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Abstract: Conventional second harmonic generation (SHG) microscopy might not clearly
reveal the structure of complex samples if the interference between all scatterers in the focal
volume results in artefactual patterns. We report here the use of interferometric second
harmonic generation (I-SHG) microscopy to efficiently remove these artifacts from SHG
images. Interfaces between two regions of opposite polarity are considered because they are
known to produce imaging artifacts in muscle for instance. As a model system, such
interfaces are first studied in periodically-poled lithium niobate (PPLN), where an artefactual
incoherent SH signal is obtained because of irregularities at the interfaces, that overshadow
the sought-after coherent contribution. Using I-SHG allows to remove the incoherent part
completely without any spatial filtering. Second, I-SHG is also proven to resolve the double-
band pattern expected in muscle where standard SHG exhibits in some regions artefactual
single-band patterns. In addition to removing the artifacts at the interfaces between
antiparallel domains in both structures (PPLN and muscle), I-SHG also increases their
visibility by up to a factor of 5. This demonstrates that I-SHG is a powerful technique to
image biological samples at enhanced contrast while suppressing artifacts.

© 2019 Optical Society of America

1. Introduction

Over the last 30 years, Second Harmonic Generation (SHG) microscopy has been gradually
confirmed as a powerful tool for high contrast imaging of structures that lack
centrosymmetry, in particular some specific biological structures [1-3]. This parametric
process generates a single photon at twice the frequency of two incident photons. This, as a
multiphoton process, provides the benefit of confining the excitation in the focal volume thus
providing intrinsic sub-micron spatial resolution [4]. Furthermore, the use of a near-infrared
laser reduces the negative impact of tissue scattering, providing deep-tissue imaging [5]. The
SHG signal also scales quadratically with the number of aligned molecules for structures
smaller than the focal volume [6,7], and is free of energy losses as no electron is transferred.
This considerably reduces phototoxicity and avoids photobleaching [8]. Given its high
specificity for non-centrosymmetric media [9], this technique is widely used as a very
sensitive and specific structural probe of various biopolymers such as tendon [10,11],
cartilage [12], skeletal muscle [13,14] or mitotic spindles [15]. Importantly, this process
preserves the coherence of the laser light (spatial and temporal) [6] and is thus able to convey
information on the polarity of the scatterers [16,17]. Even though this information is
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preserved in conventional SHG microscopy, it requires the interferometric-SHG (I-SHG)
method to read it out. [-SHG indeed allows to measure the relative phase of SHG signals from
different structures in the sample, and thus to map their relative polarity. It was first applied to
non-centrosymmetric crystals [18] and later to biological tissues like muscle [19]. Having
revealed the heterogeneous distribution of bundles of fibers in tendon [20], this technique was
then used in articular cartilage to discriminate, in zones with low SHG signal, the spots with a
random organization of fibrils from those with bundles of fibrils of opposite polarity [21].
Recently, the polarity of microtubules during mitosis was measured [22] after a technological
development to increase the speed of the measurement [23]. In this manuscript, we will refer
to I-SHG for Interferometric-SHG and to standard or conventional SHG for intensity SHG.

In conventional SHG microscopy, the imaged features are always the result of complex
interferences between scatterers exhibiting a non-zero ¥, where ¥ is the uniform second-
order nonlinear optical susceptibility coefficient involved in the 1nteraction that acts as an
SHG converter (see [24] for its definition). While these interferences can be seen as a direct
link to the real structure in rather simple cases like tail tendon, other patterns are considered
as artifacts as the real organization of y® scatterers is difficult to extract [25,26].

In periodically-poled LiNbO; crystals (PPLN), there is a periodic alternation of domains
of opposite polarity (see Fig. 1(A)). This material is known to have crystal lattice distortions
[27], frustration, and defects close to the domain walls [28,29], where the polarity inverts
between two homogeneous domains. This leads to a non-negligible change in polarization
[28] and refractive index inhomogeneities in this region, which causes light scattering and
distortion of the wavefront [30,31].
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Fig. 1. Schematic structures of Periodically-Poled Lithium Niobate (PPLN, A) and myosin (B),
both showing an alternation of domains of opposite polarity. (A) When being imaged by SHG,
the excitation beam can be focused inside one PPLN domain (in the bulk, I) or at the interface
between two domains (II) leading to a change of the emitted SHG radiation pattern depicted at
the top. (B) Structure of myosin inside the sarcomeres of muscles, which consist of A-bands of
myosin separated by I-bands (with no myosin). Some thin actin filaments also alternate with
certain spacing at the H-zone, located in the middle of the A-band. The symmetry and
bipolarity of the myosin filaments lead to alternating maximum and minimum SHG signal,
which has two origins. The dips corresponding to the large I-band (dark grey in B)) are always
visible because of a lack of myosin (single-band pattern), so no SHG. In addition, the
proximity of myosin ends of opposite polarity at the M-line (striped light grey in B)) should
lead to measured destructive interferences from © phase-shifted SHG signals, and thus the
observation of twice the number of minima, that is the double-band pattern. However, these
are sometimes not observed in SHG microscopy.

Skeletal muscles are to some extent similar to PPLN as they also feature an alternation of
domains of opposite polarity [19]: the myosin filaments are well-organized inside the
sarcomeres with a specific structure depicted in Fig. 1(B)). They are present only in the A-
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band, and precisely at its center (called the H-zone or M-line), where the ends of the filaments
of opposite polarity overlap. This leads to SHG signals of opposite amplitude (their phase are
7 phase-shifted). Between two A-bands of myosin is the I-band located, which contains no
myosin and therefore does not contribute to the SHG signal. This is well illustrated by the
alternation of dips in the SHG signal when imaging the sarcomeres [32,33] and refers to as a
single-band pattern (see Fig. 1(B)). However, because some destructive interferences should
occur for the signal collected at the M-line, there should be another dip at this position which
is indeed observed in some cases [33,34] and is called a double-band pattern (see Fig. 1(B)).
This so-called SHG “vernier” has already been observed [33,35,36] and was linked to the
proteolysis state of the muscle [32]. Other studies have postulated an effect of damage
reparation [36].

While the physical increase of the separation of the two ends of the myosin filaments
theoretically leads to a decrease or even the disappearance of the SHG dip at this interface,
recent studies state that the single-band pattern originates most of the time from imaging
artifacts, which are the result of interferences (and thus of the coherent nature of the SHG
light) between adjacent myofibers [25,26].

In this work, we show that SHG artifacts at the interface can have two different origins,
either incoherent in the case of PPLN, or coherent for myosin. A strong and scattered second-
harmonic signal arises from the nonlinear interaction at the interfaces of the domains in
PPLN, which is an artifact since it produces a very high second-harmonic signal that
overshadows the real structure. Most of this signal is shown to be eliminated through I-SHG
measurements, as it only contributes to the background due to its incoherent nature. We also
show that this technique removes the artifacts leading to single-band patterns in muscle, and
thus reveals the true nature of the sarcomeres when being imaged by SHG. We show in
addition that I-SHG allows to increase the visibility of those interfaces compared to
conventional SHG.

2. Materials and methods
2.1 SHG and I-SHG microscopy

For a complete description of the I-SHG method and SHG set-up we refer to [23].
Importantly, an air immersion objective (UplanSApo 20X, NA 0.75, Olympus, Japan)) was
used for excitation and the SHG emission was then collected with a 0.8NA objective
(LUMPIlanFLN, 40X, Olympus) to ensure that the numerical aperture is sufficiently high to
collect the whole radiation pattern. The (measured) focal volume of excitation is then of
I1x1x4pm’: the deviation from the theoretical values (0.4x0.4x1.9um’, see [37]) comes from
an imperfect collimation and underfilling of the back pupil of the objective, as well as
reduced performances from the objective lens. Scanning and signal acquisition were
synchronized using a custom-written Python (www.python.org) program for better stability
and control.

Standard SHG frames were recorded in the forward direction, in ~3 s, using 20 ps pixel
dwell-time and 100 nm pixel size in order to oversample the structure. The average power on
the sample was adjusted to 15mW, corresponding to 0.2 nJ/pulse. Raw data visualization was
performed with FIJI-ImageJ (NIH [38]) and image processing with MATLAB.

Moreover, a circular iris whose aperture can be gradually decreased down to Smm
diameter was inserted after the collecting objective to allow optional rejection of selected
scattered parts of the converted SHG.

2.2 Interferometric contrast and phase in I-SHG

In I-SHG, the phase information is extracted from the interference between the SH generated
in the sample and a reference SH beam. The intensity measured at pixel i on an interferogram
at phase-shift & . can be written as [39,40]:
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1.(6;) = 4; + B;sinc(A/ 2)cos(¢ + ;) (D)
Each interferogram at phase-shift 0, is subtracted from the one at phase-shift &, +7:
1,(6, +7)—1,(8;) =2B,sinc(A/ 2)cos(@, +0,) = b, cos(d, ) +¢;sin(d;,)  (2)
where:

b, = 2B;sinc(A/ 2)cos(¢)

] _ . (3)
¢; = —2Bsinc(A/2)sin(g)

@, being the relative phase at pixel i. A is the integration range of time where the phase-shift

varies linearly, which is here zero because the phase-shift is changed by discrete steps and not
continuously (sinc(A/2)=1). a,, b, and ¢, are assumed to be independent on phase-shift

variations (i.e. of j), and to only be functions of the pixel position in the image (i.e. of 1) [40].
This is usually justified if the laser intensity is maintained constant for all the measurements

[39]. The interferometric contrast is theny, =/b’ +¢; , where b, (resp. ¢,) is fitted over all
0, (i.e. the different phase-shifts) for every pixel i. I-SHG allows to measure both the phase
¢, and the interferometric contrast y,. Similarly, the relative phase @ can be expressed as:

tang, =c, /b, , and is extracted in [-m, ] using the 2-arguments Arctangent function. The real

phase-shift induced by the phase-shifter (a rotating glass plate) is non-linear with the glass
plate angle and must be first calibrated (see [41]). Also, because the reference and excitation
waves both scan the sample by passing through the excitation objective, their retardation
varies differently during the scan and some aberrations inevitably appear. A reference
correction (as described in [42]) is then applied to the phase and contrast maps to correct it.
For more details see [23].

2.3 Periodically-poled lithium niobate (PPLN)

The PPLN is a quasi-phase matching rectangular crystal for SHG conversion at 1064nm
(MSHG1064-0.5-xx PPLN, Covesion) with dimensions 10x0.5x0.5mm”. It consists of a
LiNbO3 crystal with a succession of domains of opposite polarity engraved by high voltage.
The crystal is imaged in a plane orthogonal to the axis that is normally used for quasi-phase
matching (see Fig. 1(A)) by placing it on a microscope coverslip #1.5H (Thorlabs).

2.4 Skeletal muscle — sample preparation

Wild-type zebrafish (Danio rerio) of the TL (Tupfel long fin) line were bred and maintained
according to standard procedure [43]. All experiments were performed in compliance with the
guidelines of the Canadian Council for Animal Care and our local animal care committee.
Zebrafish (6-months old) and larvae (3 days postfertilization) were fixed in 4%
paraformaldehyde. The muscles from 6-months old zebrafish were embedded in paraffin.
Sections (6 pm) of paraffin-embedded specimens were deparaffinized in xylene and
rehydrated in a graded series of ethanol solutions. The larvae were mounted on slides and
their muscles were examined [43].

2.5 Component of the non-linear tensor susceptibility

Considering the propagation along the Z axis in the laboratory frame (X, Y, Z), the SHG
response of myosin, due to the Cq symmetry, is described by the three independent
components djy -y, dip = x§) and dys = 2y = 2% . i =Y or Z (or Eq. (4)). In an
equivalent way, these components are sometimes referred as ds;, d3; and d;s when inverting
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the myosin filament axis and the propagation one. The ratio d;;/ d,s = 0.6 is weaker than d;,/
dys, which is close to unity [44]. To have maximum signal, the polarization of the exciting
field must then be at 45° of the X and Y axis, in particular at 45° of the myosin filament axis
X [44].

Ey
O Y
“)

For the PPLN, the x'¥ of LiNbO3 has three independent components due to its 3m crystal
class [45] such that its nonlinear susceptibility tensor writes in our coordinates:

0 0 0 0 d, —d,
_dzz d22 0 d31 0 0 (5)
d, dy d; 0 0 0

When the PPLN is used for quasi-phase matching, the polarization of light is usually set
parallel to the Z-axis (the e-axis of the crystal) to access the highest nonlinear components of
the y® (ds; and ds;). Here, in order to image the domains the propagation of light is set
parallel to the Y-axis (see Fig. 1), such that the main excited component is d,, (see [46]). The
components dj; and d3; are not excited in the scalar-field approximation, but can contribute
due to the distortion of the polarization of the exciting beam occurring at tight focusing
regimes according to the vectorial field model [47].

2.6 Numerical simulations

The numerical simulations are all performed using the Green’s function approach (as in [20]),
with a wavelength of 810nm, a waist of 0.7um (meaning a spot size of 1.4pum diameter), and
an integration volume of 2.8x2.8x10pum’. The collecting lens is assumed at 3 mm from the
focal volume, with a numerical aperture of 0.8. It is worth noting that the Green’s function
calculation takes into account the tensorial nature of ¥® and a vectorial exciting field that
becomes significant when focused by a microscope objective [47]. The light is collected in
the far-field with a collecting lens with an NA of 0.8 using a Monte Carlo integration with
5,000,000 points.

3. Results and discussion
3.1 Numerical simulations of the theoretical radiation pattern

First, numerical simulations were performed to compute the radiation pattern of the converted
SHG signal observed before the collecting lens for two different cases: in the middle of a
homogeneous ¥ zone (case I) and on an interface between two zones of opposite @ sign
(case II), as indicated in Fig. 1(B). The radiation pattern is in the first case a standard 2D
Gaussian (Fig. 2(A.I)) but at an interface it splits into two lobes that are © phase-shifted (Fig.
2(A.ID)): in this case their amplitude is indeed of opposite sign. In the case (II) when the two
lobes are recombined by a collecting lens (Fig. 2(B)), the detector can be positioned to have a
complete (D2), partial (D1) or no (D3) overlap of the lobes on it. Position D1 implies
complete destructive interference of both lobes and thus theoretically no signal. Position D3 is
the other limit with no interference, such that the measured signal is the incoherent addition of
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both lobes. Finally, position D2 lays in between: the destructive interference of the lobes is
only partial, such that some signal would be detected.

A I Bulk Amplitude
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Fig. 2. Theoretical radiation pattern in different configurations of PPLN, and its consequences
when being imaged on the detector. (A) Schematic view of the far-field SHG amplitude before
the collector of a homogeneous medium and 3® obtained by numerical simulations if the focal
volume is located in the bulk (I, left), or if it is located at the interface between two domains
with a ' of opposite sign (II, right). The focal volume is represented by a white oval (pointed
by a white arrow), and the far-field pattern is here purposely moved very close to the excitation
for the clarity of the illustration (not at scale). For the bulk (I) the shape is a standard 2D
Gaussian whereas for the interface (II), the amplitude is spread over two side-lobes of opposite
sign, which means their phases are n-phase-shifted. (B) Schematic view of the SH radiation
pattern generation and its recombination on the detector by the collector, for the focal volume
of excitation being in the bulk (left, I in green) or at an interface between two opposite
polarities (right, II, in red and green). The excitation beam is shown in grey, and produces a
Gaussian radiation pattern (orange) in case I (left), but two m-phase-shifted lobes (blue and
orange) for case II (right). Their respective phases are indicated (-m/2 and n/2). Their
subsequent collection leads to a recombination on the detector, which implies a partial
(position D1) or total (position D2) overlap of the lobes, or no overlap at all (position D3)
depending on the detector position. Since the lobes are m phase-shifted, their overlap will
produce partial or complete destructive interference, as indicated by the two out-of-phase sine
waves at the top of B. The different focus positions along the sample depth (Z) are indicated by
S1 and S2 planes. Also, the collector might be well-aligned with its top at position CI1, or
misaligned at position C2. The off-axis angle of the lobes on B.II is purposely exaggerated for
clarity.

The numerical simulations predict that the total integrated intensity - i.e. the signal
measured by the detector during an experiment — is indeed 0 when the lobes overlap in case 11
(interface, detector at D2) because of destructive interferences. If the detector is misaligned in
Z (position D3) such that the two lobes do not overlap at all, they would just sum up
incoherently. In this case, the relative intensity is equal to 70% of the intensity detected from
bulk (case 1), i.e. a ratio r; = 0.7:1.
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Overall, the total intensity detected at the interface of the ¥ boundaries (II) is always
smaller than the one detected in the bulk (I). For further information on the radiation pattern
along the transition from the bulk (case I) to the interface (case II), we refer to the videos
Visualization 1 and Visualization 2 in the supplementary material. They show numerical
simulations of the amplitude of the SHG radiation pattern converted respectively at the
surface (position S2 in Fig. 2(B)) or at a depth of Z = Spm (position S1 in Fig. 2(B)). These
two different sample positions S1 and S2 (Fig. 2(B)) also give similar radiation patterns for
the interface, and a doughnut-shaped pattern (as already discussed in the literature [16]) is
obtained if the excitation is Z = Sum in depth, unlike the 2D Gaussian obtained when
interacting with bulk at its surface. The intensities at Z = Spum depth also conserve the ratio 1,
- 0.7:1 (see the 2D plots in the videos). Furthermore, the intensity ratios are conserved even
with a large misalignment of the collecting lens in lateral position X (see Fig. 5 in the
Appendix). If this misalignment is larger than 2mm, the signal decreases because the SHG
beams are no longer reaching the detector. This is unrealistic to happen experimentally, as the
collecting objective is aligned by maximizing the detected signal with a precision below
Imm. The different normalized integrated intensities of second harmonic signal obtained in
the different configurations are summarized in the upper part of Table 1.

Table 1. Intensities at the detector in the bulk or at interfaces obtained by numerical

simulations for the different configurations, and their comparison with the experimental
values obtained in PPLN.

Bulk Interface
Complete overlap of the lobes on the detector 1 0
No overlap of the lobes on the detector 1 0.7
Experiment (PPLN, iris open) 1 2.1
Experiment (PPLN, iris closed to 5Smm) 1 0.83

Interestingly, in Fig. 2(A), the individual peak amplitudes of both lobes are much higher
than the one of the bulk due to the symmetry breaking, even though the integrated intensity
over both lobes is smaller than in the case of the bulk. This can be understood by the absence
of signal between the two lobes, and because the pattern associated with the two lobes
concentrates the signal in two separated and smaller areas. The bulk pattern on the other hand
is spread homogeneously over the whole disk (blue and orange regions in Fig. 2(A)), resulting
in a higher number of photons spread over a larger zone.

Furthermore, these simulations have been adapted to the case of myosin and predict a
radiation pattern that has the same shape, angle of emission, and relative amplitudes as for
PPLN even though they have different ¥'* symmetry tensors and coefficients. Thus, these
results suggest that it is the geometrical property of the interface or the bulk that defines the
radiation pattern.

3.2 PPLN: removing incoherent imaging artifacts

On the SHG images of PPLN, stripes occur at the interfaces (bright in Fig. 3(a) and dark for
b, ¢ and d) whose spatial thickness is approximately 1um. This thickness is in good agreement
with the expected lateral resolution of ~1pum as mentioned in the method section. The bright
stripes in Fig. 3(a) offset the dynamic range of the image as they are 2.1 times higher than the
signal in the homogeneous zones of the bulk and thus prevent a good visualization of the
structure. This ratio is obtained by taking the average signal from the bright zones divided by
the one of the homogeneous zones. Also, the bright stripes in Fig. 3(a) decrease from right to
left due to a slight tilt of the sample along Z. It is not the case in the I-SHG image Fig. 3(c)
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because I-SHG results from a relative measurement that cancels such an effect. This
cancellation is discussed mathematically in Egs. (1) and (2).

We have discussed in section 3.1 the two limit cases of the effect of the detector position
along Z, which show that the detected signal at the interface can theoretically vary between 0
(case D2 in Fig. 2(B.II)) and 0.7 times (case D3 in Fig. 2(B.II)) the signal detected in the bulk
(see Table 1). The case in-between (D1 in Fig. 2(B)) corresponds to an experimentally
realistic case since a perfect alignment is rarely achieved. Overall, the 2.1 times higher SH
signal observed at the interfaces of PPLN in Fig. 3(a) cannot be explained by our numerical
simulations, and we suspect that this stronger signal originates from additional sources such
as the numerous imperfections and defects present at the involved yx® boundaries, as
mentioned before. In other words, these boundaries between two antiparallel
noncentrosymmetric domains present strains and perturbations of the refractive index.
Additionally, these imperfections are randomly positioned and if they are limited to the
nanoscale, they will produce a local-field enhancement as described in [48-50]. This
enhancement can be up to 10 times or more [51,52] and leads to “hotspots” that have already
been observed even in centrosymmetric materials that present local defects [53]. The
emission directionality of these hotspots is not as well-defined as for a conventional SHG
signal emitted from an ordered structure, so they are detected as a scattering contribution at
the detector. Hence, we expect that this SH signal exhibits a randomly-distributed phase at the
detector according to the relation ¢ = 2mnL/A where L is the optical path and A is the
wavelength. We emphasize that while the SH signal is 2.1 times higher at the interfaces of
PPLN compared to the homogeneous zones, the corresponding interferometric contrast is 2.6
times lower (see Fig. 3(c)). This confirms that a significant fraction of the SH signal from the
interfaces has a random phase.

To block this undesired intense contribution, an iris in the detection path was closed down
to 5 mm, which defines the filtered SHG signal. This iris is positioned close to the imaging
plane. However, we found that its precise axial position (Z) is non critical to remove the
undesired intense contribution. In this condition, the filtered SHG signal is lower at the
interfaces due to destructive interferences as expected from lobes of opposite polarities and
predicted by the numerical simulations. More precisely, this SHG signal is reduced by 16%
compared to the homogeneous zones (Fig. 3(c)). It is worth noting that closing the iris has no
effect on the coherent signal from the homogeneous zones, thus rejecting exclusively the
artefactual part. This can be seen on the grey profile plots of Fig. 3(e), as expected since the
closed iris diameter is 5Smm and the scanned region is only a few tens of pm? such that it
rejects only the highly scattered part of the signal. This was further verified by measuring the
SHG signal from a quartz plate under the same experimental conditions.

Interestingly, despite the fact that the interfaces appear as homogeneous signal stripes on
the images, they actually correspond to a spatial average of the signal emitted by the
numerous defects whose dimensions are at the nanoscale.

Using I-SHG, we show that there is no real difference in the interferometric contrast y
between the cases when the scattering is rejected or not (Fig. 3(b) and (d). On Fig. 3(e) the
profile plots reveal that the case with the iris closed (black dashed line) has slightly less signal
in the homogeneous part, and that for both open and closed iris (black continuous and dashed
lines) the dip at the interfaces is deeper than in the case of SHG with iris closed (grey dashed
line, filtered SHG). We also define the visibility of a certain feature in the image as:

I -1
Visibility = —2&——mn 6
4 I +1 ©)

max min

0 meaning no visibility and 1 a perfect one. The visibility of the interfaces in I-SHG is of 0.43
compared to 0.09 for the filtered SHG (iris closed). I-SHG thus enhances this visibility 5
times compared to filtered SHG.
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Fig. 3. (Left) Intensity SHG images of PPLN domains, where scattering occurs at the
interfaces (a), compared to the same zone imaged with the scattering at the interfaces blocked
by an iris (c). (Right) Interferometric contrast y measured by I-SHG ((b) and (d)) of the same
zone and under the same conditions and with same dynamic range as before. No clear
differences are visible between these two I-SHG contrast images, showing that the scattering at
the interfaces is averaged out by I-SHG. Scale-bars: Sum. (e) Profile plots along the white
dashed lines of the images. With the iris open (grey continuous line), there are intense
contributions at the interfaces between domains, which are two times more intense than the
homogeneous zones. Closing the iris rejects these contributions and reveals the little dips in
SHG signal at the interfaces (grey dashed line) corresponding to destructive interferences (16%
lower than the homogeneous contribution), while maintaining the same level of signal for the
homogeneous parts. The I-SHG contrast y is very similar in both cases of open (black
continuous line) and closed iris (black dashed line). In the homogeneous zones the closed case
has only 10% less signal than the open case. With I-SHG, the interfaces exhibit a high contrast,
with a signal drop of more than 50% when going from the homogeneous zones to the
interfaces.

These I-SHG images confirm that the very intense SH signal at the interfaces does indeed
not exhibit a well-defined phase and thus cannot interfere with the reference beam, and
importantly that I-SHG is therefore able to remove this incoherent signal that only acts as a
contribution to the background. The imperfect interface in PPLN can thus directly be revealed
in I-SHG, while it requires spatial filtering in standard SHG to remove the bright and
artefactual interface signal.

3.3 Myosin: removing coherent imaging artifacts

In zebrafish skeletal muscle, similar interfaces as in PPLN are present but they lead to
different artifacts: while in all cases alternating structures are present in the samples, they
were only sometimes visible as double structures in conventional SHG microscopy. In other
cases, the myosin interfaces could not be observed with standard SHG. To begin with, we
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present here an SHG image of the sarcomeres from muscles of zebrafish, where the observed
patterns are double-band (as mentioned earlier, see Fig. 1(B)). The adjacent sarcomeres
appear separated by the I-bands (white arrow-heads in images of Fig. 4) where the SHG
signal is minimum, within whom the A-band is split in two by the M-line (where the opposite
myosin ends overlap, brown arrows of Fig. 4). This occurs as a dip in SHG signal with
slightly more signal than in the I-band (see Fig. 4(a)).

Intensity [a. u.] SHG I-SHG ("[) (H)
R ; —sng |1
— I-SHG
05
=
0]
>
N=12 N=12 0 2
- <
| =
c
0.5
N=6 N=12
0
0 5 10

Lateral position X (pm)

Fig. 4. Myosin inside sarcomeres of skeletal muscle of zebrafish imaged by SHG (left column)
and I-SHG (middle column). The I-SHG interferometric contrast enhances the visibility of the
myosin pattern compared to the intensity SHG. (a) SHG intensity in 6-months-old zebrafish
muscle, showing the expected double-band patterns of myosin. The I-SHG interferometric
contrast y (middle) of the same zones (b) exhibits an enhanced visibility of the sarcomeres
pattern compared to the intensity SHG. This is better observed when plotting an intensity
projection (right) along the white dashed lines: the visibility of the oscillations is enhanced
from 2.5 to 4 times (depending on the zone) for I-SHG (black lines in (c)) compared to SHG
(grey lines). (d-f) Same as before, in a larvae zebrafish: the selected zones show a single-band
pattern of myosin in intensity SHG (d), while the corresponding interferometric contrast y in I-
SHG (e) reveals the double-band pattern. (f) Profile plots of signals along the white dashed line
shown on the images: there are indeed twice the number of peaks for the I-SHG compared to
the SHG case, whereas for (a) and (b) their number is similar. Two I-band positions are spotted
in each image by white arrow-heads, and two M-lines by brown arrows. Equivalent exposure
time is 400us and 100us per pixel for the SHG images and I-SHG images, respectively. For
SHG images the dynamic range of display is enhanced compared to I-SHG, for clarity. Scale-
bars = Sum for all the images.

When the interferometric contrast y is measured (by I-SHG), these sarcomeres are
revealed more clearly (Fig. 4(b)): the visibility of the “oscillations” (alternation of
bulk/interface) is of 0.7 compared to 0.2 for the intensity SHG images (see Fig. 4(c)), so 3
times higher. Interferometric SHG thus greatly enhances the visibility (or imaging contrast)
compared to standard intensity SHG. It should be noted that all these images of myosin show
no difference whether the iris mentioned earlier was open or closed, because there is no
highly scattered SH signal present.

We then show another standard SHG image where the double-band pattern is artifactly
hidden in some areas (Fig. 4(d)). Only the I-SHG interferometric contrast y can reveal it (Fig.
4(e)). On the profile plots (Fig. 4(f)) there are clearly twice the number of dips in the I-SHG
signal compared to the SHG one. In the bottom of the image, the double-band pattern is still
visible in standard intensity SHG, which shows that this imaging artifact does not occur
equally everywhere. It is strongly dependent on the interferences between the SHG
converters, and thus on their spatial arrangement. Indeed, the 3D stacking of sarcomeres in
muscle can imply artifacts in the axial direction due to the Gouy phase-shift, for some areas in
the sample where the sarcomeres’ spacing matches a certain phase relation [26]. For example,
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in the lateral plane (i.e. XY in Fig. 1(B)) plane, the proximity of shifted sarcomeres in the
focal area can result in an SHG signal with similar artefactual connections between the
sarcomeres (i.e. a single-band pattern), as extensively discussed before [25,26]. Lastly, the
propagation of the SHG wave through the thickness of the muscle (several pm), that is a
stacking of sarcomeres, can also be a source of varying phase retardation and thus artifacts in
the acquired SHG images. While the detailed origin of the coherent imaging artifacts
occurring in the myosin of muscle in conventional SHG microscopy is still under debate, it is
assumed that it results from coherent built-up of the SHG signal in a highly complex tissue
[25,26]. This is different from the I-SHG case, where the SHG radiation interferes with the
reference beam and the I-SHG contrast y reveals the highest phase modulation. This I-SHG
contrast appears to be lower at the M-line than elsewhere in the myosin filament, and thus
reveals the destructive interferences occurring at the M-line and uncovers the double-band
patterns. Therefore, I-SHG allows to remove a typically observed imaging artifact for such
structures, namely the single-band pattern.

3.4 Comparison between PPLN and myosin I-SHG imaging

I-SHG was already used to advance standard SHG microscopy as mentioned in the
introduction. Here we focus on the additional advantage of I-SHG being capable of
eliminating two different types of imaging artifacts — coherent and incoherent ones.

The converted SHG inside a sample can in general be written as [54]: I, =Io0™ + I35

>

where ;4™ is the main contribution which has experienced little to no scattering. This
conserves the phase relation and thus its coherence. In the case of our example myosin, 75"

represents the observed SHG signal. In contrast, the term /g, preserves no coherence and

is usually much smaller than the ballistic one. An exception are structures with many
randomly-oriented nano-emitters like the PPLN interfaces of our first example, which leads to
incoherent imaging artifacts. [-SHG averages this contribution out, as it is an interferometry
technique that reveals only the coherent interfering part.

Table 2 summarizes the comparison between PPLN and myosin materials, pointing out
the similarity of the expected effects on the SHG at the interfaces and the differences of the
artifacts that occur at these interfaces: these structures are analogous, except that the nature of
the imaging artifacts is incoherent for PPLN, and coherent for myosin. There are no coherent
imaging artifacts in PPLN because, unlike muscle, there is no 3D arrangement of many
domains with opposite polarity, but rather a single and well-ordered periodicity,
homogeneous in the axial direction (along Z).

Both coherent and incoherent artifacts are fully eliminated in [-SHG microscopy, however
in different ways. Coherent artifacts remain visible in the optically collected interferograms
but are eliminated in the subsequent image processing (see Fig. 6 of the Appendix, bottom).
Incoherent artifacts, on the other hand, already do not show up in the measured
interferograms as they only contribute as a constant background for every phase-shift (see
Fig. 6, top). Table 2 also points out the two major advantages of I-SHG: it is capable of
totally removing artefactual interface structures that appear in some cases in conventional
SHG. And even if no artifacts occur, such that structures are correctly imaged by SHG
microscopy, the I-SHG technique further increases the visibility of these interfaces by a factor
of 3 (in myosin) to 5 (in PPLN). The ability of I-SHG to increase this visibility relies on a
reference SHG beam with a well-defined phase. For thick tissues, because of scattering, such
phase definition might be partially lost. Yet, this will only reduce the interferometric contrast,
so that a phase-modulation could still be extracted to measure the relative polarity of
structures.
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Table 2. Summary of the differences and similarities between the two samples under

study.
PPLN Myosin
Periodic domains of opposite polarity Yes Yes
Complex
Single arrangement
Organization of domains periodic of multiple
structure periodic
structures
2 (1 with
1 with opposite
Number of interface types opposite polarities, 1
polarities without SHG
converter)
At interfaces, SHG radiation pattern presents two lobes that
. . . L . Yes Yes
interfere destructively, leading to minimum signal
Incoherent signal contribution/artifacts Yes No
SHQG ratio at interface/bulk due to hotspots x 2.1 No hotspots
Need for iris filtering in standard SHG Yes No
Coherent imaging artifacts in SHG No In some
cases
Imaging artifacts removed in I-SHG Yes Yes
Increase of visibility of boundaries by I-SHG x5 x3

4. Conclusion

The interface between two x of opposite polarity leads to an SHG radiation pattern with two
lobes whose relative phase is m phase-shifted, which is elucidated in detail by numerical
simulations. These lobes normally lead to destructive interferences when being recombined
on a detector. However, in some cases of standard SHG, a signal occurs at these interfaces for
two different reasons: first, in PPLN the signal is given by an incoherent hotspot contribution
due to imperfections, which can be eliminated by optical filtering. Second, in muscle
sarcomeres, the signal at these interfaces can produce imaging artifacts due to the coherent
nature of the SHG light, which are insensitive to optical filtering. For both examples, it is
shown that I-SHG fully eliminates these artifacts, and reveals the destructive interferences at
the interfaces without the need of any further processing like spatial filtering. Furthermore, I-
SHG even allows to increase the visibility of the interfaces by a factor of 3 to 5. This is of
great importance for interpreting correctly the SHG signal produced in various materials,
especially in complex biological tissues.
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Fig. 5. Numerical simulations of the intensities at the detector when the excitation is in the
bulk (I, violet continuous line) or at the interfaces of opposite polarities (I, light and dark red
dashed line). The intensity at the interface is 0 when the lobes fully destructively interfere
(dark red dashed line), but of 0.7 when they do not overlap on the detector so that there is no
interference (light red dotted). In comparison, the intensity for the bulk is 1. These ratios
remain the same if the lateral misalignment in X of the collecting objective is below 2 mm. If
this misalignment goes over 2 mm, the signal for the bulk and for the interface with no
interference decrease as the SHG beams go progressively outside the detector. For the case
where the lobes overlap, at high lateral misalignment, the lens does not progressively capture
one of the lobes so that the destructive interferences can only partially occur such that the
intensity is larger than 0. Over 4 mm of misalignment, all signals decrease to 0. The detector is
45mm?’ placed at 3.3 mm of the collecting lens, whose equivalent diameter is 8 mm.
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Fig. 6: Comparison of the incoherent and coherent artifacts removal by I-SHG. (Top) PPLN
images of Fig. 3, showing the I-SHG contrast y (right) and two interferograms at 0° (left) and
180° (middle) used to reconstruct the I-SHG image. The incoherent artifacts (bright stripes) are
removed from the interferograms directly. Scale-bar: Sum. (Bottom) Same with myosin
images from Fig. 4(e). The coherent artifacts (single-band pattern) are still visible on
interferograms (left and middle), but these one are indeed m phase-shifted. The double-band
pattern is revealed only in the I-SHG contrast y (right). A dashed black line guides the eye for
comparison between images. Scale-bar: 1um.
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