhythmic contractions of beating cardiac
clusters. Tracking nanoparticles in the image plane is simply realized by identifying their
positions in successive movie frames. To extract information on axial movement, a prior
calibration of the nonlinear intensity response as a function of axial displacement is
mandatory. Note that for long-term measurements, an active interferometric control of
sample axial position is required to maintain the validity of the calibration curve in the
presence of thermal and/or mechanical drifts.

The SHG-NPs used here to trace beating cells within aggregates are based on potassium
niobate oxide (KNbO3), but other available nonlinear nanomaterials are reviewed in detail
in the work of Staedler et al.

The nonlinear optical efficiencies of most of the nanomaterials investigated so far are very
comparable. The choice for KNbO3 was essentially motivated by the good stability of the
colloidal solution and its good biocompatibility, tested on several human cell lines even at
fairly high concentration and long exposition times.16

Given the novelty of the nanomaterial employed for this work, the main characteristics
of SHG-NPs as compared to fluorescent/luminescent bio-markers are shown in a short
original computer video animation realized by the authors.

PROTOCOL:
1. Culture and expansion of human ESC

1.1. Prepare the cell propagation medium (called PM) containing Knockout DMEM
supplemented with 20 % Knockout Serum, 1 % MEM Non-Essential Amino Acids, 1
% L-glutamine 200 mM, 1 % penicillin-streptomycin, 3.5 pl f-mercaptoethanol.

1.2. Thaw human ESC (hESC) in 8 ml PM medium and centrifuge them 5 min at 115 x g
to discard DMSO-supplemented freezing medium.
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1.3.

1.4.

1.5.

1.6.

1.7.

1.7.1

1.7.2

1.7.3

1.8

1.8.1

1.8.2

1.8.3

1.8.4

Add 1 ml of PM medium containing 10 uM Rock inhibitor to prevent apoptosis and
improve cell survival upon thawing (24 h incubation only).

Add basic fibroblast growth factor (bFGF) to the PM medium at the desired
concentration (4-10 ng/ml) for maintenance of pluripotency.

Plate the hESC on irradiated human foreskin feeder cells (YHFF) (Fig 1A), previously
plated at a concentration of 2x104 cells/cm?2.

Change medium daily and, when necessary, remove portions of colonies starting to
differentiate by aspiration using an elongated sharply-cut Pasteur pipette.

Once a week, passage colonies enzymatically:
Remove medium and wash colonies with 2 ml PBS.

Remove PBS and incubate them with 0.5 ml per well of warm collagenase [V at 1
mg/ml for 10 min at 37 °C, 5 % COx.

Collect colony fragments in 2 ml new PM medium and centrifuge at 115 x g for 3
min.

Alternatively, colonies can be passaged mechanically by scraping:
Remove medium and wash colonies with 2 ml PBS.
Manually scrape colonies using the StemPro EZPassage roller scraper tool (Fig 1B).

Collect colony fragments and centrifuge then for 3 min at 115 x g to remove the
supernatant.

Plate fragments on YHFF or process them for differentiation into embryoid bodies
(EBs).

2. Human ESC differentiation protocol

2.1.

2.2.

2.3.

2.3.1.

2.3.2.

Prepare the differentiation medium (DM) using Knockout DMEM supplemented
with 20 % Hyclone serum, 1.0 % MEM Non-Essential Amino Acids, 1.0 % L-
glutamine 200 mM, 1 % penicillin-streptomycin, 3.5 pl -mercaptoethanol.

Remove medium and wash colonies with 2 ml PBS.
EB formation of colony fragments in suspension.

Remove PBS and incubate them with 0.5 ml per well of warm collagenase IV at 1
mg/ml for 10 min at 37 °C, 5 % COx.

Collect colony fragments in 2 ml new DM medium and centrifuge at 115 x g for 3
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2.3.3.

2.3.4.

2.4.

2.4.1.
2.4.2.
2.4.3.

2.4.4.
plates (about 3 EBs/well).

min.

Culture them in suspension in ultra-low attachment 6 well-plates (2 ml per well) for
4 days (Fig 1C).

Collect and plate the newly formed EBs on 0.1 % gelatin-coated 24-well plates
(about 3 EBs/well) (Fig 1D).

Alternatively, forced aggregation of single cells into EBs using the Aggrewell
plate.

Remove PBS and dissociate colonies into single cells using accutase (0.5 ml/well).
Centrifuge and resuspend cells in DM medium at 1.2 x 106/ml.
Add 2 ml per aggrewell chamber for 1 day (Fig 1B’).

Collect newly formed EBs (Fig 1C’) and plate them on 0.1 % gelatin-coated 24-well

2.5. Change DM medium every 2-3 days until the appearance of beating clusters of
cardiomyocytes (15-30 days).

3. Air-liquid 3D cultures of beating clusters and labeling with SHG-NPs

3.1.

3.2.

3.3.

3.4.

3.5.

3.6.

3.7.

Identify and manually dissect clusters of beating cardiomyocytes (Fig. 1D), normally
appearing after 2-4 weeks of culture, using an elongated sharply-cut Pasteur pipette.

Deposit 4 PTFE filters per insert that will be placed on a 6well-plate (Fig. 1F).
Add 1 ml of DM medium on top of each well.

Add one dissected beating cluster on each PTFE filter (Fig 1E), (maximum 4/well, i.e.
24 aggregates per plate,Fig 1F’).

Change DM medium every 2-3 days.

To label the clusters, remove the PTFE filter containing the beating cluster and put it
on 3.5 cm glass bottom dish (170 um thick).

Add 1 ml of SHG-NP at a concentration of 50 pg/ml for 30 min.

4. Non-linear Optical Imaging

4.1.

Sample preparation. After SHG-NP labeling (see point 3.6), transfer either whole
differentiating early hEBs or cardiac beating clusters (dissected upon contraction
appearance) on PTFE filters over a 170 um thick glass-bottom dish compatible with
the working distance of high numerical aperture objectives. Alternatively, apply a
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4.2.

4.3.

4.4.

4.5.

4.6.

4.7.

4.8.

4.9.

5.1

direct coating of beating clusters to the glass-bottom dish pre-coated with 0.1 %
gelatin.

Transfer samples to an all-in-one microscope equipped with incubating chamber
ensuring stable temperature, humidity and CO: control over extended periods of
time.

After initial inspection, image the sample via wide-field imaging under white light
illumination to identify structures of interest within differentiated EBs or active
beating clusters that will be selected for further investigations.

If cell autofluorescence from NADH and SH from SHG-NPs have to be simultaneously
acquired, set a shorter laser excitation wavelength (i.e. 720 nm) to match the
molecular absorption. Use one narrow band-pass spectral filter centered at half the
excitation wavelength (i.e., A = 360 + 10 nm) to detect SH, and another one to detect
autofluorescence.

Firstly perform a fast, low resolution, three-dimensional scan to rebuild the overall
morphology of the cardiac cluster and select an image plane within the cluster
volume with several visible SHG-NPs.

If necessary, change the excitation wavelength freely to best match the sample’s
optical properties or to avoid photobleaching, photodamage and to image deeper
into tissues with an IR wavelength (i.e.,, 790 nm) and replace the second harmonic
filter accordingly (i.e., 395 nm). Optimize the settings of the laser pulse pre-
compressor at the working wavelength of choice by maximizing the second-
harmonic signal of SHG-NPs deposited on the sample.

To monitor in real time the cardiac cluster contractions, set the microscope optical
scanner in the fastest mode such as resonant mode, allowing high speed acquisition
of two-dimensional images.

Choose the settings as best compromise between image contrast and acquisition
speed, such as:

. Scan averaging: 4,
. Pixel dwell time: 0.1 ps,
o Image rate: 3.75 frames per second (fps)

Laser power is adjusted according to focal spot size and scanning speed. 50 mW
(measured at the entrance of the objective) is a typical value for 0.1 ps pixel dwell
time and Plan APO 20x N.A. 0.75 objective persevering cell viability.

Image analysis

Axial calibration procedure. Select a single SHG-NP deposited on a bare substrate.
Adjust the focus (i.e. the axial position of the nanoparticle) for maximizing the SH
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intensity. Vary in a controlled way the axial position of the microscope stage to
obtain the calibration curve relating SH intensity as a function of the SHG-NP offset
from the focal plane. The output of this calibration procedure for the Plan APO 20x
N.A. 0.75 objective is reported in Fig. 4 C.

5.2  Select SHG-NPs present in all video frames and determine their periodic
movements. This procedure can be easily automated, for example by a custom code
seeking for signal maximum intensity spots in a defined region of interest and
connecting them among different frames (an example code written in Matlab R2009
b using the function regionprops of the Image Processing Toolbox is presented).

5.3  Assess the quantification of the out-of-plane displacements, associated with non-
continuously traceable SHG-NPs moving along the optical axis, by converting their
intensity modulations throughout different frames into axial displacement using the
calibration curve established at point 5.1. Note that this procedure gives access to
axial movements but cannot be used to determine the absolute direction (upwards
or downwards).

REPRESENTATIVE RESULTS:

Prior to assess the beating activity by confocal imaging, a careful characterization of the
nonlinear optical response of the PTFE filters was performed, either alone or in the
presence of SHG-NPs at high concentration (1 mg/ml). It was ensured that: i) the bare
substrate two-photon excited fluorescence is very weak and cannot prevent measuring the
relevant biological samples, and ii) the SH emission from isolated SHG-NPs can be easily
acquired by imaging through the substrate in epi-detection mode (Fig. 2). The aim was to
have reference controls for the quantification of 3D displacement.

In Figure 3, SHG-NP-labeled cardiac structures and EBs are displayed. The red (Panel A),
yellow (Panel B and C) and green (Panel D) colors correspond to NADH autofluorescence,
while the intense blue SH spots stem from isolated SHG-NP. It is interesting to point out the
very good optical contrast achievable by this technique and the relatively sparse labeling as
compared to other nanoparticles-based methods, like quantum dots or up-conversion
nanoparticles. In the present study, having very intense isolated labels was advantageous
for tracking several independent individual particle movements and reconstructing
collective movement of the stem cell-derived structures.

Figure 3B illustrates a slice view of a SHG-NP-labeled cardiac beating cluster. Such 3D
structures can then be recorded at high speed to monitor the contraction pattern in the
cell-SHG-NP aggregate as reported in Movie 1. In this case, to maintain high acquisition
speed rate for resolving the NP motion, the overall acquisition sensitivity was not sufficient
for recording cell autofluorescence along with SH emission from SHG-NPs.

The application of image analysis described in sect. 5 of the protocol applied to the
ensemble of movie frames enables to extract information about individual SHG-NP motion
(direction, in-plane and out-of-plane displacement, frequency). The result of this analysis
(Fig. 4) indicates that, within the same cardiac cluster, the frequency is constant for in- and
out-of-plane motion (see Fourier transform in panel B) and displacements are of the order
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of a few micrometers (the lengths of the arrows indicating the exemplary displacements of
five NPs in panel A correspond to the maximal elongation of the oscillations).

TABLES AND FIGURE LEGENDS
Figure 1.

Differentiation of hESC into cardiac beating clusters and labeling with SHG-NPs
nanoparticles for second-harmonic imaging microscopy. Undifferentiated hESC
colonies (A) were either 1) cut down into smaller pieces using the StemPro EZPassage tool
(B) and let in suspension to form irregular EBs (C), or 2) dissociated into single cells and
re-clustered using the Aggrewell system (B’) to form regular EBs (C"). Both types of EBs (C
or C’) were cultured for 2 days in suspension and then adhered to gelatin-coated dishes.
Beating clusters of cardiomyocytes (D) were then manually dissected using a scalpel and
cultured on PTFE filters (E) deposited on inserts to allow air-liquid 3D cultures (F, F’).
(scale bars for panels A, B, B’, Cand C": 100 um; for panels D and E: 250 pm).

Figure 2.

PTFE substrate optical characterization. Panel A: bright field image of the PTFE filter
alone. Panel B: Two-photon image of the PTFE filter, which displays a weak fluorescence
compared to the rather high laser intensity applied for this control measurement (13 mW).
Panels C and D: after adding to the bare substrate a water drop containing SHG-NPs at 1
mg/mL concentration, their SH emission can be easily acquired through the filter at
comparatively low laser intensity (2 mW). In Panel D, a 3D image of the nanoparticles
spread on the filter is shown. (scale bars: 50 pm).

Figure 3.

Multiphoton imaging of SHG-NP labeled cardiac structures and EBs. Panel A: The two-
photon fluorescence signal of a beating cluster is displayed in red and the SH signal from
the SHG-NPs is shown in blue. The colors correspond to the intensity measured by the four
non descanned photomultipliers equipped with different spectral filters. (Blue 395 + 11
nm, green 485 + 20 nm, yellow 531 + 40 nm, red 607 + 70 nm). This cluster was imaged
directly through the PTFE porous filter with a 10x objective with an excitation wavelength
of 720 nm and a mean power of 8.8 mW. Panel B is a slice view of a SHG-NP labeled cardiac
structure extracted from a z-stack. Panel C is an EB imaged through the PTFE (scale bars
for panels A, B and C: 100 pum). Panel D is a 3D image of an EB labeled with SHG-NPs,
reconstructed from z-scans using an apochromatic 40x N.A 1.25 water immersion objective
(scale bar: 50 pum). The SHG-NPs are well spread around the whole EB and the cardiac
cluster, allowing the movement analysis.

Figure 4.

Panel A: Individual frame of the movie of the beating cluster and vectorial analysis of in-
plane SHG-NPs displacements (SH signal shown in black). The lengths of the arrows
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correspond to the maximal elongation of the oscillations. Panel: Fourier transform of NPs
oscillations showing that within the same cardiac cluster, the frequency is constant for in-
(black line) and out-of-plane motion (orange dotted line) and corresponds to 0.4 Hz. Panel
C: calibration curve used to convert SHG-NP intensity into axial displacement (See section 5
of the protocol). Circles: experimental datapoints.
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DISCUSSION:

The application of nanotechnology to stem cell research is a relatively new but rapidly
expanding field. As pointed out by various review articles on the subject, the use of
nanoparticles can be applied to accomplish different research tasks, ranging from cell
tracking (both in vitro and in vivo), to intracellular delivery of proteins and genes, not least
the creation of biomimetic cellular environments for preferential stimulation/inhibition of
specific differentiation pathways.1920 The approach described in this protocol is limited to
optical tracking and, although the possibility of using infrared excitation leads to increased
penetration depth with respect to fluorescence based techniques; optical imaging cannot
be extended to whole body and therefore should be complemented by magnetic
detection.2! Previous published work showed several approaches to assess structure and
movement of cardiac cell clusters, including labeling by fluorescent dyes??, quantum
dots?324, super-paramagnetic iron oxide nanoparticles?®, and up-conversion fluorescent
particles.2627.28 The advantages of SHG-NPs with respect to these nanoprobes are
associated with absence of bleaching over extended periods of time, increased imaging
penetration, wavelength tunability for increased contrast with respect to autofluorescence.
The peculiar sparse cell labeling (i.e. in Fig. 3-D we count approximately 160 NPs in a 100
um side cube) that is obtained by this approach turns out to be very well suited to trace cell
contractions in 3D human ESC-derived cardiac clusters at high spatial resolution.

The choice of the nanomaterial is not limited to PEG-coated KNbOs, but can encompass a
rich family of nanoparticles displaying non-centrosymmetric crystal structures, which can
possibly incorporate other functionalities (magnetic, radioactive) allowing multi-modal
detection. Moreover, such PEG-coated SHG-NPs can further be functionalized to be
specifically directed against epitopes or binding proteins in order to selectively target
specific cell subpopulations. On the other hand, the imaging approach proposed here
requires a scanning microscope equipped with an ultrafast laser source. A natural follow
up that can be envisaged from this work is monitoring the integration of labeled cells into
3D biomaterials and scaffolding structures in vitro and further into native tissues, to follow
the incorporation and the functionality of transplanted cells over extended periods.

An advantage of using PTFE filters bearing 3D c aggregates, as in our case, is the possibility
to perform multiple measurements over days and weeks, as filters can be restored back on
their insert supports without risks of contaminations. More importantly, PTFE filters also
enable the repetitive assessment of action potentials using multi-electrode arrays.

Cell damage threshold for multi-photon excitation in the near infrared has been previously
determined to less than 1 TW/cm?2 by Konig et al. 2°. In our study, using a 0.75 NA 20x
objective, the applied intensity remains under the TW/cm?2 (0.26 TW/cm?) and the short
pixel dwell time (0.1 us) as compared to Konig’'s work (80 us) ensures the possibility to
preserve the sample alive and differentiating.
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Material Name Company
Microscope Incubator OKO LAB
Multiphoton microscope Nikon

Filters SHG and autofluorescence  |Semrock
Microscope objectives Nikon

Rhock inhibitor Sigma

Knockout DMEM Invitrogen
Knockout Serum Invitrogen

MEM Non-Essential Amino Acids Invitrogen
L-glutamine 200mM Invitrogen
Penicillin-streptomycin Invitrogen
B-mercaptoethanol Sigma
Collagenase IV Gibco

Roller scraper tool StemPro EZPassage, Invitrogen
StemPro Accutase Gibco
Aggrewell system StemCell Technologies
Hyclone serum Thermo Scientific
Gelatin Sigma

6-well plates Falcon

24-well plates Nunclon
Polytetrafluoroethylene PTFE

) Y : Y ( ) Millipore
filters

Inserts Millipore
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Catalogue Number Comments (optional)

UNO package (top stage) 37°C, 5% CO2, moisturized

AR1-MP Fast scanning, four non photomultiplier descanned
detectors

FF01-360/12-25
FFO1-395/11-25
FF02-485/20-25

CFl Plan Fluor 10x NA 0.30, WD 16 mm
CFl Plan Apo 20x NA 0.75, WD 1.0 mm, VC
CFl Apo 40x NA 1.25, WD 0.18mm AS, Nano-Crystal Coat

Y-27632

10829

10828

1140

25030

15140

M7522

17104-019

23181-010

S$11105-01

27845

SH30070.03

G9391

353046

142475

NA76/25

PICMO03050




Animated Figure (video and/or .ai figure files)
Click here to download Animated Figure (video and/or .ai figure files): lowresolution.avi
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RoNzONL_ET A,

Author{s]:

ltem 1 {check one box): The Author elects to have the Materials be made available (as described at

http:/ijw.}ove.com/pubiish ) via:

ltem 2 {check one box}:

Standard Access

< Open Access

The Author is NOT a United States government employee.

! The Author is a United States government employee and the Materials were prepared in the
urse of his or her duties as a United States government employee.

| The Author is a United States government employse but the Materials were NOT prepared in the

course of his or her duties as a United States government employee,

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms, -As used in this Artide and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreementt; “Article” means the article specified on the last
page of this Agreement, induding any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author® means the author who is &
signatory to this Agreament; “Collective Work” means a work,
such as a perlodical issue, anthology or encyclopsdia, in which
the Maaterials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembi.ed into a
collective whble; “CRC License” means the Creative Commaons
Attribution-Non  Commercial-No  Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a transiation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
jast page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means Mylove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s} made
by the Author, alone or in conjunction with any other parties,
ar by JoVE or its affiliates or agents, individuslly or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order 10 ensure the dissernination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to mernorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of 1oVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto} license {a} to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, {b} to translate the
Article into other languages, create adaptations, summaeries or
extracts of the Article or other Berivative Works {indluding,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in {a} above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
{c} to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. 1f the “Open
Access” box has been checked in #em 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and reguirements
set forth in, the CRC License.

4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
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Author shall, with respect to the Artficle, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
institution's website or the Author's personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE's copyright in the Artide is
included. All non-copyright intellectisal property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in item
1 above or ¥ no box has been checked in item 1 above. in
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Vides. 7o the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or 1o the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section &
applies only H the “Open Access” box has been checked in
em 1 above. In consideration of loVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royaity-free, perpetual {for the full term of copyright in the
Article, including any extensions thereto) license {2) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and medis whether now known or hereafter
devetoped {including without limitstion in print, digitat and
electronic form) throughout the world, {b} to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in {8) above in such translstions,
adaptations, summaries, extracts, Derivative Works or
Collective Works and {¢) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or heresfter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section & is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all Hmitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
statute. in such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained hereln that do so conflict
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shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
ioVE the right to use the Author's name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and aii rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similer laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, ficensed,
or otherwise transferred to any other party. The Author
reprasents and warrants that the author(s} listed at the top of
this Agreement are the only authors of the Materials. if more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been @ party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, andfor modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party, The Author
represgnts and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treafment,
privacy, and ail other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's refevant institutional review board,

16. JoVE Discretion. If the Author requests the assistance of
IoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of loVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author’s institution, H more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Artice until such time as it has received complete,
executed Article and Video License Agreements from each
such suthor, JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, 1o accept
or decline any work submitted to JoVE, JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
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without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, guality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
andfor its successors and assigns from and against any and alf
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein, The Author further agrees to indemnify and
hold harmless loVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained hereiln or from allegations or instances of viclation
of intellectual property rights, damage to the Author’s or the
Author's institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
njury, viclations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to loVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
jack of sterilization, Jack of deanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors. Al sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
expense, Al indemnifications provided herein shall include
loVE's attorney’s fees and costs related to said losses or
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damages. Such indemnification and holding harmless shall
include such tosses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment befére production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approvel will result in a USS$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13.  TIransfer, Governing law. This Agreement may be
assigned by joVE and shall inure to the benefits of any of
JoVE’s successors and assignees,  This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed it counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original sighed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.

AUTHOR:

Name: ZJulgl Ponhcivp

APPLiED P s(CS

Department: ’

Institution: ‘(/Nf \/EQQ (T O (126/\/5\/’&

aticeTtie:  HHHONIC ABNOPRLTICCES FoA NEQEMELATLVE - -
0 \ 52 A

Signature: /// 4 A | Date: 29 /ﬂ 4 ’»/ﬁ

VAR,

Please submit a signed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy as a PDF to the JoVE submission site upon manuscript submission {preferred};
2) Faxthe document to +1.866.381.2236; or
3) Mail the document to JoVE / Attn: JoVE Editorial / 17 Sellers St / Cambridge, MA 02139

For questions, please email editorial@jove.com or call +1.617.945.9051.

MS # (internal use):
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*Rebuttal Comments
Click here to download Rebuttal Comments: rebuttal.pdf

Dear Editor,

Please find below our response to the concerns/remarks of the three reviewers. Please note that in
this document we focus only on major corrections, the remarks have been taken into account and
inserted directly in the document using the track change option of MS Word. A few of them were
already included in the submission uploaded after the first round of editorial comments, which does
not seem to be the version received by the reviewers.

As requested, step 1.7.3 and 2.3.2 have been implemented.

Answers to Reviewer #1:

Major Concerns:

The first main issue is the poor description of the harmonic nanoparticles used in this work, even
though the protocol to further use them with cells is clearly given. Thus, the introduction (with
adequate references about the synthesis and the first use of similar particles in life sciences) and
the protocols need to be completed.

A thorough description of the nanoparticles synthesis is beyond the scope of this video article. The
JoVE editors have initially contacted us for the application of this approach for regenerative medicine
and for time/space constrains we are bound to limit our work to these aspects. However we have
inserted a clearer indication to papers where such information can be found.

Moreover, the author says that it is advantageous to work in infrared region with HNP. They
should argue and explain why infrared is advantageous (for example, deeper transmission and less
scattering...) and cite more appropriate papers (Webb's work about two-photon microscopy: Denk,
W.; Strickler, J. H.; Webb, W. W. 2-Photon Laser Scanning Fluorescence Microscopy. Science 1990,
248, 73-76., Campagnola’s work about SHG microscopy: Campagnola, P. J.; Loew, L. M. Second-
harmonic Imaging Microscopy for Visualizing Biomolecular Arrays in Cells, Tissues and Organisms.
Nature Biotechnology 2003, 21, 1356-1360. ).

According to the reviewer’s suggestion, we have more explicitly indicated the advantages of working
in the infrared spectral region and included the important references indicated.

The second main issue is the use of the figures in the main text. Not all figure panels are well cited
and described in the main text, which makes the paper weaker than it really is. Please use the
figures better in the text. Especially Fig. 4 is not clear to understand although it is the most
important result of the paper. Thus, the use of the figures need to be addressed in the main text
and by improving their captions too. A conclusion is needed too, for instance to emphasize the
main result and outlook of this technique.

We thank the reviewer for the important remark about Fig. 4. For a mistake during the submission
the figure uploaded was not the final one (a panel was missing). We have better addressed the
description of the (new) figure in the revised version of the paper.


http://www.editorialmanager.com/jove/download.aspx?id=107670&guid=e64f9528-d46a-46e0-8a34-8b53b3f608f8&scheme=1

Changes performed as suggested in questions (*):

*Protocol: 1. Culture and expansion of human ESC: What is FGF?
Abbreviation added to the text.
*Protocol: 3. Air-liquid 3D cultures of beating clusters and labeling with HNPs: Author should give
more motivation on choosing KNbO3 nanoparticles.
See previous answer.
*Please provide also the PEG protocol for the modification of the surface, which is not in the paper.
The ACS nano paper cited several times in the text contains the NP preparation procedure.
*Protocol 3: why do you change the medium after day 30 ? Please clarify this.
The use of Hyclone serum (EU-approved) has revealed critical for the first 4 weeks of the
differentiation process. We have observed that after this period, the use of regular FBS
(much less expensive) is equally effective in maintain cell survival, in particular that of cardiac
cells.

*Protocol: 4. Nonlinear optical imaging: The authors say that they process the pulse to maximize SHG
signal. The author should give more information what exactly was changed and how these changes
influenced the SHG.

Explanation added in the text.
*Where is measured the laser power of 50 mW ? at the sample position ?
Explanation of the procedure used added in the text *Caption of Figure 1: The author says that HNP
are used for 2-photon imaging. You may work with a 2-photon fluorescence system, but you are doing
SHG imaging ? Please be consistent in describing your experiment, otherwise you are confusing the
reader.

The text has been clarified in this sense.
*Do you know the laser spot size ? This is important to estimate the cell damage threshold. Please
add the peak power and compare it to the cell damage threshold given in this publication: Kénig, K.;
So, P. T. C.; Mantulin, W. W.; Gratton, E. Cellular Response to Near-infrared Femtosecond Laser Pulses
in Two-photon Microscopes. 1997, 22, 135-136.

A comparison to this values of max intensity is now given in the text.
*In fig. 3, why don't you keep the autofluorescence the same color for all figures ? It is confusing since
it should be consistent in all the figures.

Explanation of the color codes added in the figure’s caption.
*You are comparing the sparse density you are using with other techniques as quantum dots and up-
conversion nanoparticles without any reference to other work. Please add references.

*Moreover, please provide a more quantitative value of the density of your nanoparticles. Or at least
an estimation of the particles in a certain volume. The authors states that HNP enables better optical
contrast. The author should give estimated values for the HNP SNR and other illumination techniques
mentioned in the paper.

Estimation inserted.
*About Fig.4 : from which panel can we see that the frequency is constant and the amount of
displacements. This figure is really confusing and need some more explanation in the caption and in
the main text since it is the main results of your paper.



*In the discussion, you state 'a long term recording', please specify this time.

Minor concerns: the suggested corrections have been performed.

Reviewer #2:

Figure 4 is actually not that informative, is it possible to also include a couple of images of the EB
during this contraction? | assume that panel A is the output of the Matlab routine to track
particles? That is not completely clear at the moment.

This has been corrected, as also explained in the answer to reviewer 1. We considered the written
document only a support to the final video, which should contain clear explanations of all the plots.

Do the particles partition in the membrane of the cells or are they taken up by the cells as well. In
the latter case, does mobility in the cytosol not give a false impression of contractility? Also, it
seems that the authors could use concentrations far lower than the 1 mg/ml. Would that not be on
the one hand healthier for the cells and on the other hand helpful to distinguish between individual
particles during the analysis?

We have ascertained that the particles are localized on the membranes, as no particles have been
observed within the cytosol during confocal imaging.

The contraction pattern is associated to cardiac clusters exclusively (appearing at a defined moment
in time during cell differentiation). Such contractile movements have not been seen in other
structures (i.e. neural rosettes), indicative of the specificity in movement tracking. Moreover, cytosol
mobility would not yield an oscillatory movement tracing the same trajectory several consecutive
times.

L123: The probe itself will obviously live longer than its host, in case truly used for regenerative
medicine. Do the authors have an idea what happens to the probe after months / years of being in
an organism? Will the probe be expelled by the cells? Or is this part of future and ongoing
research?

Concerning the long-term effect of SHG-NPs on cardiac cell physiology, the longest period of
observation has been one week after NP labelling. Although we did not assess the impact of KNbO; —
based NPs beyond this time frame, the reviewer’s comment of assessing NP fate over very long
periods both in vitro and in vivo is pertinent for regenerative purposes and this point should be
investigated in future studies.

Editorial adjustments:

Abstract has been revised accordingly and indicated modifications throughout the text have been
performed.

All Figure citations have been added.



Reviewer #3:

Manuscript Summary:

Nanosized KNbO3 is ferroelectric at room temperature (T. V. Murzina et al. Appl. Phys. Lett. 89,
062907 (2006); http://dx.doi.orq/10.1063/1.2336743). The second generation efficiency is sensitive
to the orientation of the nanocrystal towards the light field. In plane rotation or angular movement

of the nanoparticles can cause reduction/enhancement of the SHG efficiency. According to the
protocol it will attributed to the axial displacement (see Fig.4). Have authors provided estimation
of the mentioned effect contribution?

Itis indeed an interesting point and we are aware of this effect (see for example Bonacina et al.
Applied Physics B 2007). However, in the present case the polarization detection is not analyzed,
rendering this effect less prominent. Moreover, a misattribution of the intensity oscillations to axial
movement instead of crystal orientation during in plane movement is highly unlikely to our opinion.
In the latter case we should observe also an in-plane displacement of the particle varying its
intensity, which is not seen.



Supplemental code file (if applicable)
Click here to download Supplemental code file (if applicable): reader_stem.m
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