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Abstract: We report that combining interferometry with Second Harmonic 
Generation (SHG) microscopy provides valuable information about the 
relative orientation of noncentrosymmetric structures composing tissues. 
This is confirmed through the imaging of rat medial gastrocnemius muscle. 
The inteferometric Second Harmonic Generation (ISHG) images reveal that 
each side of the myosin filaments composing the A band of the sarcomere 
generates π phase shifted SHG signal which implies that the myosin 
proteins at each end of the filaments are oriented in opposite directions. 
This highlights the bipolar structural organization of the myosin filaments 
and shows that muscles can be considered as a periodically poled biological 
structure. 
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1. Introduction 

Over the past decades, electron microscopy (EM) provided high resolution images of striated 
muscle. Actin and myosin filaments were identified and measured in the sarcomere [1–5]. 
The bipolar nature of myosin filaments, with myosin heads at each end of the filaments, was 
also demonstrated [2–5]. These results have revealed the structural components and the 
mechanisms that create motion in muscle tissue. Myosin heads at each end of myosin 
filaments can attach to actin filaments and pull to contract the sarcomere or release to return it 
to its original length. With a great number of sarcomeres, this results in muscle contraction or 
relaxation. A schematic representation of the sarcomere is presented at the end of this work, 
but a more elaborate explanation of muscle structures and its biomechanics can be found in 
the following references [1–7]. 

Since the myosin filaments have a noncentrosymmetric structural organization, muscle 
tissues can be imaged using Second Harmonic Generation (SHG) microscopy [6–16]. Other 
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biological structures possess a noncentrosymmetric organization such as tissues rich in 
collagen type I/III proteins [14–22], collagen type 2 [22–24] and the microtubules within cells 
[25]. SHG microscopy is a powerful technique to image those samples as it provides sub-
micron spatial resolution and is free of photobleaching as the signal arises from an organized 
structural arrangement lacking a center of inversion. 

The myosin proteins forming each end of the filaments in the sarcomere are identical 
except for a relative orientation difference of 180° that is responsible for the bipolar structural 
organization of the A band [2–7]. Since their polarity are opposite relatively to each other, 
they emit a π phase shifted SHG signal [26]. This is because the sign of their achiral second 
order nonlinear optical susceptibility (χ(2)) tensors are inversed. However, this phase 
difference in the SHG cannot be detected since standard SHG microscopy only measures the 
signal intensity. By measuring the phase of the SHG at each pixel in the image, it should be 
possible to highlight the relative orientation between the noncentrosymmetric structures 
composing the myosin filaments. 

With ISHG microscopy, a technique combining interferometry and SHG microscopy, it is 
possible to measure the phase of the SHG signal. This technique has been used to image 
noncentrosymmetric materials such as periodically poled crystals [27], organic crystals [28] 
and Beta Barium Borate microscrystals [29], but it has not been used to its full potential in 
biological tissues. Another technique named SHG holographic microscopy is capable of 
retrieving the SHG phase in the images [30–32]. This technique has not been exploited yet to 
map the relative orientation of noncentrosymmetric structures in tissues. 

In the present study, we show that the bipolar structural organization of the A band can be 
imaged with ISHG microscopy. In comparison to standard SHG microscopy, ISHG provides 
additional information about the structural organization of tissues by imaging the relative 
orientation between noncentrosymmetric tissue structures. Myosin filaments in skeletal 
muscle are ideal structures to demonstrate the potential of ISHG microscopy because they 
form polar domains which can be imaged with sub-micron spatial resolution. 

2. Method 

2.1 Experimental setup 

The ISHG microscope consists of an interferometer combined with a standard SHG 
microscope such as the setup presented in Fig. 1(a). A laser source (Vanguard, Spectra 
Physics, Santa Clara, USA) operating at 1064 nm and 80 MHz emitting pulses with ~15 ps 
duration was used to have a strong enough SHG signal while maintaining a good temporal 
overlap for interference. The average power was adjusted to 50 mW in the sample with a half 
waveplate and a polarizer. The first step consisted of focusing the laser beam with a lens in a 
350 μm thick polished Y-cut quartz crystal to generate a low power SHG reference beam. 
This reference beam interferes with the SHG generated by the sample downstream. Its power 
was adjusted by moving the interface of the quartz crystal close to or away from the focal 
spot of the lens with a translation stage. A metallic curved achromatic mirror was used to 
collimate the laser beam and the reference SHG. They passed through a 1.5 mm thick BK7 
glass window mounted on a rotation stage. The laser beam and the reference SHG formed the 
two arms of the interferometer. Upon rotating the BK7 glass window, the two beams 
remained collinear allowing the precise adjustment of the phase delay between them [33,34]. 
The beams were sent directly at the back aperture of the illumination microscope objective 
rather than going through a galvanometric mirrors scanning system. Scanning was performed 
by moving the sample with a translation stage. This maintains the beams’ phase relation and 
their collinearity which grants a large field of view and simplifies image interpretation at the 
cost of image acquisition speed. The pixel dwell time used was 25 μs, but because of the time 
required for the sample scanning stage to accelerate and decelerate, a few minutes were 
required to obtain an image. This means it took a few hours to fully characterize a scanned 
area since many images were required. The illumination microscope objective had a 
numerical aperture (NA) of 0.85 and a condenser with a 0.55 NA was used for signal 
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collection. The laser beam generated a SHG signal from the sample. The reference SHG 
signal interfered with the sample SHG. Two optical filters (FF01-720/SP-25 and FF01-
530/11-25, Semrock, Rochester, USA) were used to isolate the SHG signal. An analyzer 
(polarizer) was placed just before the photomultiplier tube detector (R6357, Hamamatsu 
Photonics, Hamamatsu, Japan). 

 

Fig. 1. (a) The experimental setup can take interferometric or standard SHG images. (b) The 
reference quartz SHG interferes with the SHG of a sample quartz. The SHG signal intensity 
depends of the glass window angle. (c) Rotating the 350 µm thick reference quartz by 180° 
along the light propagation axis flips its χ(2) and inverts the interference. 

The three conditions required to obtain interference are spatial overlap, temporal overlap, 
and identical polarization. With a collinear setup, the laser beam and the reference SHG 
propagate collinearly ensuring the spatial overlap of the reference SHG with the sample SHG 
signal. With femtosecond pulses, additional optical components would be required to 
compensate for the temporal delay between the laser pulses at ω and the reference SHG 
pulses at 2ω due to the group velocity dispersion. The picosecond laser source allows the use 
of a simple and robust interferometer configuration with a good temporal overlap between the 
laser and the reference SHG beams thus ensuring good temporal overlap. The analyzer 
ensures that only the SHG with a specific polarization component reaches the detector. Thus, 
the modulations in the interference of the measured SHG signal are maximized compared to 
the background SHG (Iref + Iexp), which is necessary to obtain images with a high level of 
interferometric contrast. 

The intensity of the signal measured at every position within the scanned area in the 
sample is given by: 

 ( ) ( )exp exp exp2 cosref ref ref refI I I I Iϕ ϕ ϕ= + + −  (1) 

The argument of the cosine expression will be referred to as the interferometric contrast. It 
contains the phase of the sample SHG (φexp). It is the phase required to get information on the 
relative orientation between protein structures generating SHG. Rotating the BK7 glass 
window changes the relative phase difference between the SHG generated in the reference 
quartz (φref) and the SHG generated in the sample (φexp). To interpolate the value of the 
sample SHG phase φexp at every pixel in an image, the dependence of φref on the glass window 
angle must be known. This dependence was measured by using another quartz crystal as the 
sample placed in the focus of the microscope objective. For an arbitrary window angle, φref 
was assigned a zero value since only the relative phase is relevant here. The SHG was 
measured at window angles around this point and an interference curve like the one shown in 
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Fig. 1(b) was obtained [33,34]. With this curve, the window could be rotated at different 
angles to precisely control φref over a range exceeding two cycles which was more than 
enough for the experiment. Note that rotating the reference quartz by 180° along the light 
propagation axis inverses the sign of its χ(2) and changes the interference in the obtained 
curve, as shown in Fig. 1(c). 

To extract the interferometric contrast from the raw images taken with the ISHG 
microscope and to eliminate the background SHG (Iref + Iexp), two raw images taken at π 
phase shifted reference phases are subtracted: 

 ( ) ( ) ( )exp exp4 cosref ref ref refI I I Iϕ ϕ π ϕ ϕ− + = −  (2) 

The background SHG (Iref + Iexp) is eliminated and the interferometric contrast is doubled 
which increases the contrast obtained in the calculated image. A positive signal is presented 
on a green scale while a negative signal is presented on a red scale. This way, the χ(2) domains 
are clearly delimited directly in the calculated image. The acquisition of numerous pairs of 
ISHG raw images at different reference phase values (φref) must be performed in order to 
interpolate the amplitude and phase of the interferometric contrast in the whole image. This 
provides a relative value for the phase (φexp) at all the pixels in the image. Images obtained 
previously in a periodically poled lithium niobate crystal and in rat tail tendon tissues have 
confirmed that ISHG microscopy allows imaging of the relative orientation between 
noncentrosymmetric domains [35]. 

2.2 Sample preparation 

The tissue sample was harvested from a rat medial gastrocnemius muscle and was fixed by 
4% formaldehyde immediately post-dissection. The tissue was flash frozen in an OCT 
(Optimal Cutting Temperature Compound, Sakura Finetek, Dublin, OH) medium with no 
labelling or dehydration. The sample was sectioned using a cryostat (Leica CM-3505-S) into 
20 μm slices. The use of thin slices of tissue samples minimizes the effect of light scattering. 
Furthermore, it ensures to maintain the laser and reference SHG beams’ phase relation while 
they propagate through the sample to recover an accurate phase (φexp). The slices were placed 
between two cover slips and glued with nail polish. 

3. Results and discussion 

First, the sample was imaged by conventional SHG microscopy. Standard SHG microscopy 
can easily be performed with the same setup after removing or rotating by 90° the reference 
quartz plate. Myosin filaments have non-zero χzxx, χxzx and χzzz in their χ(2) tensor because of 
their C∞ symmetry [13,14]. While rotating the polarization of the pump laser to maximize 
SHG in the muscle tissue, we observed the same dependence on the SHG intensity as the one 
reported by Chu (Fig. 4(a) [13]), Plotnikov (Fig. 6(b) [6]) and Tiaho (Fig. 2(b) [14]). The 
dependence of the SHG intensity on the pump laser polarization is explained by the weakness 
of χzzz in muscle compared to χzxx and χxzx. Note that ISHG microscopy is sensitive to these 
tensor elements since they are achiral in nature [13,36]. The polarization of the laser and the 
analyzer were oriented to maximize the yield of SHG signal at the photomultiplier tube. In the 
SHG image presented in Fig. 2(a), the separation between each sarcomere can be seen and 
their length is approximately 2 μm. 
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Fig. 2. (a) Forward SHG image of muscle sarcomeres (65 X 20 μm). (b-d) Forward raw ISHG 
images of the same area taken at φref = (b) 105°, (c) 285° and (d) 465°. (e-f) Treated ISHG 
images obtained by subtracting image (b) to image (c) to obtain image (e) and by subtracting 
image (c) to image (d) to obtain image (f). As expected, image (e), to which we attribute φref = 
105°, is the opposite of image (f), φref = 285°. The contrast is enhanced in calculated ISHG 
images. 

To acquire ISHG microscopy images in the same area, the configuration of polarization 
and analyzer orientation used for SHG microscopy remained the same. The average power of 
the reference SHG was adjusted to be of the same order of magnitude as the average power of 
the sample SHG. The raw images obtained at the reference phases at which interferometric 
contrast was strongest (φref = 105°, 285° and 465°) are shown in Figs. 2(b)-2(d). As expected, 
the ISHG images at φref = 105° and 465° are almost identical. Even in the presence of a 
background SHG signal (Iref), visible on the left and right side of these images, the contrast is 
enhanced in sarcomere areas compared to standard SHG microscopy. Note on the far right 
side of the images the amplified ISHG signal. Other sarcomere structures absent from the 
SHG image are now highlighted. This is because the modulations in the interference depend 
of the square root of Iexp, which attenuates the difference between areas where Iexp is very 
strong and areas where it is very weak. ISHG microscopy has the potential to capture SHG 
image from structures with small χ(2). The treated ISHG image at φref = 105° is obtained by 
subtracting the raw ISHG image at φref = 285° from the raw ISHG image at φref = 105°. In the 
treated ISHG images obtained at φref = 105° and 285° shown in Figs. 2(e) and 2(f), the 
background signal has been suppressed, the contrast is high and the χ(2) domains are clearly 
delimited. At first glance, these images look very much like the one obtained at the surface of 
a periodically poled lithium niobate (PPLN) crystal [35]. The areas with opposite χ(2) appear 
in green and red for φref = 105°. The colors are switched, as it should be, for φref = 285° due to 
the π phase shift. However, it is necessary to analyze how the ISHG signal behaves at more 
than two reference phases to find the sample SHG relative phase φexp and to confirm the 
difference in the orientation of the myosin proteins at each end of the filaments. 
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Fig. 3. (a) Image of Fig. 2(e) rotated by 90° with a black and white contrast. An area in a 
domain is delimited in yellow and a profile crossing multiple domains is drawn in blue. (b) 
The average interferometric contrast in a single χ(2) domain, delimited in yellow in (a), in 
function of φref. As expected from Eq. (2), it has a sinusoidal shape. (c) The interferometric 
contrast along a profile crossing multiple sarcomeres, shown in blue in (a), in function of φref. 
The phase of the SHG generated by each χ(2) domain in the tissue is very well defined with a 
maximum at either φref = 105° or 285°. The image shown in (c) is in fact a surface made of 
sinusoidal curves, such as the one shown in (b), with a phase that flips by exactly 180° when 
encountering a new χ(2) domain while moving along the blue profile drawn in (a). 

The reference phase was varied by steps of 15° between each ISHG image acquisition. 
The average interferometric contrast in a domain was measured as a function of φref. For each 
reference phases, the average signal in the portion of a domain delimited in yellow in Fig. 
3(a) corresponds to one data point in the curve shown in Fig. 3(b). This proves 
unambiguously that the interferometric contrast has a sinusoidal dependence on φref, as 
predicted by Eq. (2). As expected, the maximum interferometric contrast remains near φref = 
105° and 285°. By tracing a profile parallel to the chains of sarcomere, as shown in blue in 
Fig. 3(a), a representation of the variation of the interferometric contrast with φref and the 
position along the profile was obtained. As shown in Fig. 3(c), the sample SHG phase is very 
well defined since the interferometric contrast is maximized everywhere in the profile at φref = 
105° and 285°. Domains are formed by χ(2) structures along the profile. These domains emit 
perfectly π phase shifted SHG signals. They are spaced by a distance of 1 μm, half the 
distance found between the peaks of the SHG images. The image shown in Fig. 3(c) is in fact 
a surface made of similar sinusoidal curves, such as the one shown in Fig. 3(b), with a phase 
that changes by π at the interface between adjacent χ(2) domains along the profile drawn in 
blue in Fig. 3(a). 

From the treated ISHG images obtained, it is possible to interpolate the SHG phase φexp 
and the interferometric contrast amplitude at each pixel in the image. Figure 4(a) shows an 
image of the SHG phase in the tissue. If the phase is around −0.15π, the pixel appears as red. 
If it is around 0.85π, it appears as green. If it is between these values or if the interferometric 
contrast amplitude is too low, the pixel appears as black. To facilitate the interpretation of this 
image, Fig. 4(b) presents a histogram of the distribution of the pixels as a function of their 
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SHG phase φexp. Performing two Gaussian curve fits on the two peaks in this distribution 
provides their respective central positions which are found to be −0.15π and 0.83π. These two 
peaks are π phase shifted and they are of equal amplitude because there is an equal amount of 
green and red domains in the image. Note that the focal volume is large compared to an 
individual myosin protein and many of them simultaneously generate SHG. Since the SHG 
phase is well defined in the sample, this implies that the χ(2) tensor of consecutive myosin 
molecules in a domain are oriented in the same direction. This is in agreement with 
observations obtained from electron microscopy images [1–5]. 

 

Fig. 4. (a) Image of the SHG phase φexp interpolated from ISHG measurements (65 X 20 μm). 
(b) Histogram of the distribution of pixels from image (a) in function of their SHG phase φexp 
with Gaussian curve fits on the peaks. 

To fully understand the results discussed above, Fig. 5 shows a combination of the 
sarcomere model that was established from electron microscopy studies (Fig. 5(a)) alongside 
standard SHG and ISHG microscopy results (Fig. 5(b)). Figure 5(b) shows the SHG and 
ISHG signals along the profile covering three sarcomere units drawn in Fig. 5(c). In standard 
SHG microscopy, the A band containing the myosin filaments appears as a single peak 
centered on the M line in each sarcomere. However, in ISHG measurements, it appears as two 
π phase shifted peaks with the M line centered between them. This demonstrates that each end 
of the myosin filaments emit π phase shifted SHG signal which also means that the myosin 
proteins at each end of the filaments have an opposite orientation. 
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Fig. 5. (a) A schematic representation of three consecutive sarcomeres. (b) SHG (black) and 
ISHG (green and red) signals along the profile drawn in (c). To better explain the results, the 
schematic representation (a) was scaled to match the curve presented in (b). ISHG microscopy 
can clearly distinguish the χ(2) inversion (separate red and green peaks) while SHG microscopy 
does not (single peak). These results also highlight the bipolar structural organization of the 
myosin filaments. 

The absence of ISHG signal at the M line is due to the presence of myosin proteins with 
opposite polarity driven simultaneously in the focal volume which results in a low 
interferometric contrast. ISHG microscopy could be a useful technique to investigate the 
presence of a dip in the SHG signal of some sarcomere structures imaged with standard SHG 
microscopy [6–10]. These results highlight the bipolarity of myosin filaments in muscle tissue 
and show that muscle has a structural organization similar to a periodically poled crystal. 

4. Conclusion 

To conclude, ISHG microscopy reveals that each sarcomere contains two χ(2) domains 
generating π phase shifted SHG. This is because myosin filaments responsible for SHG are 
made of well aligned myosin proteins with opposite polarity at each end of the filaments. 
Compared to standard SHG microscopy, ISHG provides additional information about the 
relative orientation and structural organization of the noncentrosymmetric structures 
composing the tissues. This technique could help to explain why sarcomere can appear with a 
single or double band in standard SHG microscopy images. This work highlights, with ISHG 
microscopy, the bipolar structural organization of myosin filaments in sarcomere and shows 
that muscle are a periodically poled biological structure. 
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