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We report on measurements and characterization of polarization properties of Second Harmonic (SH) sig-
nals using a four-channel photon counting based Stokes polarimeter. In this way, the critical polarization
parameters can be obtained concurrently without the need of repeated image acquisition. The critical
polarization parameters, including the degree of polarization (DOP), the degree of linear polarization
(DOLP), and the degree of circular polarization (DOCP), are extracted from the reconstructed Stokes vec-
tor based SH images in a pixel-by-pixel manner. The measurements are further extended by varying the
polarization states of the incident light and recording the resulting Stokes parameters of the SH signal. In
turn this allows the molecular structure and orientation of the samples to be determined. Use of Stokes
polarimetry is critical in determination of the full polarization state of light, and enables discrimination of
material properties not possible with conventional crossed-polarized detection schemes. The combina-
tion of SHG microscopy and Stokes polarimeter hence makes a powerful tool to investigate the structural
order of targeted specimens.
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1. Introduction

Second harmonic generation (SHG), a second order nonlinear
coherent optical process, has been widely used for imaging non-
centrosymmetric molecular structures, partly due to the lack of
photobleaching [1-8]. SHG provides a unique contrast mechanism
on a wide range of materials, as well as the capacity to image with
higher spatial resolution and at sub-millimeter depths [1-5]. SHG
imaging is commonly used in conjunction with two-photon-ex-
cited (TPE) fluorescence for optical diagnostics on complex cellular
assemblies, such as skin or organ tissues [6,7]. Recently, polariza-
tion resolved SHG microscopy was used to investigate the relative
molecular orientation and disorder in the structure of human tis-
sues, such as the dermis [9], cornea [10,11], and myosin of the skel-
etal muscle [12-14]. SHG anisotropy was studied through the
measurement of the SH intensity whilst rotating the polarization
of the incident linearly polarized excitation beam [2,4,15,16]. The
nonlinearity of SH enables a higher extinction ratio in polarization
microscopy, as can prove beneficial in, for example, overcoming
the depolarization due to high NA optics [17]. In general, multipho-
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ton microscopy is expected to enhance polarization effects induced
on the sample, especially for nonlinear optical contrasts based
upon higher order susceptibilities.

Polarization analysis of a SH signal can be carried out using
either Jones calculus or Stokes algebra [18]. In most applications
cross-polarized two-channel detection is employed and hence
use of Jones calculus is used. Strictly, the Jones method is however,
only applicable for perfectly polarized light beams [18,19] and is
thus unsuitable in many scenarios. For example, use of cross-polar-
ized two-channel detection does not allow the relative ratio of the
polarized and un-polarized components of the field to be deter-
mined. Additionally, the full polarization state of the polarized
component cannot be found due to an ambiguity over the phase
difference between the two measured polarization basis vectors.
In contrast, the full polarization state of a general optical signal,
including partially polarized or unpolarized fields, can be charac-
terized using Stokes algebra [20,21]. Accordingly, a four-channel
Stokes polarimeter can be constructed so as to measure all four
Stokes parameters. In this article, Stokes vector based SHG micros-
copy is therefore reviewed [22-24]. Knowledge of the optical
polarization properties of biological tissues, which can be inferred
from a set of measured Stokes parameters, has a number of
biomedical applications since it provides insight into molecular
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structure and tissue organization. The polarization parameters can
for instance, be correlated with the corresponding structural sym-
metry of tissue samples. A full Mueller matrix formalism, a 4 x 4
matrix, has long been shown as a powerful method in the context
of linear optics [24]. However, in the case of nonlinear optics, the
Mueller matrix formalism and associated physical interpretation
[24], including the decomposition and the corresponding interpre-
tation, are very involved and may be counter-intuitive [25]. There-
fore, developing a full formalism of nonlinear optics based Mueller
matrix for correlating the polarization states of the input beam
with the nonlinear output optical signals, despite of the envisioned
beauty of such a theory, is likely beyond practicality. Although we
believe the presented treatment to be generally applicable, we
choose to demonstrate it through characterization of the polariza-
tion properties of SH signal from potassium m dihydrogen phos-
phate (KDP) and type-I collagen.

2. Materials and methods
2.1. Instrumentation

A schematic diagram of an experiment arrangement, suitable
for measuring the polarization properties of SH signal of SHG
microscopy, is described in detail in [22,23] and is shown in
Fig. 1. The illumination and excitation optics, used to generate a
SH signal from a sample of interest, is very much the same as other
multiphoton microscope, and is formed by integrating an ultrafast
laser with a scanning microscope. The detection optics, comprising
a Stokes polarimeter incorporated into the output of a scanning
microscope (operating in a transmitting modality), and the associ-
ated calibration is, however, the main focus of this work.

A femtosecond Ti: Sapphire (Coherent Mira Optima 900-F) laser
oscillator was used to generate linearly polarized ~150 fs pulses
with central wavelength of 800 nm and average power ~550 mW
at a repetition rate of ~76 MHz. Our polarization setup includes
a polarization state generator (PSG), sample and polarization state
analyzer (PSA). The various linear and circular polarization states
are generated using the PSG, which is a combination of a linear
polarizer (LPUV 100-MP, Thorlabs), a half wave-plate (1/2)
(AHWPO5M-600, achromatic HWP, Thorlabs), and a quarter
wave-pate (4/4) (AQWP05M-600, achromatic QWP, Thorlabs). A di-

TCSPC
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chroic mirror reflects the laser pulses into the microscope objective
lens (UPlanFLN 40X/N.A. 1.3, Olympus Co., Japan). In our experi-
ment, the diameter of the laser beam before the objective lens is
5 mm, which is less than the back aperture of the objective lens,
which is approximately 10 mm. We chose not to fill the aperture
such that (1) transmission loses and (2) depolarization associated
with high NA focusing was reduced. The laser beam was focused
onto a sample mounted upside-down on an XYZ stage and scanned
with a laser scanning unit (Olympus, FV300). Collected SH signals
were analyzed by our polarization state analyzer (PSA), commonly
known as a four-channel Stokes-polarimeter.

2.2. Working principle of four channel Stokes-polarimeter

Of great importance in this work are the Stokes parameters on
the light scattered from a sample, regardless of whether their ori-
gins are attributed to linear or nonlinear process. As mentioned
earlier, there is no well accepted theory or formalism on nonlinear
optics based Mueller matrix. We would like to point out that Muel-
ler matrix formalism becomes a practical approach only when Lu-
Chipman decomposition [24] is also implemented to make a func-
tional connection between the input and output polarization
states. For nonlinear optics, the corresponding decomposition
method does not exist and would regardless be overwhelmingly
complicated to be intuitive and practical. Fig. 2 shows the sche-
matic in explaining the difference between Stokes polarimetry, as
compared to Mueller polarimetry. Given the discussion above, a
full Mueller matrix formalism remains a powerful method only
within the context of linear optics [24,26].

A Stokes polarimeter consists of a light source (in our case the
SH signal), polarization state analyzer (PSA) and intensity based
detection (I). Specifically, a Stokes polarimeter measures the polar-
ization state of the incoming optical signal, as parameterized by
the associated Stokes parameters, or collectively the Stokes vector
Sout = [So» S1, S2, S5]°. Each Stokes parameter can be accorded a phys-
ical meaning by noting [27,28].

So Ipo + Igp
S Ipe — Igoe
s_ [°1] 0 90 (1)
Sz lIyse — 1450
S3 Irep — Iicp

PSG

MH2P F

Ti-Sapphire
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Scanning unit

Fig. 1. The schematic diagram of polarization resolved second harmonic generation four-channel Stokes-polarimeter setup. The setup is module based. PSG is inserted for the
calibration of PSA and is removed afterward. 4/2: half wave-plate, 1/4: quarter wave-plate, S: sample, M: mirror, F: filter, BS: Beam splitter, FR: Fresnel rhomb, WP: Wollaston
prism, L: focusing lens, I,, Iy, I, Iq: photo-multiplier tubes (PMTs), TCSPC: Time correlated single photon counting.
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Table 1
The fitting parameters of the Stokes vectors scale quadratically with the incident
power measured at 4 ROIs (R1-R4).

Regionof | Log <S,>, F(x) | Log <S>, F(x) Log <S, >, F(x) Log <S3>, F(x)
interest

(ROI)

R1 1.988*x-3.873 | 2.0676*x-3.896 | 1.989*x-4.06 2.013*x-4.333
R2 1.963*x-4.306 | 1.811*x-5.783 | 1.904*x-5.081 1.917*x-5.196
R3 2.102*x-7.189 | 2.123*x-4.982 | 1.738*x-6.403 2.075*x-5.569
R4 2.109*x-4.389 | 2.111*x-4.183 | 2.034*x-4.255 2.032*x-4.453

such that Sy is the total intensity, S; is the intensity difference be-
tween the linearly polarized states at 0° and 90°, S, is the intensity
difference between the linearly polarized states at 45° and —45°,
and S; is the intensity difference between the right-handed (RCP)
and left-handed (LCP) circularly polarized states, respectively.

The measured Stokes vector can be expressed as
Sout = (A4X4)’1 -I where A4.4 is known as the instrument matrix
of the polarimeter, Sy is the Stokes vector of the SH light, and I
= [I., Iy, I, 14]%, is a vector of the detected intensities measured in
each arm of the polarimeter. For comparison, a Mueller polarime-
ter consists of a PSG, sample (with an associated Mueller matrix M)
and PSA. The Mueller matrix, M, describes how the linear interac-
tion of light with the sample changes the polarization state of input
Stokes vectors “S;,” to the output Stokes vector “Sy.” by,
Sour = M - Sin. Full determination of the Mueller matrix requires
sequential input of different polarization, such that S, and S;,, be-
come matrix quantities. Accordingly the Mueller matrix, M, of the
sample can then be found using, M :Sout...l.(Sm)’1 The Stokes-
Mueller matrix formalism is widely used in linear optical measure-
ments [29-32], however the equivalent inversion equation does
not exist. In the cases of nonlinear microscopy e.g. SHG, CARS,
the interactions are nonlinear and cannot be characterized with a
simple 4 x4 matrix. If a Mueller matrix is used in the case of second
order nonlinear optical process, a 9 x 1 input Stokes vector is
needed and the corresponding Mueller matrix becomes 4 x 9
[25]. Nevertheless, Stokes polarimetery can be performed regard-
less of whether the optical signal is linear or nonlinear in origin be-
cause only the polarization states of the output light matters. The
Stokes parameters can, fortunately, still be used to retrieve crucial
and valuable information regarding the sample.

Fig. 1 shows the four-channel Stokes-polarimeter imaging con-
figuration. The SH signal (centrally peaked at 400 nm) was col-
lected in the forward direction by a 20X, 0.75 N.A. objective lens
(Olympus Co., Japan). A combination of a band pass filter of

400 + 40 nm (Edmund Optics Inc. Barrington, New Jersey) and a
680 nm short pass filter (Brightline 680 SP, Semrock) were inserted
in the SH emission path. The forward collected SH signal was ana-
lyzed by a Stokes polarimeter as discussed above. The SH signal
passes through different optics and electronics as shown in
Fig. 1, a beam splitter (BS), Wollaston prisms (W1 and W2; WP
10, Thorlabs), Fresnel rhomb (FR; FR 600 QM, Thorlabs) and photon
counting photo-multiplier tubes (PMTs; PMA 185 model, Pico-
Quant GmbH, Berlin, Germany). Firstly, the SH signal is divided
into two parts by a beam splitter, which are then split further by
two Wollaston prisms oriented at 45° with respect to the plane
of incidence. One part, before separation by W2, is passed through
a Fresnel rhomb, acting as an achromatic quarter wave plate so as
to enable analysis of circularly polarized components. The output
of the Stokes polarimeter, a total of 4 channels, is then coupled
to the photon counting PMTs through high transparency liquid
light guides of 5 mm core diameter (LLG0538-6, Thorlabs Inc.).

The four SH intensities (counts per msec) are detected by TCSPC
simultaneously, as shown in Fig. 1. The 2D Stokes vector images
‘Sout’ are reconstructed from the four SH signal intensity images ac-
quired with 256 x 256 pixels spatial resolution, which corresponds
to a 50x 50 pum scanning area, using a pixel dwell time of 8 ps. The
SH signals were processed by four-channel detector router time-
correlated single-photon counting electronics (TCSPC, PHR 800,
PicoHarp300, PicoQuant GmbH, Berlin, Germany). Data collection
and primary analysis were achieved by a commercial software
package (SymPhoTime, PicoQuant GmbH, Berlin, Germany). A ser-
ies of bespoke MATLAB (MathWorks, R2009b) programs were
developed to fully reconstruct the data.

In spite of the lack of a nonlinear optics based Mueller matrix
formalism, crucial physical parameters of the detected light can
be inferred from the measured Stokes parameters [27], including
the degree of polarization (DOP), degree of linear polarization
(DOLP) and degree of circular polarization (DOCP) as defined
respectively as:

DOP = (S + 52 + 52?5,

DOLP = (52 + 52)"% /s, 2)
DOCP = [S3/So

DOP indicates the intensity fraction of the light which is fully
polarized and ranges from O to 1. A DOP value of unity corresponds
to perfectly polarized light, whereas a zero DOP corresponds to
unpolarized light. For unpolarized light the Stokes parameters
are So=1, S; =S, =S5 =0. For partially polarized light the DOP lies
between 0 and 1 [27]. The DOLP similarly describes the fraction
of light which is fully linearly polarized; DOLP is O if the light is
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Fig. 2. (a) A Stokes polarimeter measures the polarization state of a light signal using a Polarization State Analyzer (PSA); (b) A Mueller polarimeter characterizes the sample
properties and the polarization state of light, specifically by considering how the polarization state (generated by a Polarization State Generator, PSG) is changed by the

sample (M).
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not linear polarization light and 1 for perfectly linear polarization.
The DOCP is a measure of how effectively the birefringence prop-
erty changes within the sample; DOCP values lies in between 0
and 1.

3. Results and discussion
3.1. Calibration

The four-channel Stokes-polarimeter, optimized for operation
at 400 nm, was designed following Azzam et al. and Torok et al.
[17,28,33], which is a four-detector based setup and is capable of
determining all the Stokes parameters of the detected signal simul-
taneously. The Stokes parameters of the SH signals generated by an
unknown sample can, however, only be accurately measured if the
instrument matrix ‘A4.4’ of PSA is well known. A calibration proto-
col in which known polarization states are input into the PSA must
hence first be performed so as to determine the instrument matrix.
Specifically, for calibration, we generate SH light at 400 nm by
focusing the 800 nm laser beam onto KDP micro-crystals (SIGMA,
Germany) sandwiched between two cover glass slips and im-
mersed in oil, for optimal index matching. The so-generated SH
light is subsequently collimated by a 20 x 0.75 NA objective lens.
Linearly and circularly polarized states, 0°, 90°, 45° and LC are then
generated using a PSG placed after the collimating lens (for calibra-
tion purposes only). The Stokes polarimeter is calibrated using the
self-calibration eigen-value method (ECM) [33,34], with the 0°, 90°,
45° and LC input polarization states [22,33,34]. The accuracy of the
measurements were determined by the condition number of the
instrument matrix ‘As.4, which is defined as C=|As.a4]-
|(Asxa)"'|| where || --- || denotes the L?-norm. In order to maintain
high measurement accuracy, the condition number should be as
low as possible [33,35]. A typical computed instrument matrix
‘As.4’ for our four-channel Stokes polarimeter, as found by the cal-
ibration routine describe above, at 400 nm is given by:

181.0489 -96.0745 —-165.8139 4.6143

Apa — 240.9287 -112.7777 192.6028 48718 3)
2344582  86.8584 —-19.2318 —-194.0842
314.7530  98.7245 28.8309 286.7345

Typically a tuned PSA achieves a condition number of the
instrument matrix in Eq. (3) of around 2.8 [36]. The errors in the
measurement are attributed to electronic and shot noise and
may be further reduced through pixel-binning, increasing the
acquisition time, or cooling the PMTs. The PSG is removed once
the microscope setup, including PSA, is calibrated. The SH signals
are processed by TCSPC electronics. The TCSPC module recorded
the pixel position of each emitted photon with temporal correla-
tion, which is then used for time-gated image reconstruction
[37]. Single photon counting events were recorded using time
tagged time resolved (TTTR) protocol [38]. The time gating capacity
would allow the rejection of short wavelength autofluorescence
from SH. We have also developed a series of MATLAB (MathWorks,
R2009b) programs based on the TTTR protocol to reconstruct the
photon counting events collected through the four channel setup
into Stokes vector based data sets. The resulting spatially resolved
SH micrographs permit detailed analysis of the type I phase match-
ing and the general symmetry properties of a SH active sample
[23].

Fig. 3 shows the experimental normalized Stokes vector images
of the SH light after the PSG, that were in turn detected by the
polarimeter. The normalized Stokes vector at each pixel in the
scanned area is defined as:

S(%,y) =SxY)/Soxy) =1 Sixy) Saxy) Ssxy)]' (4)

0.5

©,
]

-0.5

20 pl

3

Fig. 3. The normalized 2D reconstructed Stokes images from KDP micro-crystals for
input polarization states correspond to 0°, 45°, 90° linear, and LC polarization,
respectively. The color scale shows the values of each parameter increasing from -1
(blue) to 1 (red).

It is evident from Fig. 3 that the values of the Stokes parameters
of the given polarization state are close to the theoretical values of
the normalized Stokes vectors for 0°, 45°, 90°, LCP are [1,1,0,0]",
[1,-1,0,0]T, [1, 0, 1, 0]", [1, 0, 0, —1]", respectively. We have also
checked the uniformity of the SH signal at the focal plane of the li-
quid light guide by moving the position of KDP micro-crystals at
five different points in the same scanning field of view. We have
observed that the values of the Stokes parameters remain the
same, irrespective to the position of the crystal [Moviel].

3.2. SHG polarization resolved imaging of KDP micro-crystals and
type-I collagen

The capability and performance of the Stokes polarimeter is val-
idated through a series of experiments by obtaining SH signal from
KDP micro-crystals (SIGMA, Germany) and type-I collagen (Bovine
Achilles Tendon, SIGMA, Germany). We investigated the SH signals
by using Stokes parameters based image analysis techniques to
determine the SHG contrast in KDP micro-crystals and type-I colla-
gen, as well as to examine the molecular alignment and orientation
through angular dependency measurement. The samples were
sandwiched between two cover glass slips. The average powers
of the laser on the sample surface were ~0-3 mW and ~12 mW
for KDP micro-crystals and type-I collagen, respectively.

3.2.1. Characterization of Stokes parameter of SH signal w.r.t. incident
power

In order to characterize the collected SH light, we performed an
experiment to determine the dependence of the signal strength
upon the incident power. The effect of the incident power and
the polarization angle on the Stokes parameters and the corre-
sponding polarization parameters was also investigated. Fig. 4
shows the 2D reconstructed Stokes vector and the DOP, DOLP,
and DOCP images of SHG light collected from a single KDP mi-
cro-crystals domain. The Stokes parameters are seen to vary in dif-
ferent areas of the image. In Fig. 4(a), the Stokes parameter (Sp)
shows the SHG intensity image. These images were reconstructed
using pixel based analysis without relying on any sample align-
ment. We selected four different region of interests (ROIs) (R1,
R2, R3, and R4), each with 10 x 10 pixels, from the Stokes
vector images for comparison. The Stokes parameters and the
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Fig. 4. Experimental polarization resolved 2D images reconstructed from SH response from KDP micro-crystals, (a) shows the reconstructed 2D Stokes vector images; (b)
represents the DOP, DOLP, and DOCP images of SHG light from the KDP micro-crystals, when the input polarization is horizontally polarized. The color scale shows the values

of each parameter.

corresponding polarization parameters within each ROI were aver-
aged to improve the signal to noise ratio (SNR).

Fig. 5 shows the dependency of the average values of the Stokes
parameters ((So), (S1), (S2) and, (S4)) on the incident laser power
measured in the 4 ROIs indicated in Fig. 4(a). These graphs show
the linear data fitting (See Table 1) of the average Stokes parame-
ters and the incident power on a log scale. In the graphs, the points
represent experimental results whilst the solid lines show the
mean values corresponding to each polarization parameter. The
data fitting results show that SH intensity (Sp) scales quadratically
with the illumination power as would be expected for a second or-
der process [39]. Similarly, the Stokes parameters are also propor-
tional to the square of the incident power as shown in Fig. 5. The
fluctuations of average values of Stokes parameters are relatively
higher if one of the values is smaller than the others due to noise
amplification in the processing algorithms [40]. The Stokes param-
eters values are different in each of the 4 ROIs. This may be due to
the relative phase shift between the extraordinary and the ordin-
ary rays and the orientation of the crystals within the depth of field
of view of the objective [17,40,41].
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Fig. 6 shows the dependence of different physical parameters
such as DOP, DOLP and DOCP reconstructed from Stokes parame-
ters in 4 ROIs as shown in Fig. 4. It is expected that the polarization
parameters be independent of the incident power for a single do-
main in KDP crystal but to vary in different ROIs. As shown in
the graph, the measured (DOP), (DOLP), and (DOCP) values remain
constant irrespective of the incident powers in agreement with
expectations. Variation of these parameters between different ROIs
is also clearly evident. Generally, the (DOP) values in all the 4 ROIs
are ~1, due to the coherent nature of SHG process. Furthermore,
the circularly polarized component is seen to constitute a greater
proportion of the total power. For example, (DOCP) is seen to be
approximately equal to (DOLP) in R1, but much higher in R2, R3,
and R4. This can be explained by the phase retardation and the
crystal orientation caused by birefringence of the KDP crystals [17].

3.2.2. Polarization resolved SHG imaging in collagen

Type-I collagen is a triple helix, which is approximately 300 nm
in length and 1 nm in width. The helix is connected by two poly-
peptide chains [42]. Collagen fibers produce a strong SH signal,

Fig. 5. The Stokes parameters scale quadratically with the incident power measured at 4 ROIs (R1-4),
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as shown in Fig. 4.
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Fig. 6. shows the DOP, DOLP, DOCP of SH light from KDP micro-crystals with the illumination power measured at 4 ROIs (R1-4), as shown in Fig. 4.

which allows easy discrimination of collagen in biological tissue
imaging [3,9,43]. The second-order nonlinearity was claimed be
enhanced, attributed to the helical and superhelical structures
[44]. Consequently, for over a decade, biomedical problems have
commonly been studied via of SHG microscopy of type-I collagen
[3-5]. We have investigated the SHG signal from type-I collagen
by using Stokes parameters based image analysis techniques de-
scribed above to determine image contrast as well as to examine
the molecular alignment in each fiber. Collagen fibers and muscles
are naturally occurring birefringent biomaterials in tissues. Con-
ventional polarization microscopes are hence frequently used to
detect and study this birefringence [45]. Birefringence arising
through y? is, however, greatly enhanced under second harmonic
imaging, therefore motivating the use of SHG polarization imaging
of collagen fiber for structural assessment, as shown in Fig. 7.
Fig. 7(a) shows the normalized Stokes vector images of the SH sig-
nal obtained from type-I collagen fibers, with under a horizontally
polarized illumination. In particular, the Stokes parameters show
that the polarization states of SH light varies between each image
pixel. Upon interaction with the collagen fibers, the horizontally
polarized excitation beam was transformed into polarization states
ranging from linearly to circularly polarization. Similarly to above,
Fig. 7(b) shows the spatial variation of the SH light from the DOP,
DOLP and DOCP images.

With reference to Fig. 7(b), it is evident that the SH signal gen-
erated within the collagen fibers can become partially polarized (as
parameterized by the DOP) due to the scattering from inhomoge-
neities within the sample [41]. We again note, as above, that the
DOLP indicates the crystalline alignment of fibers and molecules
parallel to the linear polarization states, and that the DOCP is a
measure of how effectively the medium flips the helicity of the
scattered light. The DOCP parameter also determines the optical
activity of collagen with SH light. Therefore, Fig. 7 highlights that
the collagen fiber is highly anisotropic, with a spatial variation
coinciding with the known pitches of distinct helices within the

coil structures of fibers [46,47]. In this image analysis, these polar-
ization parameters are related to the alignment of dipoles within
the focal volume. Fig. 7 highlights the different morphologies of
the fiber present within type-I collagen. Furthermore, Fig. 7(b)
shows, that both the linearly and circularly polarized SH light is
generated from different regions of type-I collagen. The DOLP
and DOCP values were contrasting; the region with higher/lower
DOLP value shows lower/higher DOCP value. These variations of
polarization parameters are attributed to the relative phase
changes between the extraordinary and the ordinary rays and
the orientation of the crystals at different focal depth [17,41,47].
In the case of a collagen based structure, it is possible to produce
partially polarized states of polarization due to the random distri-
butions of molecular orientation and strong scattering. This gives
rise to an averaging over all polarization states present, which
can manifest itself as partial polarization. Measuring the Stokes
parameters is the only way to fully characterize the polarization
state. From these Stokes parameters we can reconstruct the differ-
ent polarization parameters like DOP, DOLP, and DOCP. Type-I col-
lagen, furthermore, forms cylindrical arrays of polypeptide coils
comprising glycine-proline helices [48]. From the Stokes vector-
S3 and DOCP, the circular dichroism and helicity of the collagen
molecules can be found, respectively.

The SH signal strength depends on the geometrical characteris-
tics and the relative path differences between SH active molecules
within the sample [1,2]. To investigate the alignment and orienta-
tion of molecules, we acquired a large variety of SH intensity pat-
terns, by varying the polarization state of the incident laser light
and detecting different polarization components of the SH signal
via our PSA. As indicated in Fig. 8, the 4 ROIs (marked as black
boxes in the central panel) with size of 3 x 3 pixels have different
Stokes parameters, suggesting differing molecule orientations in
these regions. Although, the Stokes parameters can measure the
polarization states of SH light, they are not sufficient to unambig-
uously determine the alignment and orientation of molecules. To
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Fig. 7. Experimental polarization resolved SHG response from type-I collagen, (a) shows the reconstructed 2D Stokes vector images; (b) represents the DOP, DOLP and DOCP
images of SHG light from the type-I collagen, when the input polarization is horizontal polarized. These reconstructed 2D Stokes images are taken at 50 x 50 pixel analysis
without relying on any sample alignment or analyzer rotation. The color scale shows the values of each parameter.

help overcome this issue, we measured the magnitude of the each
Stokes parameter whilst the (linear) polarization state of the illu-
mination was rotated through 360° (data points were taken every
6°) as shown in Fig. 8. It has been previously been reported that
SHG plots of Fig. 8 can be used to determine the orientation and
the degree of organization of collagen fibers in human tissues ta-
ken from a cadaver [49,50]. In particular, the red curves in Fig. 8
show the angular dependence of total SH intensity (So = Ip> + lgo°)
and is seen to be very similar in all 4 ROIs. We also observe that
the resultant SH intensity (Sp) is maximal at 45° for R1 and R2,
and 60° for R3 and R4, when the laser polarization is parallel to
the collagen fiber direction. Similarly, minima occur when the col-
lagen fiber are n perpendicular to the incident polarization. The
shape of SH intensity (Sp) is characteristic of having a uniaxial col-
lagen orientation [49,50]. We also analyzed the angular depen-
dence of all the Stokes parameters to characterize the molecular
orientation more fully. As shown in the Fig. 8, Sy, S, and Ss (blue,
black and green) graphs vary between the 4 ROIs. Since, these
Stokes parameters (S;, S, and S3) are the combination of

Ioo — Igge, 145> — I_450, Ipcp — I;cp and variation of intensities with laser
polarizations can resolve the different degree of organizations of
collagen fibers. The SH intensity patterns of Stokes parameters
for R1 and R2 are very similar, and R3 and R4 as well. The mea-
sured SH responses for S1 and S2 as a function of incident polari-
zation angles show that the R1 and R2 regions are more
anisotropic than R3 and R4. On the other hand, the angular depen-
dency of Stokes vector-Ss indicates that R3 and R4 regions are more
chiral than R1 and R2. It has been reported that collagen produces
strong second-order nonlinearity response results from both chiral
and achiral contributions with sum-frequency generation vibra-
tional spectroscopy [51]. The 2D reconstructed DOLP and DOCP
images (in Fig. 7(b)) also highlighted the spatial distribution of
anisotropic and chiral molecules in collagen as mentioned previ-
ously. We have thus observed that type-I collagen shows both chi-
ral and achiral behavior as can be distinguished from full Stokes
vector measurements. The achiral contribution to SH signal is
due to the non-centrosymmetric ordering of the methylene groups
of the collagen fiber [51]. In contrast, carbonyl groups associated

Fig. 8. Shows the graphs for absolute values of Stokes parameters as a function of incident polarization, where the data are taken every 6° in 4 ROIs as indicated in Sy image. In
each ROJ, the Stokes parameters are divided by their maximum S, values for comparison.
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with the amide I bands results in a strong chiral contribution to SH
signal [52]. A difference in the Stokes parameters of SH signal is
clearly observed in Fig. 7 and Fig. 8, as the angle between the laser
polarization and a-helix axis is varying. This variation is, due to the
a-helical protein structural arrangement within the different colla-
gen fiber. Since S5 is a measure of how effectively the collagen fiber
flips the helicity of the scattered light from right to left handedness
within the focal volume, the different values of Stoke parameters
indicate the change in the polarization. Thus the chiral SHG re-
sponse should depend on the variation in the contribution of chiral
and achiral susceptibility elements [52]. This can, in turn reveal
collagen-fiber orientation and structural order through SH detec-
tion. As shown in Fig. 7(a) and (b), the normalized Stokes vector
images and the affect of polarization properties of SH signals in
each pixel of thick type-I collagen are shown. Hence, Stokes vector
based SH polarimetry imaging, including a variation of the incident
polarization states, may provide a selective and specific contrast
technique for collagen structures in tissue matrices e.g. skin le-
sions. Furthermore, we believe that photon counting detectors
have the advantages of (1) better signal-to-noise ratio by avoiding
1/f noise, (2) better quantification of light intensity, and (3) allow-
ing background fluorescence to be gated. The temporal resolution
afforded can also be very useful in fluorescence studies.

4. Conclusion

In conclusion, this study has demonstrated the uniqueness and
impact of Stokes vector based polarization resolved SHG imaging
to characterize the polarization state of SH light, which is corre-
lated with the molecular structure of KDP micro-crystals and
type-I collagen. In conventional polarization microscopy the polar-
ization states of measured signals are usually characterized with a
two-channel configuration. Polarization analysis on SH microscopy
is also performed in a similar manner. SH studies however have the
advantage of being highly sensitive to the structural order of tar-
geted specimens. Generally, SH polarization analysis can be carried
out by Jones calculus since it can be fully polarized. However, mul-
tiple or time-lapsed scans would be required if the phase relation-
ship between the eigen-polarization vectors is to be uncovered.

For scenarios in which light can take a more general polariza-
tion state e.g. partially polarized or unpolarized, Stokes algebra is
a better choice. The Stokes polarimeter setup in this study is con-
figured in transmission mode to suit the forward propagation of
SH. A pixel by pixel image analysis based on photon counting has
been implemented to reconstruct the 2D Stokes parameters of
SHG images, which were then used to reconstruct DOP, DOLP,
and DOCP images for visualization of the SH polarization effects
in KDP micro-crystals and type-I collagen in a single measurement.
The specimens were excited with a single polarization state and
four intensity images detected simultaneously. The results from
the Stokes polarimeter, as opposed to the two-channel setup, can
be seen from Figs. 7 and 8. Notably, the SH is essentially fully polar-
ized, due to the coherent nature of the SHG process. The linearly
and circularly polarized proportions of SH, however, differ reflect-
ing the varying structural order and domains within the collagen
fibrils. This information is not easily revealed with conventional
two-channel setups.

SH intensity alone, however, is not sufficient to completely re-
veal the structure of the SH active samples. The analysis was there-
fore extended to include the orientation and degree of organization
from type-I collagen by varying the incident laser polarization
whilst detecting the resulting polarization state of SH light using
the four-channel Stokes-polarimeter. Unfortunately a full Mueller
matrix formalism, a powerful method in the context of linear op-
tics, is difficult nonlinear optics. For example, the equivalent of

the Lu-Chipman decomposition and the corresponding interpreta-
tion are lacking and may be counter-intuitive. Despite this fact, we
have shown that analysis of the DOP, DOLP, and DOCP provide a
useful means to interpret the measured Stokes vectors and images.
This technique is therefore ultimately expected to be applied in a
broad variety of specimens, including biomedical tissues [53].
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