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Abstract. High spatial resolution techniques, able to obtain fast images of structural

changes in real time under label-free conditions, are required to understanding in vivo

processes. Polarization sensitive second harmonic generation (PSHG) microscopy is a

non invasive optical technique capable of quantifying molecular conformational changes

occurring below the di�raction limit. Moreover, polarized �uorescence microscopy is

a powerful tool in medical testing. These techniques are based on the intensity and

�uorescence signal dependence on the polarization of the excitation source, respectively.

Moreover, super-resolution microscopy has a huge signi�cance in nanoscale imaging of

molecular assemblies in biological media. In this report, we perform a characterization of

water and oil immersion microscope objectives with the aim to go deeper in our samples.

In addition, we studied the �uorescence signal dependence on the polarization excitation

beam by means of a conventional PSHG microscope setup.

Keywords: Nonlinear microscopy, polarization second harmonic generation, �uorescence

anisotropy, super-resolution.

1. Introduction

Polarization-sentitive second harmonic generation is a non invasive optical microscopy

technique capable of imaging inherent subcellular structures formed by molecules able to

produce SHG signal from endogenous proteins such as microtubules, myosin and collagen

in living tissues [1-6]. This technique takes advantage of the molecular structure and, the

di�erent response in function of the excitation polarization (anisotropy curve) to retrieve

information at the molecular level in a quantitative way. Due to this features, PSHG has

an important role in diseases diagnosis and biological research for studies in cornea [7],

muscle [8], osteogenesis imperfecta [9], ischemia [10] and aging [11].

In 2010 a polarization 1D-FT analysis of anisotropy curve has been proposed, known

as Fast Fourier PSHG (FF-PSHG) [1]. This method allows process images in less than

a second in standard single core computers. On the other hand, polarized �uorescence

microscopy [12-13] is based on this polarization sensitive characteristic of the �uorescence

signal. This method is known as a superresolution technique, which is a powerful tool in

biochemical and medical testing.

Recently, a super resolution by demodulation (SPoD) microscopy technique [14] has been
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proved to get information of a speci�c area of 50nm. SPoD approach can distinguish

adjacent molecules or nanoareas in the sample by di�erent average orientations of

�uorescent dyes. This is done by rotating the polarization of a wide-�eld excitation

beam and detecting the periodic signals emitted with di�erent phases from di�erent

nanoareas. Here, we present a study of the �uorescence anisotropy taken with two photon

excitation that presents some samples and, for this purpose, we used a conventional PSHG

microscope setup.

2. PSHG biophysical model

Second harmonic generation (SHG) is a nonlinear optical process [15], in which two

photons with the same frequency are absorbed simultaneously by the media to a virtual

state. Then, these two photons are combined and as a result it is emitted one single

photon of double energy (half wavelength). SHG only occurs in non-centrosymmetric

crystals. In microscopy techniques based on SHG it is usually used a near-infrared light

for imaging biological tissues.

The biophysical model is based on [1] to provide a pixel-by-pixel analysis without carying

on the use of any polarization analysis in detection. This model assumes the SHG active

supramolecular assembly with hexagonal [16] or cylindrical [17] symmetry, which ful�lls

Miller's rule and Kleinman symmetry conditions [17-18]. The laboratory coordinate

system is de�ned by (X,Y,Z) and we consider that the laser is propagating along the

laboratory Z-axis and, its linear polarization is rotating in the X̂Y plane at a certain

angle α with respect to the X-axis. Thus, the y-axis is contained in X̂Y plane and the z-

axis is oriented along the Z-axis (see Figure 1). Under this geometry, the relation between

each coordinate system is given by (δ, φ), which determines the o� and in plane orientation

in the laboratory coordinate system, respectively.

Figure 1. a) Starch SHG image where the laboratory coordinate system is represented by a blue axis

and, the polarization orientation of the incident electric �eld is marked in red. b) The green axis

corresponds to the molecular coordinate system. Radius R, pitch P, helical pitch angle θe and

hyperpolarizability β are shown in purple. [3]

The detected SHG intensity is conveniently rewritten as,

I2wSHG(φ) = α0 + α2 cos 2(φ− α) + α4 cos 4(φ− α) (1)
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where α0, α2 and α4 depend on the nonlinear susceptibility tensor elements. After

applying the Fourier transform of equation (1) only on the polarization axis α for every

pixel, we obtain the following expression,

i(Ω) = α0δ(0) + α2e
i2φδ(1 − Ω) + α4e

i4φδ(2 − Ω) + c.c. (2)

where c.c. means complex cojugate. Then, we are able to directly retrieve the di�erent

cosine components and therefore the tensor elements ratios χ31/χ15 and χ33/χ15 in a pixel

by pixel manner.

Equation (1) possesses a mathematical intrinsic ambiguity in the orientation φ. Hence,

when we do the FT to equation (2) it will appear as a phase in the �rst and second

coe�cients. So that, it is required extract the φ information by means,

φ′ =
arg(α2e

i2φ)

2
(3)

where the ambiguity is apparent in the fact that φ′ and φ can be di�erent because φ′

includes information of the sign of α2.

Experimentally, this ambiguity is solved taking into account the sample used: the

condition α2 > α4 is characterisitc of collagen and starch, whereas, α2 < α4 is typical

in myosin [1]. Then, once we know the tensor elements ratios we can determine the

angle θe between the hyperpolarizability tensor β(2) dominant axis and the long axis

of the supramolecular assemble. Finally, the mean e�ective molecule or harmonophore

orientation is given by,

cos2 θe =
χ
(2)
33 /χ

(2)
15

2 + χ
(2)
33 /χ

(2)
15

(4)

3. Fluorescence anisotropy

Fluorophores preferentially absorb photons whose electric vectors are aligned parallel to

the transition moment of the �uorophores [12-13]. This transition moment has a de�ned

orientation with respect to the molecular axis. Upon excitation with polarized light,

those molecules whose absorption transition dipole is parallel to the electric vector of the

excitation are excited. However, if the electric dipole of a �uorophore is not perfectly

aligned respect to the excitation electric vector, we will obtain several �uorophores that

are partially oriented along this direction. This phenomenon is called photoselection.

4. The microscope setup

The microscope setup [1-6] is based on an adapted inverted microscope (TE2000-U, Nikon)

and a pair of galvanometric mirrors. For the excitation source, we used a Ti::sapphire

laser (MIRA 900f, Coherent), that is operated at a central wavelength of 810nm. After

the galvos-mirros, it is placed a linear polarizer (ThorLabs, LPNIR050) parallel to the

incoming linear polarization of the source. After this element a zero order λ/2 wave

plate (HWPO-810, CVI Melles Griot) is placed on a motorized rotational stage (AG-

PR100, Newport Corporation), which was rotated in steps to change the polarization at

the sample plane.
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Figure 2. Schematic representation of the PSHG microscope setup [19].

A telescope arrangement is used to ensure that a collimated beam is �lling the back

aperture of the objective lens. A high numerical aperture (NA) objective and a condenser

were used for excitation and collection of the signals. In the forward collection geometry

a mount and detection unit was implemented. This unit could mount the collecting

objective, a long-wave-pass dichroic beam splitter (FF665, Semrock Inc), a BG39 �lter,

a 15nm FWHM band pass �lter centered at 406nm (FF01-406/15-25, Semrock Inc) and

a PMT (H9305-04, Hamamatsu). Then, in order to obtain �uorescence images in the

epi-direction a FITC �lter is placed (EX 465-495, DM505, BA 515-555, Nikon) which

is a band-pass barrier �lter used to cut-o� red and it is follow for a PMT (H9305-04,

Hamamatsu).

5. Samples

The experiments presented in this report were performed with two di�erent biological

samples: the soil worm Caenorhabditis elegans (Caenorhabditis Genetic Center,

University of Minnesota) and starch from wheat (Sigma-Aldrich Chemie GmbdH).

Starch is the brightest natural SHG converters [20]. A granule of starch possess a radial

molecular orientation and, it consists of amylose and amylopectin molecules. The SHG

active molecule is amylopectin which are oriented radially with their non-reducing chain

ends pointing towards the outer surface of the granule. By means of previous works with

X-ray di�raction, we know that the helical pitch angle corresponds to θe = 38′89o.

C. Elegans is a non-hazardous, non parasitic, transparent nematode, about 1mm in

length, that lives in temperate soils [21]. This nematode o�ered great potential for

genetic analysis, partly because of its rapid life cycle (3 days), small size and ease of

laboratory cultivation. The basic anatomy of these worms includes a mouth, pharynx,

intestine, gonad and collagenous cuticle, as we can see in Figure 5.a. Like all nematodes,

they have neither a circulatory nor a respiratory system. The four bands of muscles

that run the length of the body are connected to a nervous system with a "brain" (the

nerve ring) that allows the movement of the muscles. There are 26 neurons stained with
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antiGABA antiserum: the DD and VD motor neurons innervate the body muscles, the

RME neurons innervate the head muscles, AVL and DVB innervate the whole muscles,

and RIS is an interneuron. The C. Elegans worm strain juls76[unc25::gfp] and rhls4[Pglr-

1::GFP; dpy-20(+)] was routinely cultured in the laboratory on NGM plates at 20oC

and fed on the on-pathogenic bacteria E. coli O-50. Adults were picked and anesthetised

with 5 of sodium azide 35mM (NaN3, Scharlab) for 10-15min. Once immobilized, the

worms are mounted on a 2% agar pad with 0′8 of 15mM NaN3 between two thickness0

cover slides. The anhestesia is used due to worms start moving ∼ 30min after their

complete immobilization. The mounts were sealed with melted para�n for stabilization.

Laboratory temperature was 21oC.

6. Characterization of immersion microscope objectives

In this section, we want to prove that water immersion microscope objectives present

the same biophysical results than oil immersion objectives. Oil immersion objectives are

commonly used in PSHG experiments even though it is not recommended for imaging

live cells [a]. This kind of objectives are very e�cient for thin samples (∼ 200µm), even

though it is not suitable for applications that need observe deeper layers. Otherwise, water

immersion objectives are preferibly recommended with the aim to image living samples

in an aqueous media, due to its similar refractive index.

In our experiments, when we used oil immersion objectives we had several di�culties

focusing the sample: when we modi�ed the objective position we observed a sample

displacement and, in addition, when the objective was closed to the cover glass, it

separated from the sample. We would like to emphasize the fact that when we performed

the experiments with water immersion objectives, these kind of di�cultes did not appear.

This occurs because water is much less viscous than immersion oil and, consequently,

exerts less force (surface tension) on the cover glass. If we want to analyze samples with

thickness over 200µm, it is necessary that it remains in a speci�c position when the focus

is changed during acquisition of a z-stack.

With this aim, we perform a study of starch results with both kind of objectives and

experimental results are shown in Figure 3. We can see that any changes in the histograms

of the "symmetry parameter" (A = χ31/χ15) should be due to a change in the elements

tensor ratio. In this case, if cylindrical or Kleinmann's conditions in hexagonal symmetry

are assumed, the retrieved value should be χ31/χ15 = 1. That means that any dispersion

from this value, should be attributed to lack of cylindrical symmetry or experimental

errors. On the other side, the "anisotropy parameter",

B =
χ33

χ15

sin2 δ +

(
2 +

χ31

χ15

)
cos2 δ (5)

there are two possible causes of a variation in the distribution histogram: changes in the

tensor ratio and in the angle δ. The changes occur in χ33/χ15 can be associated to a

change at the molecular orientation by means of equation (4). Whereas, a change of angle

δ corresponds to an o�-plane orientation of the supramolecules.
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Figure 3. Comparison between biophysical parameters obteined for water and oil immersion

microscope objectives. a) χ31/χ15. b) χ33/χ15. c) Helical pitch angle, θe. Resuls obtained for water

and oil immersion objectives are shown in red and blue, respectively.

As we can see in Figure 3, both ratio tensor elements and the helical pitch angle follows the

same behaviour and similar results are obtained for water and oil immersion objectives.

In Table 1 the mean values obtained for each parameter are shown along with other oil

immersion experiments obtained from the bibliography. Taking into account the results

obtained for X-ray di�raction for the helical pitch angle for starch samples (θe = 38′89o),

we are able to say that our results are in agreement with previous works. It implies that

water immersion objectives can be applied for imaging thick samples.

Table 1. Comparison between water and oil immersion microscope objectives and, other

experimental results from the bibliography [3, 5].

χ31 χ33 θe(
o)

Oil 1'17 4'11 37'26

water 1'13 3'54 38'14

Bibliography 0'9 3'7 36'1

In Figure 4 we can see the SHG signal dependence on the polarization of the excitation

beam.

Figure 4. Forward detected polarization dependence of SHG imaging microscopy for wheat starch

particle. The incoming linear polarization rotates clockwise between 0o and 160o, in steps of 20o.

Arrows indicate the incoming polarizariton.
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7. Polarization �uorescence

In this section we used a conventional PSHG microscope setup for the acquisition of SHG

and �uorescence images, which can be obtained using the same excitation laser. Rotating

clockwise the excitation linear polarization between 0 and 160o in steps of 20o, and taking

high resolution �uorescence images taken with two photon excitation, we are able to get

structure information of the sample.

Due to �uorescence intensity dependence on the �uorophores orientation with respect to

the polarization of the excitation source, in a similar way that the SHG signal dependence

explained in section 2, we tried to obtain structural information from the sample b means

of a method based on the PSHG procedure. For this purpose, we analyzed the �uorescence

intensity dependence of the polarization angle of the incident beam. After this, we

performed the Fourier transform of the �uorescence intensity corresponding to each pixel

of the image. Then, we would retrieve the di�erent cosine components in order to extract

information of the �uorophores contribution. First, we start our experiments with the

most studied strain juls76[unc25::gfp] of C. Elegans. In Figure 5.a) it is shown a schematic

representation of the 26 GABAergic neurons' position of a unc-25 hermaphrodite C.

Elegans. In our experiment, we imaged the RIS neuron which is highlighted with a

red rectangle. In Figure 5.b) we can see a �uorescence image of this worm as a reference

for our studies, where the RIS neuron is denoted by a blue circle and, in Figure 5.b-d

there are represented the coe�cients α0, α2 and α4, respectively.

Figure 5. Analysis of the RIS neuron. a) A schematic draw of the 26 GABAergic neurons' position.

b) Fluorescence image of a unc-25 C. Elegans. c-e) Image of the cosine components: α0, α2 and α4,

respectively.

After the data processing, we can see a "black line" inside the neuron, which has a pixel

resolution below the di�raction limit. These results are interesting because it seems to

show that we may able to distinguish the internal walls of the RIS neuron, in other words,

it seems that we could image subdi�raction distances. Hence, the main purpose of this

work is getting images where is possible to di�erentiate multiple parallel neurons in the

same image, it means that we could study the internal structure of several samples.The

strain mentioned above does not present multiple parallel neurons stained, so that, we

chose the strain rhls4[Pglr-1::GFP; dpy-20(+)] that has stained the nerve ring [19] which

is formed of 100 neurons.
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Figure 6. Analysis of the nerve ring. a) Schematic representation of the body parts of a C. Elegans.

b) Fluorescence image of a vh15 C. Elegans.b-c) Image of the cosine components: α0, α2 and α4,

respectively.

In Figure 6.a) we shown a schematic draw of the worms anatomy. In the next experiment,

we imaged the nerve ring placed on the pharynx, which is denoted by a red rectangle. In

Figure 6.b-c) we presents the retrieved parameters obtained for di�erent sample layers.

In these images we can see two di�erent paths that corresponds to the "black structure"

of two parallel neurons inside the nerve ring.

The theoretical lateral resolution of a focused spot under a NA of 1'33 and a λ = 810nm

is determined by the Rayleigh criteria,

δx,y =
0′61λ

NA
= 0′352µm (6)

Thus, the resolution of our system is given by 0′352µm and we would like to highlight

that the black pixel resolution is 0′12µm in both experiments.

8. Conclusions and future work

High spatial resolution is required to quantify molecular changes associated with diseased

cells and tissues in real time and, in a label-free conditions. Polarization sensitive second

harmonic microscopy is a promising imaging technique because it enhances the capabilities

of conventional intensity-based SHG microscopy. This procedure is able to get structural

information and high quality images of SHG active molecules.

The most commonly microscope setup used are based on oil immersion microscope

objectives. If we want to image and study living samples that are prepared in an aqueous

media, it is strongly recommended the use of water immersion objectives. Moreover, this

kind of objectives can work in large distances of 200µm and do not require special cleaning.

Then, in this report we perform a characterization and comparison of the results obtained

by means of both immersion objectives, with the aim to go deeper in thick samples. As

we can see in section 7, there is an agreement with the characteristic response of χ31/χ15,
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χ33/χ15 and the helical pitch angle θe. Comparing with the previous works and taking

into account that the value obtained for θe with X-ray di�raction is θe = 38′89o, we

conclude that results obtained with water immersion microscope objectives are as good

as oil immersion objectives and, for this reason, this kind of objectives can be implemented

in PSHG microscope setup.

Recently, a super resolution by demodulation (SPoD) microscopy technique has been

proved to get subdi�raction information of a speci�c area. Here, we analyzed �uorescence

images taken by two photon excitation and, in a similar way that the SHG signal

dependence, we retrieved the cosine components of the intensity in order to obtain

structural information of the sample. After the data processing, it seems that we may

able to distinguish the internal walls of neurons, in other words, it seems that we could

image subdi�ractions distances.In spite of the fact that we are still working in a biophysical

model able to explain the results obtained in our experiments, we consider that the results

are promising in the super resolution microscopy �eld. If we compare our method with

current super-resolution techniques such as Stimulated Emission Depletion (STED) [23]

and Stochastic Optical Reconstruction Microscopy (STORM) [24], several advantages

has been taken into account: we do not require speci�c label �uorophores to stain the

samples, in other words, we can analyze samples with inherent �uorescence. Moreover, we

can obtain the whole information of the sample directly by means of a unique scanning,

so that, our method is faster than STORM. Finally, we only required an excitation laser

and the rotation of its polarization in order to retrieve the �uorescence anisotropy of the

sample, whereas, STED technique has implemented two di�erent lasers and it means that

STED setup is more complicated than ours.

Acknowledgments

I am indebted to my advisor, Dr. David Merino for his invaluable help, dedication and

encouragement throughout the course of this work. I thank for the collaboration of

all the members of SLN Facility and Dr. Pablo Loza-Alvarez for his guidance in this

work. Finally, I want to show my grattitude to César Alonso for his training for samples

preparation.

References

[1] Ivan Amat-Roldan, Sotiris Psilodimitrakopoulos, Pablo Loza-Alvarez and David Artigas, "Fast image

analysis in polarization SHG microscopy", Optics Express 17209, Vol. 18, No. 16, 2010.

[2] Sotiris Psilodimitrakopoulos, Pablo Loza-Alvarez and David Artigas, "Fast monitoring of in-vivo

conformational changes in myosin using single scan polarization-SHG microscopy", Biomedical

Optics Express, Vol. 5, No. 12, 2014.

[3] Sotiris Psilodimitrakopoulos, Ivan Amat-Roldan, Pablo Loza-Alvarez and David Artigas, "E�ect of

molecular organization on the image histograms of polarization SHG microscopy", Biomedical

Optics Express 2681, Vol. 3, No. 10, 2012.

[4] Sotiris Psilodimitrakopoulos, David Artigas, Guadalupe Soria, Ivan Amat-Roldan, Anna M. Planas

and Pablo Loza-Alvarez, "Quantitative discrimination between endogenous SHG sources in

mammalian tissue, based on their polarization response", Optics Express 10168, Vol. 17, No.

12, 2009.



Nonlinear techniques in polarization based high resolution microscopy 10

[5] Sotiris Psilodimitrakopoulos, Ivan Amat-Roldan, Pablo Loza-Alvarez and David Artigas,

"Estimating the helical pitch angle of amylopectin in starch using polarization second harmonic

generation microscopy", J. Opt. 12 (2010) 084007 (6pp).

[6] François Tiaho, Gaëlle Recher and Denis Rouède, "Estimation of helical angles of myosin and collagen

by second harmonic generation imaging microscopy", Optics Express 12286, Vol. 15, No. 19, 2007.

[7] G. Latour, L. Kowalczuk, M. Savoldelli, J.-L. Bourges, K. Plamann, F. Behar-Cohen and M. C.

Schanne-Klein, "Hyperglycemia-induced abnormalities in rat and human corneas: the potential of

second harmonic generation microscopy", PLoS ONE 7(11), e48388 (2012).

[8] D. Rouède, J. J. Bellanger, E. Schaub, G. Recher and F. Tiaho, "Theoretical and experimental SHG

angular intensity patterns from healthy and proteolysed muscles", Biophys. J. 104(9), 1959-1968

(2013).

[9] X. Chen, C. Raggio and P. J. Campagnola, "Second-harmonic circular dichroism studies of

osteogenesis imperfecta", Opt. Lett. 37(18), 3837-3839 (2012).

[10] S. Psilodimitrakopoulos, V. Petegnief, N. de Vera, O. Hernandez, D. Artigas, A. M. Planas and

P. Loza-Alvarez, "Quantitative imaging of microtubule alteration as an early marker of axonal

degeneration after ischemia in neurons", Biophys. J. 104(5), 968-975 (2013).

[11] D. Aït-Belkacem, M. Guilbert, M. Roche, J. Duboisset, P. Ferrand, G. Sockalingnum, P. Jeannesson

and S. Brasselet, "Microscopic structural study of collagen aging in isolated �brils using polarized

second harmonic generation", J. Biomed. Opt. 17(8), 080506 (2012).

[12] Joseph R. Lakowick, "Principles of �uorescent spectroscopy", 3rd edition, 2010.

[13] Edited by Alberto Diaspro, "Nanoscopy and multidimensional optical �uorescence microscopy", CRC

Press, Taylor Francis Group, A CHAPMAN HALL BOOK, 2010.

[14] Nour Ha�, Matthias Grunwald, Laura S. van den Heuvel,Timo Aspelmeier, Jian-Hua Chen, Marta

Zagrebelsky, Ole M. Schütte, Claudia Steinem, Martin Korte, Axel Munk and Peter J. Walla,

"Fluorescence nanoscopy by polarization modulation and polarization angle narrowing", Nature

Methods, Vol. 11, No. 5, 2014.

[15] N. Bloembergen, "Nonlinear optics", 4th ed., World Scienti�c, 1965.

[16] E. Yew and C. Sheppard, "E�ects of axial �eld components on second harmonic generation

microscopy", Opt. Express, 14, 1167 (2006.)

[17] Ying Chang, Changshui Chen, Jianxin Chen, Ying Jin and Xiaoyuan Deng, "Theoretical simulation

study of linearly polarized light on microscopic second-harmonic generation in collagen type I",

Journal of Biomedical Optics 14(4), 044016, 2009.

[18] D. A. Kleinman, "Nonlinear dielectric Polariation in Optical Media", Physical Review, Volume 126,

Number 6, 1962.

[19] Sotiris Psilodimitrakopoulos, Valerie Petegnief, Guadalupe Soria, Ivan Amat-Roldan, David Artigas,

Anna M. Planas and Pablo Loza-Alvarez, "Estimation of the e�ective orientation of the SHG source

in primary cortical neurons", Optics Express 14418, Vol. 17, No. 16, 2009.

[20] S. W. Chu, . H. Chen, T. M. Liu, C- K- Sun, S. P. Lee, B. L. lin and H. L. Liu, "Nonlinear bio-

photonic crystal e�ects revealed with multimodal nonlinear microscopy", J. Microsc., 208, 190

(2002).

[21] Donald L. Riddle, Thomas Blumenthal, Barbara J. Meyer and James R. Priess, " C. Elegans II",

Cold Spring Harbor Laboratory Press, 1997.

[22] Steven L. Mcintdre, Erik Jorgensen, Joshua Kaplan and Robert Horvitz, "The GABAergic nervous

system of Caenorhabditis elegans", Nature, Vol. 364, 1993.

[23] Hell, S. W. and Wichmann, J., "Breaking the di�raction resolution limit by stimulated emission:

Stimulated-emission-depletion �uorescence microscopy", Optics Letters 19, 780-782 (1994).

[24] Rust, M. J., Bates, M. and Zhuang, X., "Sub-di�raction-limit imaging by stochastic optical

reconstruction microscopy", Nature Methods 3, 793-796 (2006).


