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Abstract: Second Harmonic Generation (SHG) microscopy coupled with
polarization analysis has great potential for use in tissue characterization, as
molecular and supramolecular structural details can be extracted. Such
measurements are difficult to perform quickly and accurately. Here we
present a new method that uses a liquid crystal modulator (LCM) located in
the infinity space of a SHG laser scanning microscope that allows the
generation of any desired linear or circular polarization state. As the device
contains no moving parts, polarization can be rotated accurately and faster
than by manual or motorized control. The performance in terms of
polarization purity was validated using Stokes vector polarimetry, and
found to have minimal residual polarization ellipticity. SHG polarization
imaging characteristics were validated against well-characterized specimens
having cylindrical and/or linear symmetries. The LCM has a small footprint
and can be implemented easily in any standard microscope and is cost
effective relative to other technologies.

©2013 Optical Society of America

OCIS codes: (120.5828) Tissue characterization; (190.2620) Harmonic generation and mixing;
(180.4315) Nonlinear microscopy; (180.6900) Three-dimensional microscopy; (110.5405)
Polarimetric imaging.
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1. Introduction

Second Harmonic Generation (SHG) microscopy imaging microscopy has emerged as a
powerful tool to study organization in a wide array of tissues that are either comprised
primarily of collagen (e.g. bone, tendon, cartilage, and cornea) or contain collagen as part of
the extracellular matrix (ECM; e.g. skin, breast, ovary, liver, kidney, and colon) [1-10].
Similarly, SHG has been used to image the sarcomeric structure in skeletal muscle [1, 11, 12].
There has been substantial interest in using this modality as a disease diagnostic for
pathologies in such tissues, as the underlying contrast depends on the fibrillar organization,
which can change in diseased states. Many metrics have been developed to exploit these
differences [13]. For example, several schemes based on analyzing topographic patterns using
image processing techniques including fast Fourier transforms, wavelet transforms,
Helmholtz analysis, and grey scale co-occurrence matrix have been implemented [11, 14-18].

Imaging by SHG has additional richness beyond such visualization and analysis of the
fibrillar morphology. The contrast is governed the second order nonlinear susceptibility tensor
x? whose matrix elements contain information on the molecular and supramolecular
structure, where these can be extracted utilizing polarization dependence on the excitation, of
the SHG signal or both. For example, we developed a model showing that measurement of
the SHG intensity as a function of linear laser polarization can be analyzed to yield the a-
helical pitch angle [19]. The SHG signal anisotropy is similarly related to the alignment of
dipole moments within the focal volume [1]. Barzda and associates combined such analyses,
termed PIPO (polarization in-polarization out), and showed how different matrix elements
were related to different parts of the collagen molecule [20]. Such polarization schemes have
received considerable attention over the last several years [12, 21-25] and a comprehensive
review on SHG (and other nonlinear optical mechanisms) has been presented by Brasselet
[26]. However there remain technical hurdles to wider spread implementation, mostly due to
polarization distortions and uncertainties of the state at the focal volume.

In general polarization control is more important (and more powerful) in SHG than for
fluorescence excitation. For example, the alignment of the laser polarization with respect to
collagen or myofibril axis governs the resulting intensity. In contrast, such polarization
signatures are lost using labeled proteins as the label is not typically part of the protein
domain and can freely rotate, averaging out any polarization signatures. There are two general
approaches to controlling linear polarization in SHG microscopy, which in principle are
formally equivalent: 1) Rotation of linearly polarized light with respect to a fixed specimen
alignment or 2) Rotation of the specimen relative to fixed linear polarization. The linear
polarization angle can be controlled in the optical path through rotation of a half-wave plate
(M/2), however non-45 degree reflections, birefringence and strain in the dichroics and other
optics in the path distort the desired polarization. As a solution, Chen and associates [27] used
the combination of a half and a quarter waveplate to pre-compensate for the elliptical
distortion at each linear polarization rotation angle, but the compensation requires a nonlinear
solution and this approach is not practical. Similarly Brasselet investigated the polarization
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distortion effect on SHG polarization resolved microscopy and used a distortion response
model to calibrate the system [28]. As a simpler alternative, we have previously placed a
polarizing beamsplitting (PBS) cube in the infinity space and rotated the sample mounted on a
circular-centered stage [29]. This approach relies on a perfectly aligned circular-centered
stage which, unfortunately, is easily misaligned while rotating the sample. Several
investigators have placed a motorized half-waveplate in the infinity space as this is after most
of the distortion inducing elements [30], however motors are slow and can introduce
mechanical noise into the microscope. Much SHG imaging is performed with circular
polarization, as this excites all fiber orientations equally. However, this state can also become
distorted in the optical path, and we have successfully achieved circular polarization at the
focus using a combination of half and quarter waveplate to pre-compensate for the ellipticities
[29].

To alleviate these difficulties, here we demonstrate the use of a liquid crystal modulator
(LCM) to precisely control the linear (or circular) excitation angle in polarization resolved
SHG microscopy. The LCM eliminates moving parts from the assembly and has a much
faster response time than mechanical motors due to its purely voltage-dependent response.
Moreover, high accuracy is obtained as elliptical distortions are limited since the dichroic in
the infinity space is replaced with the LCM. Since the SHG microscopy is highly dependent
on the excitation polarization, the exact response of the device to an initial linear polarization
state needs to be described using the Stokes vector formalism. The purity of the linear and
circular excitation polarization was also experimentally assessed using specimens with well-
defined cylindrical (lipid vesicles) and linear symmetries (tendon and skeletal muscle) and
analogous responses were obtained as with previous slower implementations described above.

2. Experimental methods
2.1 Sample preparation

Rat tail tendon and muscle were obtained from discarded animals sacrificed as part of animal
training exercises at the University of Wisconsin Research Animal Research Center. As
polarization is scrambled in scattering tissues [31], the tissues were optically cleared in 50%
glycerol/PBS overnight [31]. Giant unilamellar vesicles (GUVs) were created from L-a-
Phosphatidylcholine lipid (Avanti Polar Lipids) for circular polarization calibration. These are
prepared by first dissolving the lipid in ethanol/chloroform, drying with argon, and then
slowly rehydrating in water [32]. The vesicles were stained with Di-8-ANEPPS (Invitrogen)
at 10 uM concentration.

2.2 System set up

The layout of the SHG microscope with polarization control is shown in Fig. 1 [29]. It is
primarily comprised of a laser scanning unit (Olympus Fluoview 300) mounted on an upright
microscope (Olympus BX61), where the excitation source is a mode-locked titanium sapphire
laser (Mira; Coherent). All imaging was performed with a fundamental laser wavelength of
890 nm with an average power of 5-30mW at the focal plane using a 40x 0.8 NA water
immersion lens (Olympus LUMPlanFL) and a 0.9 NA condenser for SHG collection. The
resulting lateral and axial resolutions were approximately 0.7 and 2.5 microns respectively.
The SHG and two-photon excited Di-8-ANEPPS emission were isolated with 445 = 10 nm
and 620 nm + 20 nm bandpass filters (Semrock), respectively. The SHG wavelength was
confirmed with a fiber optic spectrometer (Ocean Optics). The field of view size was 85 pm x
85 um with a field of 512 by 512 pixels. The scanning speed was 2.71s/frame with 3x
Kalman filter. The laser power is controlled using an Electro-Optic Modulator (EOM) with an
analyzer (ConOptics, Inc,).
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2.3 Polarization control

High purity linear polarization was generated using a LCM (LPR-200-850, Meadowlark
Optics) in the infinity space of the upright microscope. The module (created by 3D printing)
containing the LCM replaced the dichroic used for backward SHG collection, therefore only
forward SHG was collected in these measurements. The LCM consists of a compensated
liquid crystal variable retarder combined with a zero-order polymer quarter-wave retarder.
The fast axis of the former is oriented at 45° to the slow axis of the quarter-wave retarder to
which the linearly polarized input must be parallel.

Polarization rotation was achieved by application of different voltages to the LCM, where
a look-up table (LUT) was created, (see Fig. 2 for calibration), as the response is nonlinear.
The module has a holder for an optional quarter-wave plate after the LCM, to create circular
polarization at the focus. Additionally, switching the voltage to achieve 90 degree rotation
affords creation of right-handed and left-handed circularly polarization (RHCP and LHCP,
respectively) which is required for SHG-CD imaging measurements [33]. Moreover, it
eliminates motion artifacts and other inaccuracies introduced by mechanical stage rotation as
there are no moving parts. For the analysis of the polarization of the transmitted laser (for
polarization calibration) or SHG signal (optionally) a removable Glan laser polarizer (GLP) is
mounted on a motorized mount (Thorlabs, Inc.) before the PMT. Its transmission direction is
calibrated relative to the excitation from the LCM. A custom LabVIEW program controlled
the EOM, LCM, Glan-laser analyzer rotation stage and is interfaced with a data acquisition
(DAQ) card (PCI-6024E, National Instruments). These devices are all synchronized with the
Flouview software, which provides the master timing. The control code is available upon
request.

Modelocked
Ti: Sapphire Laser
Linear Polarizer (Coherent Mira 900-F)
Isolator
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Pupil Transfer Lens
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Fig. 1. Configuration of the SHG microscope with LCM polarization control and polarization
analysis.

3. Results

Emission
Filter

3.1 Validation of polarization control and purity

We first calibrated the rotation angle relative to the applied voltage (blue line, Fig. 2) to
determine the transmitted power at each angle, where the difference is smaller than 1.5%, as
shown in the inset of Fig. 2. We next rigorously determined the linear polarization purity of
the laser at the focus over the range of 180 degrees of rotation using the Stokes vector
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formalism. The four parameters of the Stokes vector are denoted I, Q, U and V (S, S,, S,,

and S, with normalized total intensity, /,) in the Cartesian coordinated system and are

defined as:
I S, 1(0°)+1(90°)
S 1(07)—1(90°
0|_,|S|| 10)-100) 0
U S, 1(45°)—1(135%)
vV S, I(RHCP)-1(LHCP)

Because of the initial linear polarization from the ti:sapphire laser cavity and use of an EOM
(with GLP) for power control, we can assume the fully polarized initial condition

(I’=0°+U*+V* or S’ =5"+8,"+85,”). Then we can determine the parameters in the

microscope by measuring the intensity of the transmitted excitation laser (with the GLP) at 0,
45, 90, and 135 degrees relative to the chosen linear polarization in the infinity space. These
measurements are made at every 10° of rotation of laser polarization angle from 0 through
180 degrees. Within the Stokes vector formalism, purely linear polarized light corresponds to
V = 0, and this criterion was used to validate the polarization purity. Figure 2 shows the
resulting absolute value of the V component (green line) for the rotation range of 0-180
degrees. The maximum V component was 0.17, where most values were lower, indicating
high purity linear polarization was obtained at each angle. We can quantify the ellipticity for
the maximum V component using the Stokes components:

S S )
1+4/s” +5,°

Then the maximum ellipticity is 0.08. We note that this is an upper bound as the thermal
power meter we used was not linearly sensitive at low mW measurements.

180 g T y #—1

e=

160

140

120

Excitation power on each angle

100
0.5
80

60

Rotation Angle, degrees

40

V component (absolute value)

20

Voltage (V)

Fig. 2. Voltage dependent rotation of the LCM and measured V component of the Stokes
vector over the 0-180 degrees of linear rotation.
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We examined the wavelength dependence of the ellipticity without changing any of the
system setup. We found that that the ellipticity was similar at 830 and 890 nm, where the
worst cases were 0.11 and 0.08 respectively. However, at 780 nm, the linearity was much
poorer (ellipticity = 0.32). This could be improved through rotation of the LC device within
the optical train and creating a new look up table for this wavelength. This suggests that the
bandwidth will become an issue for very short pulses at shorter wavelengths with higher
dispersion. For example, a ~10 fs pulse (with ~100 nm bandwidth) at 780 nm would result in
poor linearity. However, the similarity in ellipticity between the 830 and 890 data
conservatively suggests that 50 femtosecond pulses (~20 nm FWM) could readily be used.

3.2 Imaging validation with specimens of known symmetry
3.2.1 Imaging giant unilamellar vesicles possessing cylindrical symmetry

We verified the performance of the linear and circular polarization control first by two-photon
excited fluorescence (TPEF) of GUVs stained with the membrane dye Di-8-ANEPPS. In this
case the TPEF and SHG are nearly equivalent but the relative intensity of the former is higher
and thus we chose this modality for convenience. By the electric dipole interaction, the
absorption (or SHG) will be maximized when the dipole moment of the dye is aligned with
the laser polarization [34, 35]. This dye inserts perpendicular to the plane of membrane, thus
the image from a cylindrically symmetric vesicle will be parallel “arcs” aligned with the
polarization. The results for a 40 pm diameter GUV are shown in Fig. 3(a) (left), where
images are shown for every 10° of linear rotation from O to 180 degrees. The polarization
resolved images of the GUV matched the excited polarization angles (white arrows) as
determined by the Stokes parameters described above, and the “arcs” rotated correspondingly,
where for example 0 and 90° are seen to be orthogonal patterns. For a quadratic process, the
dependence of the fluorescence intensity as a function of polarization angle, ©, for a fixed
single axis molecule is given by the expression:

Lper (©) =1, cos' © (3)
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Fig. 3. 3(a) TPEF linear (left) and circular (right) polarization responses of a GUV labeled with
Di-8-ANEPPS. Scale bar = 40 microns. 3(b) The measured TPEF polarization dependent
intensity is fit to the theoretical response for a quadratic process.

In Fig. 3(b), we have shown that the measured response for the images of the GUV in Fig.
3(a) can be well-fit to this model (R* = 0.87), where the intensity was averaged over 9 pixels.
The best fit occurs in the vicinity of 90 degrees, which is the minimal value of V, and
conversely the largest errors roughly correspond to angles with larger values. We note that the
ideal ellipticity i.e. V = 0, was not achievable at all angles. These values were determined
without an objective in the path and the errors are likely due to differences in retardance
arising from the different angles of incidence in laser scanning. The fluorescence data has
additional potential sources of error including strain from the objective and birefringence in
the dichroic before the detector (this was detected in the transmission geometry).

Circular polarization is achieved through the addition of a A/4 plate following the LCM,
and the left and right handed circularly polarized light images are shown in the right panel of
Fig. 3(a). The even ring stain indicates all orientations are excited equally, showing circular
polarization is maintained at the focal plane. Moreover, the images from RHCP and LHCP
are equivalent, indicating any residual ellipticity is minimal.

3.2.2 SHG imaging of rat tail tendon

We next performed SHG polarization analysis with a rat tail tendon, as this specimen has a
well-defined polarization response due to the highly aligned fibers [19]. As the tendon is
sufficiently thick to support multiple scattering events which randomize the polarization
response, the specimen must be first optically cleared to reduce the scattering and increase the
transparency [31]. Here we define 0° condition as where the laser polarization is aligned with
the long axis of a collagen fiber(s). Figure 4(a) shows single optical sections at 0, 40, 90, and
140 degrees, where these were chosen as we previously showed they are the local maxima
and minima in the polarization response [19]. Figure 4(b) shows the normalized polarization
response of the SHG intensity (averaged over whole fields of view (5)) for images acquired at
5 degree intervals through 180° of rotation. We note this analysis can be performed this way
as opposed to on a fiber by fiber or pixel by pixel basis as all the fibers in the field of view
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have the same orientation. The maxima and minima overlap with our previous results. We
have shown that this response can be fit to a single molecular axis model yielding the a-helix
pitch angle [19]:

I (©) = |N1><2>|2 = a{(sin’ ©+bcos’ ©)’ +¢” sin’ Ocos’ O} @)

where N is the number density of the elemental dipoles, P is the induced polarization, and the
three parameters a, b, and c¢ are numerical coefficients related to the non-vanishing matrix
elements of y®. The fit is overlapped with the experimental data in Fig. 4(b). Based on this
model we extracted an angle of 50.7°, in good agreement with our previous findings (50.7°)
[19]. We also note that although V=0 at all polarization angles (Fig. 2), there are no

asymmetries or systematic deviations in the response over the 180 degrees of linear rotation.
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Fig. 4. (a) Single SHG optical sections from rat tail tendon. The scale bar is 20 um. (b) SHG
intensity as a function of polarization range and the fit to the single axis mode. The error bars
are standard deviations.

3.2.3 SHG imaging of skeletal muscle

We next demonstrate the polarization control with the LCM for SHG imaging of skeletal
muscle, where this specimen is also a good test case as the sarcomeres are highly aligned with
myofibrils. Leg muscle was sectioned to 100 um of thickness using a Vibratome and optically
cleared overnight in 50% glycerol-PBS solution. As in tendon, the laser polarization is
aligned with the long axis of the fiber (s), defining the 0° point. Figure 5(a) shows single
optical sections at 0, 50, 90 and 130° excitation, where, as in tendon, these are the local
maxima and minima in the polarization response [19]. Figure 5(b) shows the normalized
polarization response of the SHG intensity (averaged over the whole field of view (n = 5)) for
images acquired at 5 degree intervals. The data is fit to the single axis molecular model and
we extracted an angle of 60.5°, in good agreement with our previous finding of 61.2° at this
wavelength [19].
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Fig. 5. (a) Single SHG optical sections from rat tail skeletal muscle. The scale bar is 20 um. (b)
SHG intensity as a function of polarization range and the fit to the single axis mode. The error
bars are standard deviations.

3.2.4 SHG-CD imaging of tendon

We lastly demonstrate the performance of the LCM by imaging the SHG circular dichroism
(SHG-CD) of tendon. Conventional linear circular dichroism is a standard tool for studying
protein folding as it results from differential absorption of right and left handed circular
polarized light due to the intrinsic handedness of protein helices. We recently reported SHG-
CD imaging, where we similarly showed a differential SHG response with right and left
handed circularly polarized (RH-CP and LH-CP, respectively) excitation in tendon and skin
[33]. In that configuration, all the polarization optics were all outside the microscope. To
quantify this data, we defined the normalized SHG-CD as |[Irycp-ILnce|/((Iruce + ILuce)/2),
where Irycp and I ycp are the integrated intensity of the SHG images for RHCP and LHCP
excitation respectively. We found a 5% intensity response in optically cleared tendon. The
analogous results using the current approach are shown in Fig. 6, showing the SHG from RH-
CP and LH-CP and their difference. Here we also found a 5% difference in normalized SHG-
CD, where this similarity validates the new approach and also demonstrates the ability to
reveal relatively small changes.

LH-CP RH-CP SHG-CD

Fig. 6. SHG-CD imaging of optically cleared tendon, showing the RH-CP and LH-CP SHG
images and the resulting difference image (SHG-CD). Scale bar = 40 microns.

4. Discussion
4.1 Performance

There are several index parameters to describe the polarization state, polarization purity, or
ellipticity. Polarization purity is defined as the ratio of the rotated linear component to the
orthogonal component, where ellipticity (Eq. (2)) also includes the circular polarization
attributes. Based on this concept, measuring only two components is not sufficient for
calibration of the polarization rotation (both linear and circular) set-up. We used the Stokes
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polarimetry method in section 3.1 and in particular chose the V component to serve as the
parameter index of the polarization state because it is sensitive to the ellipticity of each
desired linear polarization state. Other sources of distortion include the scanning galvo mirror
pair, and some defects or residual birefringence in the liquid crystal cell itself. However, the
ellipticity was 0.08 for the maximum V component (0.17), indicating that the remaining
polarization distortions were minimal and acceptable. This is also supported by the imaging
data and fits in Figs. 3-5, all of which show the expected behavior for high polarization
purity. While the polarization is defined in the infinity space, little polarization scrambling
will occur at the NA used here (0.8), where this effect only becomes significant for NA>1
[36]. As most tissue imaging is done at moderate NA to achieve working distance, defining
the polarization in this location is not limiting.

4.2 Advantages of the method

The presented method of polarization control has advantages over existing methods in terms
of speed and precision. The approach of having the LCM in the infinity space is more
accurate and convenient than rotating the polarization outside the microscope, as
birefringence in the system will result in erroneous states at the focus. This is also simpler
than finding a solution for every desired polarization state [27, 28]. We note that Oldenbourg
first used liquid crystals to achieve universal compensation in the PolScope in 1995 [37]. That
work demonstrated proof of principle, where, in a wide-field configuration, two devices are
located between the arc lamp and condenser. Our approach starting with linearly polarized
laser excitation is simpler as it requires only one device and is implementable in any laser
scanning microscope.

While our approach achieves the same result as fixing the polarization and mechanically
rotating the specimen, the LCM is motion free and faster than stepper motors which have
inertia and substantial associated stabilization time with each movement and can require more
than a second in between measurements. In contrast this LCM has a conservative response
time of ~30 ms for the rotation step sizes used here (e.g. 10 degrees). Similarly, waveplates
under motorized control located within the microscope have been used successfully, but this
approach is also limited by rotation speed and potential vibrational artifacts. In our
configuration laser scanning becomes the rate limiting step.

We note that an EOM in the infinity space could also be used in lieu of the LCM. This
would have the advantage that the rotation vs. applied voltage is fairly linear, whereas the
LCM requires generation of a look-up table. However, EOMS are typically larger and will not
fit in the infinity space without significant modifications, whereas the LCM is a much smaller
footprint device. Additionally, LCMs are more cost effective than EOMs. We also note that
while the liquid crystal maximum driving frequency is lower than an EOM, it is more than
sufficient for scanning microscopy.

4.3 Applications

Here we demonstrated the polarization response images of stained GUVs, rat tail tendon, and
skeletal muscle for basic linear and circular polarization imaging. In addition, this setup
system may also be used for sequential different SHG polarization measurements in the same
optical section of the tissue, such as SHG circular dichroism (CD) [33] and SHG anisotropy
with different excitation angles. Moreover, adding a quarter wave plate or LCM in the
collection pathway, we can determine the Mueller matrix of the tissue for further
characterization [38]. We note that the analysis here was performed for well-aligned tissues
by averaging over the field of view, the instrumentation is also applicable to perform pixel-
based analysis for more complex morphologies such as that recently presented by Brasselet
and associates [39].

To date, most SHG polarization measurements have been primarily used as tools to probe
tissue properties in well-aligned specimens such as tendon and muscle. However, there
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remains great potential in using detailed polarization analysis to classify normal and diseased
tissues, such as cancer and connective tissue disorders, which often have different fibrillar
properties. For example, we showed that the SHG anisotropy [40] and SHG-CD responses
[33] in the connective tissue disorder Osteogenesis imperfecta (OI) were different than in
normal tissues. We also recently showed that SHG polarization signatures could differentiate
different collagen isoforms in self-assembled collagen gels which are models for stromal
changes in ovarian cancer (Biophysical Journal, submitted).

5. Conclusions

We have implemented a new means of polarization control for SHG microscopy, based on
using a LCM located in the infinity space. This provides a rapid and precise means of
achieving any desired linear or circular polarization state at the focus of the microscope, and
the motion free approach has advantages over previous implementations using mechanical
rotation of waveplates or the specimen. The performance was verified using Stokes vector
polarimetry and SHG imaging of specimens with well-defined circular and/or linear
symmetries. The imaging experiments and analysis were all consistent with previous work on
these specimens. We suggest that due to ease of implementation speed and precision, this
approach may pave the way for further use of SHG polarization measurements. For example,
this may better enable classification of normal and diseased tissues for several pathologies
which have changes in ECM structure.
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